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1 Einleitung

Weltweit zéhlen Erkrankungen des unteren Respirationstraktes zu den hdufigsten Todesursachen
durch Infektionskrankheiten'. Vor dem Ausbruch der Coronavirus Disease 20719 (COVID-19) Pandemie im
Jahr 2019, waren Streptococcus pneumoniae als hdufigster Erreger der ambulant erworbenen
Pneumonie (engl. community-acquired pneumonia, CAP) und Mycobacterivm tuberculosis als
hdufigste infektionsbedingte Todesursache die wichtigsten Erreger von Atemwegsinfektionen?*, Im
Verlauf der Pandemie hat das schwere akute Atemwegssyndrom Coronavirus Typ 2 (SARS-CoV-2)
Mycobacterivm tuberculosis auf den zweiten Platz der héufigsten Todesursachen durch
Infektionskrankheiten verdréngt

In dieser Arbeit werden am Beispiel dieser drei prominenten Erreger von Lungeninfektionen,
Mycobacterivm tuberculosis, Streptococcus pneumoniae und SARS-CoV-2, allgemeine und spezifische
Abwehrmechanismen der Lunge und des Immunsystems gegen respiratorische Erreger untersucht und
geeignete Tiermodelle entwickelt und eingesetzt, um den Erfolg médglicher therapeutischer
MaBnahmen zu evaluieren.

11 Tuberkulose

Tuberkulose (TB) ist eine Infektionskrankheit, die durch das Bakterium Mycobacterium
tuberculosis verursacht wird. Infektions-begUnstigende Faktoren sind Folgen von Armut, wie
Untererndhrung sowie Infektion mit dem Humanen Immundefizienz-Virus (HIV), da diese das
Immunsystem schwéchen. Die héchsten Prévalenzen finden sich in sogenannten Entwicklungsldndern,
insbesondere in Afrika, Asien und Lateinamerika?>.

Eine Infektion mit Mycobacterium tuberculosis manifestiert sich entweder als latente oder aktive
Tuberkulose. Bei einer latenten TB-Infektion (LTBI) treten trotz Infektion keine Symptome auf. 90 % aller
Erstinfektionen entwickeln sich zu einer LTBI, von der schdtzungsweise ein Viertel der Weltbevélkerung
betroffen ist. Bei einer LTBI ist das Immunsystem zwar in der Lage, die Mykobakterien zu kontrollieren
und ihre Vermehrung zu hemmen, es kann sie aber nicht eliminieren. Daher sind LTBI-Patienten in der
Regel nicht ansteckend und haben keine ausgeprégten infektionsbedingten Gesundheitsprobleme.
Das Risiko, dass eine latente TB in eine aktive Ubergeht, bleibt jedoch bestehen und ist vor allem aus
gesundheitspolitischer Sicht problematisch. Ausldser hierfur ist insbesondere eine Schwéchung des
Immunsystems durch Krankheit, Alter oder Inmunsuppression. Dadurch wird die Wachstumshemmung
der Mykobakterien aufgehoben. Diese Reaktivierung der Bakterien geht mit Symptomen wie Husten,
Fieber, NachtschweiB und Gewichtsverlust einher. Unbehandelt kann eine aktive Tuberkulose
lebensbedrohlich sein, vor allem aber sind Patienten mit aktiver Tuberkulose auch ansteckend und
kénnen die Mykobakterien durch Aerosole wie Husten oder Niesen verbreiten®”.

Mycobacterium tuberculosis beféllt hauptséchlich die Lunge, disseminierte Formen der Erkrankung
sind eher selten. Charakteristisch fur die TB ist die Bildung von Granulomen als Folge einer Immun- und
Gewebsreaktion auf die Infektion mit Mykobakterien. Geordnete solide Granulome, wie sie bei LTBI
vorkommen, dienen der Isolierung der Erreger. Der Kern des Granuloms besteht aus mit
Mycobacterivm tuberculosis-infizierten Makrophagen; T-Zellen und andere Immunzellen bilden
ringférmige Strukturen, die die Erreger unter Kontrolle halten. Bei aktiver TB entwickeln die Granulome
nekrotische Zentren, in denen eine ungehinderte Vermehrung der Bakterien stattfindet, was in
Konsequenz zum Verlust der geordneten Granulomstruktur und zur Ausbreitung der Infektion fUhrt8°.



Die Diagnose der TB erfolgt durch eine Kombination aus klinischer Untersuchung, molekularen Tests
und bildgebenden Verfahren™. Die Behandlung einer latenten Infektion mit Antibiotika ist eher
unublich, kann aber durchgefUhrt werden, um die putative Entstehung einer aktiven TB zu verhindern.
Aktive TB wird mit Antibiotikakombinationen behandelt, in der Regel Uber 6 Monate, um die langsam
wachsenden Mykobakterien, die zum Teil in den Granulomen isoliert sind, vollstdndig zu eliminieren>"2,

1.2 Ambulant erworbene Pneumonie (engl. community-acquired pneumonia, CAP)

Als CAP bezeichnet man Lungenentzindungen, deren auslésende Erreger auBerhalb des
Krankenhauses aufgenommen wurden. Die CAP ist eine der hdufigsten Atemwegserkrankungen und
tritt in allen Altersgruppen auf, mit einer héheren Prévalenz bei Sduglingen, dlteren und
immungeschwdchten Personen™™,

Die haufigste Ursache der CAP sind Bakterien, wobei Streptococcus pneumoniae der hdufigste Erreger
ist. Andere CAP-Verursacher sind Haemophilus inflvenzae, Legionella pneumophila und Mycoplasma
pneumoniae. Viren wie Influenza und das respiratorische Synzytial-Virus (RSV) kénnen ebenfalls eine
CAP verursachen, ebenso wie Pilze und andere Pathogene™".

Zu den Symptomen der CAP zdhlen unter anderem Fieber, Husten, Brustschmerzen, Atemnot,
Midigkeit und Muskelschmerzen. Die Diagnose wird in der Regel durch eine Kombination aus
kérperlicher Untersuchung, Réntgenaufnahme des Thorax und Laboruntersuchungen wie Blut- und
Sputumkulturen gestellt®.

Préventive MaBnahmen umfassen die Impfung gefdhrdeter Personen gegen die hdufigsten Erreger
durch Pneumokokken- und jahrliche Grippeimpfung. Hygienepraktiken wie Hdndewaschen und das
Bedecken von Mund und Nase beim Husten oder Niesen minimieren die Ausbreitung von Infektionen®.
Die Behandlung der CAP richtet sich nach dem zugrundeliegenden Erreger und dem Schweregrad der
Erkrankung. Leichte Félle von bakterieller CAP kénnen mit oralen Antibiotika behandelt werden,
wdhrend schwerere Félle einen Krankenhausaufenthalt und intravendse Antibiotika erfordern
kénnen. Virale CAP werden in schweren Fdllen oder bei anfdlligen Patienten mit antiviralen
Medikamenten behandelt. Leichte unterstitzende MaBnahmen wie Sauerstofftherapie und
Flussigkeitszufuhr und in schweren Fdllen mechanische Beatmung kénnen erforderlich sein. Eine rasche
Diagnose und addquate Behandlung der CAP sind wichtig, um Komplikationen wie Lungenabszesse,
Sepsis und Lungenversagen zu vermeiden®-2,

1.3 Coronavirus Erkrankung 2019 (COVID-19)

COVID-19 ist eine hochansteckende Atemwegserkrankung, die durch das neuartige Coronavirus
SARS-CoV-2 hervorgerufen wird. SARS-CoV-2 wurde erstmals im Dezember 2019 in Wuhan, China
entdeckt und hat sich seither weltweit verbreitet. Am 1. Mdrz 2020 erklérte die
Weltgesundheitsorganisation (WHO) COVID-19 zur Pandemie. Erst mehr als drei Jahre spéter, am 5. Mai
2023 erkldarte der Generaldirektor der WHO die gesundheitliche Notlage von internationaler Tragweite
fUr beendet?®.

Die Ubertragung von SARS-CoV-2 erfolgt in der Regel durch Trépfcheninfektion Uber die Atemwege.
Infizierte symptomatische, aber auch asymptomatische Personen kénnen das Virus durch Husten,
Niesen oder Sprechen Ubertragen?*. Die Dauer der Inkubationszeit hdngt von der infizierenden Virus-
Variante ab und betrdgt im Mittel etwa 3 - 5 Tage?>.



Zu den hdufigsten Symptomen gehéren Fieber, Husten, Kurzatmigkeit, MUdigkeit, Gliederschmerzen,
Verlust des Geschmacks- und Geruchssinns und Halsschmerzen. In schweren Fdllen kann COVID-19
einen Krankenhausaufenthalt erforderlich machen wund zu Lungenentzindung, akutem
Atemnotsyndrom (ARDS), Sepsis und sogar zum Tod fUhren?. Die WHO hat den Schweregrad von
COVID-19 in vier Kategorien eingeteilt, die die Schwere der Symptome und die erforderliche
medizinische Versorgung widerspiegeln. Nicht-schwerer Verlauf: Die Patienten zeigen leichte
grippedhnliche Symptome wie Fieber, Husten und Midigkeit. Die Patienten kénnen zu Hause behandelt
werden. Moderater Verlauf: Patienten zeigen Symptome wie Fieber, Husten und Atemnot, die Schwere
der Symptome erfordert eine drztliche Uberwachung, ggf. benétigen die Patienten eine
Sauerstofftherapie. Schwerer Verlauf: Patienten zeigen schwere Symptome wie Atemnot,
beschleunigte Atmung, niedrige Sauerstoffséttigung und Lungenentzindung. Die Patienten muUssen
zur intensiven Uberwachung und Behandlung stationér aufgenommen werden. Kritischer Verlauf:
Patienten zeigen lebensbedrohliche Symptome wie Atemversagen, septischen Schock und Versagen
mehrerer Organe. Die Patienten mUssen stationér aufgenommen und intensivmedizinisch behandelt
werden?,

Die MaBnahmen zur Eindémmung der Pandemie konzentrierten sich in erster Linie auf 6ffentlich-
gesundheitliche MaBnahmen wie zum Beispiel die soziale Distanzierung, das Tragen von Mund-Nasen-
Schutz und Handhygiene. Zudem wurden Medikamente und Impfstoffe entwickelt, die einen
wirksamen Schutz vor schweren COVID-19-Verléufe gewdhrleisten. DarUber hinaus werden gezielt
antivirale Medikamente in gefdhrdeten Patientenpopulationen eingesetzt, um schwere COVID-19-
Verldufe und damit Mortalitét, Krankenhausaufenthalte und die Uberlastung des Gesundheitssystems
zu reduzieren®,

COVID-19 hat erhebliche Auswirkungen auf die globale Gesundheit und Wirtschaft. Bis Oktober 2023
wurden weltweit Uber 770 Millionen Fdlle und fast 7 Millionen Todesfélle gemeldet. Die Pandemie hat
die Gesundheitssysteme weltweit Uberlastet, das tdgliche Leben beeintrédchtigt und erhebliche
wirtschaftliche Verluste verursacht®.

1.4 Immunabwehr in der Lunge

Die Lunge ist Teil des Atmungssystems, hat aber auch eine Schutzfunktion gegen
Krankheitserreger und Fremdpartikel, die mit der Atemluft in den Kérper gelangen. Zu den unmittelbar
wirksamen Abwehrmechanismen der Lunge gehéren mechanische und chemische Barrieren sowie die
Besiedlung durch die normale Flora. Zu den mechanischen Barrieren gehéren der Nies- und
Hustenreflex, aber auch die aerodynamischen Filter in den Nasenmuscheln. Bei der Nasenatmung wird
die Luft erwdrmt, befeuchtet und gefiltert. Die aerodynamischen Filter verwirbeln den Luftstrom und
erhéhen so den Kontakt mit der Nasenschleimhaut. Krankheitserreger und Fremdkérper werden von
der Schleimhaut abgefangen?®*°. Die mukoziliGre Clearance in den oberen Atemwegen stellt eine
weitere mechanische Barriere dar. Durch koordiniertes Schlagen der Flimmerhérchen des
Atemwegsepithels wird der produzierte Schleim einschlieBlich der eingeschlossenen Krankheitserreger
und Fremdkorper aus der Lunge beférdert®*2, Wie alle nach auBen gerichteten Kérperoberfléichen ist
auch die Lunge mit Epithelzellen ausgekleidet, die eindringende Krankheitserreger daran hindern, in
tiefere Gewebeschichten einzudringen. Die Epithelzellen der Lunge erfUllen je nach Typ und Lokalisation
sehr unterschiedliche Funktionen. Sie sind nicht nur Teil der mechanischen Abwehrmechanismen,
sondern produzieren beispielsweise auch antimikrobielle Peptide, die der chemischen Immunabwehr
zugeordnet werden®?*4. Auch andere Immunzellen wie Neutrophile und Makrophagen produzieren
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antimikrobielle und inflammatorische Mediatoren®. Die Schleimhdute werden zusétzlich durch einen
bestimmten Antikorper-Isotyp, das sezernierte Immunglobulin A (IgA), geschutzt. IgA kommt
bevorzugt in Schleimhéuten vor, bildet Dimere und wirkt durch Neutralisation gegen eindringende
Erreger?®.

Abwehrmechanismen, die auf der Erkennung von Erregern durch Rezeptoren des angeborenen
Immunsystems beruhen, wirken innerhalb von Minuten, wie z. B. das Komplementsystem, bis hin zu
Stunden bis Tagen, in denen z. B. die Rekrutierung von Neutrophilen und Monozyten Uber
chemotaktische Molekule erfolgt”. Die Pathogenklasse bestimmt Uber die Aktivierung von
Mustererkennungsrezeptoren (engl. pattern recognition receptors. PRR) die Art der ausgeldsten
angeborenen Immunantwort®. Prominente Zellen des angeborenen Immunsystems, die bei
Lungeninfektionen eine Rolle spielen, sind Alveolarmakrophagen, Neutrophile, geweberesidente
inflammatorische Makrophagen, rekrutierte Makrophagen monozytdren Ursprungs, lymphoide Zellen
des angeborenen Immunsystems (ILC) und dendritische Zellen (DC). Alveolarmakrophagen, Neutrophile
und inflammatorische Makrophagen sind Phagozyten, sie erkennen Krankheitserreger Uber spezielle
Rezeptoren auf ihrer Oberfldche und kénnen diese durch Phagozytose aufnehmen. Bei der
Phagozytose fusioniert das Phagosom mit den eingeschlossenen Pathogenen mit dem Lysosom zum
Phagolysosom. Durch Ansduerung, antimikrobiell wirkende Enzyme, Proteine, Peptide sowie
Saverstoff- und Stickstoffradikale werden die Erreger abgetétet oder in ihrem Wachstum gehemmt.
Die Aktivierung angeborener Immunzellen Uber PRR fUhrt zur Sekretion von EffektormolekUlen wie
Lipidmediatoren, Zytokinen und Chemokinen®. ILC sind lokalisierte Lymphozyten, die keine
antigenspezifischen Rezeptoren besitzen und Uber T-Helfer-dhnliche (ILC1-3) oder zytotoxische
Effektorfunktionen (Naturliche Killerzellen, NK-Zellen) verfugen. Die Aktivierung der ILC-
Effektorfunktionen erfordert keine Antigenprdsentation und erfolgt daher schnell®°. Dendritische
Zellen sind wie Makrophagen professionelle antigenprésentierende Zellen (APC). Sie nehmen
Krankheitserreger oder deren Bestandteile auf und wandern in die sekundéren lymphatischen Organe
und prdsentieren sie dort den T-Zellen Uber MolekUle des HaupthistokompatibilitGtskomplexes (MHC).
Extrazellulére Antigene werden durch Phagozytose aufgenommen, prozessiert und Uber MHCII CD4 T-
Zellen prdsentiert. Zytosolische Antigene werden durch MHCII CD8 T-Zellen prdsentiert. Nach der
Erkennung des Pathogens als fremd durch PRR werden die APC aktiviert, in der Folge kommt es zu einer
verstérkten Antigenprozessierung und Présentation auf dem MHC sowie zur Expression von
kostimulatorischen MolekUlen und des C-C motif Chemokinrezeptors Typ 7 (CCR7). CCR7 ermdglicht die
Erkennung chemotaktischer MolekUle in den Lymphknoten und initiiert die Migration der aktivierten
APC#,

Die Aktivierung des adaptiven Immunsystems, T-Zellen und B-Zellen, in den sekunddren lymphatischen
Organen dauert am Iéngsten und erfolgt je nach Antigenmenge innerhalb von Tagen bis Wochen. For
die T-Zell-Aktivierung mUssen den Antigen-spezifischen T-Zellen drei Signale vermittelt werden. Signal 1
ist die Erkennung des Antigens im MHC-Komplex mittels spezifischer T-Zell-Rezeptoren, Signal 2 ist das
kostimulatorische Signal, beides vermittelt Uber die aktivierte APC, und Signal 3 ist das
Differenzierungssignal Uber das umgebende Zytokin-Milieu*>**, CD4 T-Zellen sind Helfer-T-Zellen (Th)
und Uben ihre Effektorfunktion indirekt aus, indem sie andere Immunzellen in ihrer Effektorfunktion
unterstUtzen, z.B. aktivieren Thil-Zellen Makrophagen, Thi17-Zellen aktivieren das Epithel und
stimulieren es zur Rekrutierung von Neutrophilen, Follikulére Helfer-T-(Tfh)-Zellen unterstUtzen die
Aktivierung von B-Zellen*4. Effektor CD8 T-Zellen sind zytotoxische T-Zellen, sie kénnen infizierte
Koérperzellen gezielt abtdten. Die Aktivierung von B-Zellen zu Antikérper-sezernierenden Plasmazellen
kann mit oder ohne Hilfe von T-Zellen erfolgen. B-Zellen werden aktiviert, indem sie Antigene Uber den
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B-Zell-Rezeptor erkennen, das kostimulatorische Signal erhalten B-Zellen von aktivierten T-Helferzellen,
denen sie ihr Antigen auf MHCII présentieren. Das Zytokin-Milieu bestimmt den Antikérper-Isotyp, der
durch Klassenwechsel in der Keimzellreaktion entsteht. In der Keimzellreaktion findet auch die
Affinitatsreifung der B-Zellen und damit die Ausbildung hochspezifischer B-Zellrezeptoren und damit
der sezernierten Antikdrper statt*.

Wenn der Erreger die ersten mechanischen und chemischen Barrieren Uberwunden hat und das
angeborene Immunsystem als zweite Verteidigungslinie nicht in der Lage ist, den eindringenden
Erreger zu eliminieren, bleibt die adaptive Immunantwort als dritte Verteidigungslinie. Versagt auch
diese oder ist die durch die Immunreaktion verursachte Gewebeschddigung zu groB, kann es zu
Organversagen und schlieBlich zum Tod des infizierten Organismus kommen.

2 Eigene Arbeiten

2.1 Tuberkulose: Angeborene Immunabwehr und Modelle zur Therapieevaluation

TB ist medikamentdés behandelbar und kann bei Kindern durch eine Impfung im
Neugeborenenalter teilweise verhindert werden. Wie bei vielen anderen bakteriellen
Infektionskrankheiten treten jedoch auch bei Mykobakterien zunehmend Resistenzen gegen
Antibiotika auf®4. Die Entwicklung und Erprobung neuer Therapieformen und ein besseres
Versténdnis der Krankheitsmechanismen sind daher auch aus gesundheitspolitischer Sicht von hoher
Relevanz.

Insbesondere die Inmunmechanismen, die der Entwicklung einer LTBI zugrunde liegen, wie sie bei den
angenommen 1,7 Milliarden asymptomatisch infizierten Menschen im Vergleich zu den geschdtzten
10,6 Millionen Menschen, die jéhrlich eine aktive TB entwickeln, beobachtet wird, sind in Tiermodellen
schwer darstellbar®. Klassische Aerosol-Infektionsmodelle mit niedrigen Mycobacterium tuberculosis-
Infektionsdosen in resistenten Mausstdmmen wie Balb/c und C57BL/6 zeigen ein sehr einheitliches
Infektionsbild. Nach etwa 15 Tagen kommt es zur ersten Rekrutierung spezifischer adaptiver
Immunzellen, deren Antwort um den 21. bis 28. Tag nach der Infektion ihren H6hepunkt erreicht. Die
Mykobakterien werden zu diesem Zeitpunkt in ihrem Wachstum gehemmt, aber nicht vollstéindig
eliminiert, so dass es zu einer chronischen Infektion kommt. Interferon-gamma (IFN-y) ist hierfUr unter
anderem essentiell, wie Studien an IFN-y-defizienten Mdusen zeigen konnten*“8. Der Einsatz
alternativer Infektionsmodelle wie der hochdosierten Mycobacterium tuberculosis-infektion oder von
suszeptiblen Mausstdmmen wie 129S2-Mdusen lieferte wichtige Hinweise darauf, dass auch die
angeborene Immunantwort eine Rolle in der Pathogenese der TB spielt. Insbesondere
Neutrophilenantworten waren in letalen TB-Modellen besonders ausgepragt*®'.

Auch die beim Menschen beobachtete Vielfalt der Granulome wird in Standard-Mausmodellen nicht
abgebildet’*%®.  Granulome oder TuberkuloselGsionen des  Menschen reichen  von
Tuberkulosepneumonien bis hin zu typischen nekrotischen ké&sigen Granulomen, die durch einen
inneren nekrotischen kdsigen Kern, umgeben von einem inneren Makrophagenring und einem duBeren
Lymphozytenring, gekennzeichnet sind. Es gibt aber auch nicht-nekrotische, fibrotische oder
mineralisierte Granulomstrukturen®®3*, Im Gegensatz dazu bilden sich in den géngigen Mausmodellen
nur lockere Strukturen aus infiltrierenden Zellen und infizierten Makrophagen ohne die typischen
nekrotischen Kerne>*%, Dies ist insofern von besonderer Bedeutung, als dass die Granulomstruktur
maBgeblich fir die notwendige lange chemotherapeutische Behandlung von TB-Patienten ist.



Unsere Forschung konzentrierte sich daher auf die Identifizierung und Charakterisierung
pathologischer Krankheitsmechanismen sowie auf die Entwicklung neuer Tiermodelle mit komplexer
Granulombildung, die fur préklinische Medikamententests besser geeignet sind. Im Folgenden werden
zwei ausgewdhlte eigene Studien vorgestellt, die zum einen die Bedeutung der epithelialen
Immunantwort fur die Rekrutierung pathologischer Neutrophile bei TB verdeutlichen® und zum
anderen ein neues humanisiertes TB-Mausmodell beschreiben®’.

2.1.1 Epithelzellen vermitteln pathologische neutrophile Inmunabwehr bei TB (Eigene Arbeit 1)

Veréffentlicht als: Forschungsartikel mit Erstautorschaft.

Der nachfolgende Text entspricht dem originalsprachlichen Abstrakt der Arbeit “CXCL5-secreting
pulmonary epithelial cells drive destructive neutrophilic inflammation in tuberculosis.” () Clin Invest.
2014 Mar;124(3):1268-82. doi: 10.1172/JC172030)*° der Autoren: Geraldine Nouailles, Anca Dorhoi, Markus
Koch, Jens Zerrahn, January Weiner 3rd, Kellen C. Faé, Frida Arrey, Stefanie Kuhlmann, Silke
Bandermann, Delia Loewe, Hans-Joachim Mollenkopf, Alexis Vogelzang, Catherine Meyer-Schwesinger,
Hans-Willi Mittriocker, Gayle McEwen, und Stefan H.E. Kaufmann.

,Successful host defense against numerous pulmonary infections depends on bacterial
clearance by polymorphonuclear leukocytes (PMNs): however, excessive PMN
accumulation can result in life-threatening lung injury. Local expression of CXC
chemokines is critical for PMN recruitment. The impact of chemokine-dependent PMN
recruitment during pulmonary Mycobacterium tuberculosis infection is not fully
understood. Here, we analyzed expression of genes encoding CXC chemokines in M.
tuberculosis-infected murine lung tissue and found that M. tuberculosis infection
promotes upregulation of Cxcr2 and its ligand Cxcl5. To determine the contribution of
CXCL5 in pulmonary PMN recruitment, we generated Cxc/57- mice and analyzed their
immune response against M. tuberculosis. Both Cxcr2’- mice and Cxc/57- mice, which are
deficient for only one of numerous CXCR2 ligands, exhibited enhanced survival compared
with that of WT mice following high-dose M. tuberculosis infection. The resistance of
Cxc/57 mice to M. tuberculosis infection was not due to heightened M. tuberculosis
clearance but was the result of impaired PMN recruitment, which reduced pulmonary
inflammation. Lung epithelial cells were the main source of CXCL5 upon M. tuberculosis
infection, and secretion of CXCL5 was reduced by blocking TLR2 signaling. Together, our
data indicate that TLR2-induced epithelial-derived CXCL5 is critical for PMN-driven
destructive inflammation in pulmonary tuberculosis.”



CXCL5-secreting pulmonary epithelial cells drive destructive neutrophilic inflammation in
tuberculosis
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2.1.2 Pathologie der TB-Granulome in humanisierten Méusen (Eigene Arbeit 2)

Veréffentlicht als: Forschungsartikel mit geteilter Letztautorschaft*.

Der nachfolgende Text entspricht dem originalsprachlichen Abstrakt der Arbeit “Humanized mouse
model mimicking pathology of human tuberculosis for in vivo evaluation of drug regimens.” (Front
Immunol. 2019 Jan 31;10:89. doi: 10.3389/fimmu.2019.00089)%” der Autoren: Frida Arrey, Delia Lowe,
Stefanie Kuhimann, Peggy Kaiser, Pedro Moura-Alves, Gopinath Krishnamoorthy, Laura Lozza, Jeroen
Maertzdorf, Tatsiana Skrahina, Alena Skrahina, Martin Gengenbacher, Geraldine Nouailles*, und
Stefan H E Kaufmann*.

,Human immune system mice are highly valuable for /n vivo dissection of human immune
responses. Although they were employed for analyzing tuberculosis (TB) disease, there is
little data on the spatial organization and cellular composition of human immune cells in
TB granuloma pathology in this model. We demonstrate that human immune system mice,
generated by transplanted human fetal liver derived hematopoietic stem cells develop a
continuum of pulmonary lesions upon Mycobacterium tuberculosis aerosol infection. In
particular, caseous necrotic granulomas, which contribute to prolonged TB treatment
time, developed, and had cellular phenotypic spatial-organization similar to TB patients.
By comparing two recommended drug regimens, we confirmed observations made in
clinical settings: Adding Moxifloxacin to a classical chemotherapy regimen had no
beneficial effects on bacterial eradication. We consider this model instrumental for
deeper understanding of human specific features of TB pathogenesis and of particular
value for the pre-clinical drug development pipeline.”
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Human immune system mice are highly valuable for i7 vivo dissection of human immune
responses. Although they were employed for analyzing tuberculosis (TB) disease, there is
little data on the spatial organization and cellular composition of human immune cells in
TB granuloma pathology in this model. We demonstrate that human immune system
mice, generated by transplanted human fetal liver derived hematopoietic stem cells
develop a continuum of pulmonary lesions upon Mycobactenm tuberctilosis aerosol
infection. In particular, caseous necrotic granulomas, which contribute to prolonged TB
treatment time, developed, and had cellular phenotypic spatial-organization similar to TB
patients. By comparing two recommended drug regimens, we confirmed observations
rmade in clinical settings: Adding Moxifloxacin to a classical chermnotherapy regimen had
no beneficial effects on bacterial eradication. We consider this model instrumental for
deeper understanding of human specific features of TB pathogenesis and of particular
value for the pre-clinical drug development pipeline.

Keywords: Mycobacteritym tuberculosis, humanized mouse models, lung, infection, granuloma, human immune
system mice, antibiotics, pathology

INTRODUCTION

Tuberculosis (TB) is still the deadliest infectious disease, globally causing 5,000 deaths every day.
In 2017, this added up to 1.6 million deaths and 10 million individuals fell ill from TB (1).
TB is primarily transmitted through the aerosol route and manifests as a pulmonary disease in
immunocompetent individuals with signs of dissemination in immunocompromised patients and
children (2). The causative agent of TB, the intracellular pathogen Mycobacterium tuberculosis
(Mtb), is phagocytosed by alveolar macrophages upon entry into the lungs and these macrophages
congregate and act as a focus of infection together with other innate immune cells such as
neutrophils (3). This focus is the first step in granuloma formation, a disease pathology which is the
classical hallmark of pulmonary TB (4). The granuloma acts as a means to contain the infection (5)
but also as a source of dissemination to other organs via the lymphatic system (6) and newly created
blood vessels (7, 8). The granuloma also serves as a source of transmission upon cavitation and
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rupture into the airways (9, 10). Lung TB lesions form a spectrum
comprising solid non-necrotic granulomas, TB pneumonia,
necrotic granulomas, and caseous necrotic granulomas with
distinct microenvironments. Most mouse models of TB do not
exhibit this granuloma heterogeneity (11) and murine models
that do exhibit a broad granuloma range lack specific aspects of
human TB (12-14). These limitations preclude studies on human
immune cell trafficking, infiltration, and cellular interactions in
the granuloma microenvironment.

Immuno-deficient NOD scid gamma (NSG) mice have
emerged as one of the best-suited strains for human stem cell
transplantations (15), Human immune system (HIS) NSG mice
recapitulate key immuno-pathological features of major human
diseases caused by viruses such as human immunodeficiency
virus (HIV) (16), hepatitis C virus (17), Epstein-Barr virus (18)
and bacteria such as Salmonella typhi (19), and Borrelia hermsii
(20). Here, we describe the establishment of human fetal liver
derived human stem cell NSG mice for analyzing pulmonary
TB. We conducted immune-phenotyping, histopathology, and
immunohistochemistry to determine the extent by which
the developing granulomas in these mice resemble those
of TB patients. Our results reveal that the HIS-NSG mice
develop TB granuloma heterogeneity as seen in TB patients.
More importantly, caseous necrotic granulomas expressed an
immunophenotype and spatial-organization resembling what is
observed in TB patients.

In recent years, there has been a push in shortening TB
drug chemotherapy, as a means to improve compliance with TB
treatment, reduce relapse, and restrict the emergence of drug
resistant TB (21). Moxifloxacin (M), a fluoroquinolone antibiotic,
has been proposed as an additive to canonical drug regimens
to shorten treatment time of drug sensitive TB from six to four
months (22). Taking into consideration that caseous necrotic
granulomas account for reduced efficacy of anti-TB treatment,
we compared the effects of M on combination therapy with
isoniazid (H), rifampicin (R), and pyrazinamide (Z) (HRZ). Both
regimens initially reduced lung bacterial loads within 2 weeks.
However, prolonged treatment time of 4 weeks had no further
beneficial effect on bacterial elimination, instead, lung bacterial
loads gradually increased. This pattern could explain that Mtb is
not eradicated during therapy because of impaired penetration of
drugs into the granuloma caseum (23). In conclusion, HIS-NSG
mice recapitulate key features of the human immune response
and the corresponding pathology upon Mtb infection. Hence,
it is tempting to propose HIS-NSG mice for preclinical model
assessment of anti-TB drugs in an in vive setting.

MATERIALS AND METHODS

Human Lungs Tissue

Human tissue samples were collected from materials removed
during lung resection type surgery in patients who underwent
elective surgery on the background of individualized (optimized)
TB (MDR-TB) chemotherapy at the Republican Scientific and
Practical Center for Pulmonology and Tuberculosis, Minsk,
Belarus. For histopathological analysis, surgical lung cuts were
sliced in small pieces and fixed in 4% paraformaldehyde

overnight. According to the Helsinki Declaration 2008, ethical
approval was obtained by the Ethical Committee of the
Republican Research and Practical Center, appointed by Director
Prof. Dr. Henadz Hurevich. Republican Research and Practical
Center Dolginovski Trakt, 157, 220053, Minsk, Belarus.

Mice

All animal studies have been ethically reviewed and approved by
the State Office for Health and Social Services, Berlin, Germany.
Experimental procedures were carried out in accordance with
the European directive 2010/63/EU on Care, Welfare and
Treatment of Animals. NOD.Cg—Prde“dd IZngt"‘lwl/Sz] (NSG)
and C57BL/6 (BL/6) mice were obtained from The Jackson
Laboratory and kept and bred under specific pathogen-free
conditions. Infected mice were housed in a biosafety level 3
facility under specific pathogen—free conditions.

Generation of HIS-NSG Mice

HIS-NSG mice (male and female) were generated using the
human stem cell neonate NSG protocol as previously described
(18, 19). In brief, human fetal liver was obtained from
Advanced Bioscience Resources, California, USA. The tissue was
mechanically cut into small pieces with surgical scissors and
treated with 2 mg/mL collagenase D (Roche) in Hank’s balanced
salt solution with CaCl,/MgCl, (Gibeo) for 30 min in a 5%
CO; at 37°C followed by filtering through 70-pm nylon cell
strainers (BD Biosciences). CD34™ human hematopoietic stem
and progenitor cells (HSCs) were isolated using the direct CD34
MicroBead kit (Miltenyi Biotec). One- to three day-old NSG mice
were irradiated with 100 ¢Gy and injected intrahepatically with
1-2 % 10> CD34* HPCs 24 h after irradiation. Some NSG mice
received 50 pl of PBS as a control. The mice were bled 10-12
weeks after engraftment and peripheral lymphocytes were stained
with monoclonal antibodies purchased from BioLegend: anti-
mouse CD45 (clone 30-F11), anti-human CD45 (clone HI30),
anti-human CD3 (clone UCHT1), anti-human CD4 (clone
OKT4), anti-human CD8 (clone SK-1), and anti-human CD19
(clone HIB19) for 30 min at 4°C. After red blood cell lysis,
the samples were analyzed by flow cytometry using a BD LSR
1I to assess reconstitution of the human immune system and
visualized using FlowJo software.

Bacteria and Infection

Mtb strain H37Rv (ATCC#27294) was grown in Middlebrook
7H9 broth (BD Biosciences) supplemented with 0.2% glycerol,
0.05% Tween 80, and 10% ADC enrichment (BD Biosciences).
Mid logarithmic cultures were harvested and stored at —80°C.
Stocks were tested for virulence and titrated prior to use. Twelve-
week-old animals were aerosol infected with Mtb, using a Glas-
Col inhalation exposure system at a low dose of approximately
15-30 CFUs per mouse. At designated time points, serial
dilutions of tissue homogenates were plated onto Middlebrook
7H11 agar supplemented with 10% OADC Enrichment (BD
Biosciences) and ampicillin (25 pg/ml). CFUs were determined
after 3 to 4 weeks of culture at 37°C.
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Histology and Immunohistochemistry

Mice were sacrificed at specific time points and tissues
for histopathologic analyses were fixed in 4% (wt/vol)
paraformaldehyde at 4°C for 24 h. Human and mouse tissues
were processed as follows. Two- to three-pm thick formalin-
fixed, paraffin-embedded tissue sections were deparaffinized and
rehydrated and subsequently stained with either hematoxylin
and eosin stain or a modified Ziehl-Neelsen stain for bacterial
detection or immunohistochemistry stain, respectively (24).
For immunohistochemistry, tissue sections underwent a steam
pressure antigen retrieval step using Dako target retrieval
solution, pH9. Slides were incubated with the following mouse
primary antibodies: anti-human CD68 (clone KP1, Dako),
anti-human CD15 (BD), anti-human CD4 (clone 4B12, Leica
Biosystems), anti-human CD8 (clone 4B11, Leica Biosystermns),
and anti-human CD20 (clone L26, Leica Biosystems) for 1h
at room temperature in a humidified chamber. The tissue
sections were developed with a biotin-free HRP- polymer system
(MACH 4 Universal HRP-polymer kit, Biocare Medical) and
DAB substrate (Dako). Tissue sections were imaged using a
Leica DRMB microscope with a ProgResC12 (Jenoptik) Camera,
Lung tissue sections were scanned using Aperio AT2 Leica slide
scanner. Further analysis was carried out using ImageJ version
1.41.

Cell Isolation From Tissues

A portion of the perfused right lung lobes was mechanically
digested and incubated for 30min at 37°C at 5% COj in
RPMI 1640 medium (Gibco) supplemented with glutamine, Na-
pyruvate, 2-ME, penicillin, streptomycin, 10% heat-inactivated
FCS, collagenase D (Roche), and collagenase type VIII (Sigma-
Aldrich). Single-cell suspensions of lungs were then prepared
by meshing the lungs through 40-pm nylon cell strainers
and red blood cell lysis. Viable cells were counted by
trypan blue exclusion. Cells were blocked with anti-mouse
CD16/CD32 mAb (BioLegend) and human Fe receptor blocking
solution (BioLegend), and then surface stained with monoclonal
antibodies purchased from BioLegend: anti-mouse CD45 (clone
30-F11) anti-human CD45 (clone HI30), anti-human CD3 (clone
UCHT1), anti-human CD4 (clone OKT4), anti-human CD8
(clone SK-1), anti-human CDI19 (clone HIB19), anti-human
CD20 (clone 2H7), anti-human CD33 (clone WMS53), anti-
human CD66a/cfefb (clone ASL-32 and G10F5), anti-human
CD14 (clone M5E2), and anti-human CD11c (clone Bul5) for
30 min at 4°C. The samples were analyzed by flow cytometry
usinga BD FACS CANTO I in the biosafety level 3 and visualized
using Flow]Jo software.

Human Biomolecule Characterization in

Lung Tissues of HIS-NSG Mice

A portion of the perfused right lung lobes was homogenized
in 700 wpl of lysis buffer with protease inhibitor (Roche) at
specific time points. Homogenized tissue was centrifuged at 6,708
x g and the supernatants were spun through 0.22 um Spin-X
filter tubes and stored in —80°C. Human cytokines, chernokines,
growth factors, and antibody concentrations were analyzed in
the supernatants by using Bio-Plex Pro Human Cytokine 27-
plex Panel and Bio-Plex Pro Human Isotyping Panel (Bio-Rad).

The data were acquired and analyzed on a Bio-Rad Bio-Plex 200
system.

Drug Treatment and Bacterial Load
Enumeration

Cord blood-engrafted HIS-NSG mice were purchased from
Jackson Laboratory. Briefly, Jackson laboratory injected human
CD34% stem cells iv. into myeloablated NSG mice and 12
weeks later humanization was confirmed by presence of >25%
huCD45+ in the peripheral blood. These HIS-NSG mice were
Mtb infected at 12 weeks of age. Isoniazid (H: 30 mg/kg),
rifampicin (R: 10 mg/kg) and pyrazinamide (Z: 125 mg/kg)
(HRZ), and moxifloxacin (M: 100 mg/kg) were purchased from
Sigma or ChemPacific. The regimens were formulated in 200
pl 0.4% methyl cellulose and administered 6 days per week
by oral gavage starting at day 28 p.i. At 2 and 4 weeks after
treatment start, serial dilutions of tissue homogenates were plated
onto Middlebrook 7HI1 agar supplemented with 10% OADC
Enrichment (BD Biosciences). To reduce the effect of drug-carry
over 0.4% w/v activated charcoal was added to Middlebrook
7H11 agar. CFUs were determined after 3—-4 weeks of culture at
37°C.

Statistical Analysis

PRISM GraphPad software was used for statistical analyses.
Survival curves were analyzed using Kaplan-Meier method and
log-rank (Mantel-Cox) test. Two groups were compated using
Mann-Whitney U test for non-parametric data, more than two
groups using Kruskal-Wallis/Dunn’s multiple comparisons test
(non-parametric) and grouped analyses were performed using
2-way ANOVA/Dunnett’s multiple comparison test. P-values
smaller than 0.05 were considered significant.

RESULTS

NOD Scid Gamma Mice Are Efficiently
Human Immune Reconstituted by Human
Stem Cells

To generate a HIS mouse model for TB, we implemented a NSG
mouse breeding program where the resulting newborn (1-3 days
old) pups received human fetal liver CD34" HSCs via intra-
hepatic injection after 100 ¢Gy sublethal irradiation. Depending
on size and age of the fetal liver (16-24 weeks), cohorts of
10-50 HIS-NSG mice were generated per individual donor
graft. Simultaneously, some of the NSG littermates underwent
the same conditioning but received PBS (PBS-NSG). The mice
were bled 10 weeks post engraftment and peripheral leukocytes
were analyzed to assess human immune cell reconstitution
(Supplementary Figure 1A). In HIS-NSG mice, we observed
average frequencies of 55% human CD45% leukocytes in the
blood by 3 months (Supplementary Figure 1B), although with
variability between each mouse and donor graft. These cells
included granulocytes, monocytes and lymphocytes, comprising
CD4* helper T cells, CD8% cytotoxic T cells, and CD19+ B
cells (Supplementary Figure 1B) in line with previous findings
(18, 25). To determine the extent of human immune cell
reconstitution and penetrance in the lungs, HIS-NSG mice

Frentiers in Immunclogy | wwwefrontisrsin.org

January 2019 | Volume 10 | Article 89

29



Arrey et al,

Hurmanized Mouse for Pulmonary Tuberculosis

H&E

Ziehl-Neelsen

A TR B [
—~120 > ] . 7
< cdiat 100 = R
2 s S
2100 ~ 804 o6
£ & a 290
@ = 607 = o & TG
e : 2ol B
g - HIS-NSG 2 401 5 .
= 8% 5 cpe.nse o - HIS-NSG =
£ 5 204 © PBs-NsG o4 *
= 4 BL/S o
; 40 & BLI6

F T T T T T 0 T T T T 3 T T

1] 7 14 21 28 35 0 F § 14 21 28 35 HIS-NSG PBS-NSG

Days p.i Days p.i.
o HIS-NSG PBS-NSG BL/6
7 S E R

FIGURE 1 | HIS-NSG mice are susceptible to aerosolized Mtk and develop lung lesions upon Mtk infection. HIS-NSG mice, PBS-NSG mice and BL/& mice were
infected with low dose asrosol infection with Mtb {~-20 CFUs). {A) Relative weight curves, 2-way ANOVA/Dunnstt's multiple comparisons test, comparison to
HIS-NSG mice, mean = SEM. {B) Kaplan-Meier curves showing survival, log-rank test. (G} Bacterial burden in lungs of mice at day 35 p.i. Mann-Whitnay U test,
mean + SEM. (A=C) Data were pooled from three independent experiments. *™**F = 0.0001. (D) Micrescopic analysis (Hematoxylin and Eosin; 25X, scals bar —
1,000 jm) of lesions in representative HIS-NSG, PBS-NSG, and BL/8 lungs were parformed in addition to mycobacterial identification (Ziehl-Neelsan; 50X, scale bar
= 500pm, BL/B lung at 200X, scale bar = 100 umj) at day 35 post Mth infection. Data are reprasentative of thrae independent experiments.
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were sacrificed and lung lissue sections were immunostained
using human specilic antibodics, Naive HIS-NSG lung lissuc
morphology showed a sponge like appearance with large
alveolar spaces (Supplementary Figure 1C) and a spatial
distribution of alveolar and parenchymal CD68" macrophages
(Supplementary Figure 1D). CDI5T neutrophils, CD3™ T
cells, and CD20T B cells were located in the lung parenchyma
(Supplementary Figure 1D). Altogether, these data demonstrate
that reconstituion of the human immune system endows
HIS-NSG mice with human immune cells playing key roles in
TB pathology.

Mtb Infected HIS-NSG Mice Display
Features of TB Pathology

To determine whether the HIS-NSG mice develop general
characteristics of TB, we infected them with low dose aerosolized
Mtb 1T37Rv (15-30 CFU) together with PBS-NSG and C57BL/6

(BL/6) mice as controls, ITIS-NSG and PBS-NSG mice exhibited
dinical TB symploms such as lethargy and weight loss,
slarling from day 25 post infection (pi) (Figure1A). In
contrast to NSG groups and as previously reported, BL/6 mice
maintained and even gained weight from day 25 pi (24,
26). Despite successful engraftment, ITIS-NSG mice succumbed
to infection by day 33 to day 35 p.i., comparable to PBS-
NSG mice (Figure 1B). Discase susceptibility of HIS-NSG mice,
due 1o their genetic immune-deficient background, fetal stem
cell origin and inexperienced immune system likely resemble
more lo pediatric and immunocompromised individuals than
healthy adults, indeed, inferior survival and TB oulcome
has been described for these individuals (27). Despite low
dose aerosolized Mtb infection, HIS-NSG, and PBS-NSG mice
displayed high bacterial numbers in lungs (Figure 1C) as well as
mycobacterial dissemination into other organs including spleen,
liver, kidney, and bone marrow (Supplementary Figure 2A).
Notably, HIS-NSG mice harbored high, but significantly lower
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Human TB Lung

scan, Hematoxylin and Eosin 50X, scale bar = 500 .m.

bacterial loads in the lungs, as compared to PBS-NSG mice
(Figure 1C), suggesting that the human immune cells in
HIS-NSG mice participated in pulmonary immune defense
against Mib.

Next, we interrogated whether disease pathology in IIIS-
NSG mice following Mtb infection was similar to human
TB. To this end, we performed post-mortem macroscopic
and microscopic examination of organs around day 35 p.i
(animals reached experimental human endpoint criteria and
were cuthanized). All three groups had lung lesions evident
at macroscopic  examination (Supplementary Figure 2B).
Microscopic examination of H&E staining, however, revealed
differences: lung lesions in BL/6 and PBS-NSG mice comprised
of nmon-necrotic cellular aggregates (Figure 1D). In contrast,
HIS-NSG lungs contained casecus necrotic granulomas with
a core consisting of necrotic debris and an outer cellular cufl
(Figures 1D, 2A). Ziehl-Neelsen staining identified Mtb in
non-necrotic aggregates in BL/6 and PBS-NSG mice with
fewer numbers in BL/6 compared to PBS-NSG mice. Caseous
necrotic granulomas of HIS-NSG mice displayed extracellular

FIGURE 2 | HIS-NSG mice develop human like cassous necrotic granulomas. (A) Lesions in representative Mib infected HIS-NSG lung sections at day 35 p.i., S,
solid non-necrotic granulomas; CF, coalesced parenchyma; CN, caseous necrotic granuloma. (B) Represertative tissue cuts from a TB patient's lungs. Tissue slide

bacteria in the necrotic core and apparent intracellular ones
in the cufl (Figure 1D). Furthermore, in addition to cascous
necrotic granulomas, HIS-NSG lungs presented small non-
necrolic cellular aggregales and coalesced lung parenchyma
(Figure 2A), Importantly, the pathology of caseous necrotic
granulomas resembled what is being observed in active TB
patients (Figures 2A,B).

Visual examination revealed white spots in Mth-infected
HIS-NSG and PBS-NSG spleens (Supplementary Figure 3A),
while BL/6 spleens were unspotted. Microscopic examination
unveiled centers of splenic caseous necrotic granulomas full
of extracellular bacteria in HIS-NSG mice, whereas in PBS-
NSG mice non-necrotic splenic aggregates consisted of innate
leukocyles  with  bacleria  (Supplementary Figures 3B,C).
There were no splenic granulomas in the BL/6 mice,
with a few bacteria interspersed throughout the spleen
(Supplementary Figures 3B,C).  Collectively, upon  Mtb
infection HIS-NSG mice developed granulomas resembling
human-like pathology with dissemination most similar to
pediatric and immunocomprormised TB.
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FIGURE 3 | Human immune cells are recruited and develop a human-like granuloma organization after Mtb infection. (A) Bacterial burden was determined at days 14,
21,and 28 p.i. in HIS-NSG lungs. Data were pooled from two independent experiments, noaeq = 12 per time point, Kruskal Wallis/Dunn's muttiple comparisons test.
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independent experiments, n — 3.
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Caseous Necrotic Granulomas in HIS-NSG
Mice Display Neutrophil Rich Centers

To characterize local responses in the humanized lungs during
Mtb infection, we assessed the spatial organization of human
immune cells, expression of different biomolecules, and bacterial
burden in HIS-NSG mice at 14, 21, and 28 days p.i. On day 14
p.i., infection was well-established in the lungs and bacterial loads
further increased 4 fold by day 28 p.i. (Figure 3A). As measured
by flow cytometry (Supplementary Figure4), total numbers
of human neutrophils (CD45+CD33+7CDé67), human DCs
(CD45+7CD33+CD11c™), and human monocytes/macrophages
(CD45+CD33*+CD14%) in the lungs markedly increased over
this time frame (Figure 3B). Likewise, increasing numbers of
pulmonary human helper T cells (CD45TCD37CD4 "), human
cytotoxic T cells (CD457CD3TCD8%), and human B cells
(CD45+CD19*7CD20+) were detected (Figure 3C). Differences
in the expression of immune/inflammatory biomolecules known
to be involved in the recruitment and activation of immune cells
crucial in human granuloma formation and development, were
also observed. Expression of pro-inflammatory mediators (IL-
1f, IL-6, MCP-1, MIP-1f, IP-10) in lung homogenates increased
from day 14 to day 28 p.i. (Supplementary Figure 5). Notably,
human-specific neutrophil chemoattractant IL-8 increased as
TB disease progressed (Figure 3D). Finally, levels of human
mucosal IgA antibodies were elevated in infected HIS-NSG lungs
(Figure 3E). The predominantly pro-inflammatory response
observed was consistent with previous studies in other animal
models of TB and in lung samples from human TB patients (28).
Hence, our results reveal a basic functional immune response to
Mtb in the HIS-NSG lungs.

Biomolecules influence cellular spatial organization of
leukocytes (28). To confirm human-like TB pathology and
granuloma organization on a cellular level, lung sections were
stained for innate and adaptive immune cells. At day 14 p.i.
most HIS-NSG lungs contained small non-necrotic myeloid
aggregates, surrounded by lymphocytes and normal healthy
tissue (Supplementary Figure 6). At day 21 p.i, coalesced
parenchyma known as TB pneumonia had developed, while
at day 28 p.iL, lesions consisted of large non-necrotizing and
caseous necrotic granulomas with smaller adjacent caseous
necrotic granulomas (Supplementary Figure 6). We conclude
that the HIS-NSG mouse has the ability to model human-like
lung granuloma initiation and formation. Sequential lung tissue
sections were also stained for human leukocytes, including
CD68" macrophages, CD15% neutrophils, CD4™ T cells,
CD8"T T cells, and CD20" B cells to visually validate and
localize the cellular infiltration observed by flow cytometry
(Figure 3F). As pathology progressed, the lung infiltrates became
increasingly organized with macrophages and neutrophils in
the center, more macrophages and neutrophils generating
an inner rim followed by T cells and B cells forming an
outer cuff by day 28 p.i. In particular, at day 28 post Mtb
infection, caseous necrotic granulomas in the HIS-NSG mice
harbored cell populations that were organized in a pattern
similar to that observed in patients with active pulmonary TB
(Figure 3F). We conclude that the HIS-NSG mouse mimics

human TB lung granuloma formation and development,
intertwined with the associated human pulmonary immune
response.

Mtb Infected HIS-NSG Mice for Drug
Testing: Moxifloxacin Confers No Added
Advantage

We applied the humanized mouse model for drug testing.
We used commercially available cord-blood engrafted HIS-NSG
mice from Jackson Laboratory USA, which have similarities
in their humanized immune response to human fetal liver
engrafted mice (29, 30). We administered two different drug
combinations to Mtb infected HIS-NSG mice from day 25
p-i. as depicted in Figure4A, to assess the utility of the
HIS-NSG mice for preclinical drug studies. The classical drug
regimen HRZ comprising H, R, and Z was compared to the
M supplemented experimental regimen HRZM. The drugs were
administered 6 days per week by oral gavage. The total number
of bacilli residing in lungs of HIS-NSG mice was ~10° CFU
at treatment start (day 25 p.i). After 2 weeks of treatment
and independent of the regimen applied, the bacterial burden
initially declined by 1-2 log (~10° CFU). However, after a
total of 4 weeks treatment time bacterial burden re-increased
to ~10* CFU at both regimens (Figure4B). There was no
significant difference between the two treatment modalities at
either time point. We also assessed treatment efficacy on bacterial
burden in spleen, liver and kidney, as these organs are sites of
infection in pediatric and immunocompromised TB patients.
Mirroring the lungs, bacterial burdens decreased and then
slightly increased during the treatment course in these organs
(Figure 4B).

DISCUSSION

Lung TB granuloma pathology is heterogeneous, not only
amongst individuals, but also in each individual patient (11).
Granuloma heterogeneity has been observed in Mtb infected
non-human primates (NHPs) (31), guinea pigs (32), rabbits
(33), Nos2™/~ mice (24), and C3HeB/Fe] mice (34), however
it is virtually missing in traditional inbred mouse strains.
Additionally, several unique pathologic features of TB (35, 36)
and HIV-TB comorbidity (37) in humans cannot be examined in
these models. On the other hand, small rodents are of relatively
low cost, immunologically well-characterized, and a remarkable
analytical toolbox exists. To this end, we have established
a murine model containing human immune cells that does
develop human-like caseous necrotic granulomas as TB disease
progresses. TB granulomas in these HIS-NSG mice comprised
solid non-necrotic granulomas, tuberculoid pneumonia, and
caseous necrotic granulomas. Furthermore, heterogeneous
granuloma pathology in lungs of individual HIS-NSG mice and
across various stem cell donors was observed. These human-
like granulomas displayed an immunophenotype and spatial
organization reminiscent of pathological samples from human
TB patients and they were most similar to granulomas from
pediatric or immunocompromised TB patients (35).

Frentiers in Immunclogy | wwwefrontisrsin.org

January 2019 | Volume 10 | Article 89

33



Arrey et al,

Hurmanized Mouse for Pulmonary Tuberculosis

treatment time (weeks)

A
aerosol
low dose Mtb &
~20CFU % oral HRZ or HRZM treatment
/—/\ b
sy | | »
HIS-NSG | J T T al
§ 28 56 infection time [days p.i.]
B lungs spleen
~6 =
o - £
o5 ﬁ_"% ns g5
K] ) 2 -
> N ot 3 " s ne "

3 o start O3 Y _ start
(?.)72 e ® HRZ ; 3 - », A ® HRZ
s ® HRZM 2 . ® HRZM

1 T T w4 T T

0 4 0 4
treatmenttime (weeks) treatmenttime (weeks)
liver kidney
~8 6
o e ha
w5 a8 -,
= é_ =
=4 . 54
= i w
; 3 ®  start (1] o® e ® start
~ et Syt o Rz = - ® HRZ
2 2 & HRZM 5 2 st et & HRIM
1 T T £ 4 T T
0 4 0 4

FIGURE 4 | Moxifloxacin confers no added advantage for treatment of Mitl infected HIS-NSG mice. (A) Treatment scheme of Mtb infected HIS-NSG mice. Treatrment
regimen of either HRZ or HRZM combinations was initiated at day 28 p.i. (treatment start) for a period of 4 weeks. (B) Bacterial burden in lungs, spleen, liver and
kidney, it = 4, means = SEM, one way ANOVA/Tukeys's muttiple comparisons test on log transformed data; ns, non significant, *F < 0.01, ™P <« 0.0001

treatment time (weeks)

Upon infection, HIS-NSG mice had significantly lower lung
baclerial burdens in comparison to PBS-NSG mice, suggesting
that the human immune system partially controlled bacterial
replication. HIS-NSG mice lack HLA molecules for antigen
presentation (38) and certain human cytokines (39). Thus,
the human antigen presenting cells generated in this system
may function sub-optimally in presenting Mtb antigens to
human T cells, thereby compromising control of Mth by
adaptive immunity. As a corollary, despite successful engraftment
of human immune cells in HIS-NSG mice, these animals
succumbed to active TB disease around the same time post-Mtb
infection as PBS-NSG mice. This period of 35 days did not allow
for the formation of fibrotic granulomas (5, 35) which have been
associated with latent TB infection.

The number of neutrophils in the lungs likely contributed
lo increased susceplibility to Mitb in HIS-NSG mice (40). To
our knowledge, our ITIS-NSG mouse model is the first to reveal
increased levels of human-specific neutrophil attractant I1.-8,
which were correlated with recruitment of hurman neutrophils
and were apparently associated with destructive tissue pathology
during the course of infection. The presence of murine

Frontiers in Immunology | w frontiersin.org

neutrophils of Mtb-infected HIS-NSG and PBS-NSG lungs
is likcly. Our carlier studies have shown that Mib induces
the secretion of neutrophil-chemoattractant CXCL5 by lung
cpithelial cells (26). Pulmonary epithelial cells remain of murine
origin in the HIS-NSG mouse and likely remain functionally
active. The murine neutrophils present in NSG mice, could thus
follow the CXCL5 chemokine gradient into the lungs. Murine
CXCR2 ligands, like CXCL5, can induce migration of human
neutrophils in vitro. However, the increase in pulmonary human
neutrophils strangly correlated with the presence of pulmonary
human IL-8, arguing against a profound chemokine crosstalk
between murine and human cells in vivo. Moreover, in various B
mouse studies (26,41, 42) we showed that murine neutrophils are
detrimental and cause lung pathology. Murine neutrophils could
thus contribute to the observed susceptibility of ITIS-NSG and
PBS-NSG (o low dose Mb infection. Retrospectively, we would
therefore recommend including markers for murine neutrophils
in the analysis and possibly consider murine neutrophil depletion
as a means to increase resistance of HIS-NSG mice in TB.
A recent study with Mtb infected cynomolgus macaques (43)
showed that granzyme-B expressing neutrophils correlated with
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higher bacterial loads in lung granulomas suggesting that they
promote Mtb replication. This feeds into the previously described
dualistic role of neutrophils in TB (44). Thus, neutrophils and
notably myeloid derived neutrophilic suppressor cells (45) that
have been shown to exacerbate TB pathogenesis should be
considered as targets for host directed therapy (HDT) in TB.

In parallel with elevated B and T cell numbers in the
Iymphocyte cuff, IgA, and IgM were detected in the lung
microenvironment. In humans, the role of B cells and antibodies
in TB remains controversial (46-48), and antibodies are likely
protective or detrimental depending on the disease state. Even
though significant numbers of human CD4* and CD8$™ T cells
accumulated in the HIS-NSG Mtb infected lungs, the bacterial
burden was high. This could be due to the impaired antigen
specific responses by the granuloma associated CD4F (49) or
CD8T T cells (50) and their putative failure to induce appreciable
amounts of the TB-protective cytokine IFN-y (51). Likewise, the
lack of human HLAs and poor human and murine cytokine
cytokine-receptor crosstalk, particularly of IL-12 and IFN-y (52)
contributed to poor adaptive immune activation. Moreover, the
balance of pro- and anti-inflammatory cytokines in the HIS-NSG
lung was skewed toward the Thl like pole with a more pro-
inflammatory signature linked to higher bacterial burden (28).
Future studies with NSG strains that have endowed features (15)
such as transgenic human cytokines and human HLA molecules
will allow to more precisely assess the Mtb specific responses of
the various human immune cells.

A caveat of the HIS-NSG mouse model is the presence
of a residual innate immune system, endothelium, epithelium,
and stroma of murine origin (53). Although the generated
human mononuclear phagocytic network readily engulfs the
vast majority of Mtb, certain residual murine cells can also
engulfbacteria (54). In addition, inadequate antigen presentation
by murine cells to the human T cells can cause anergy (15).
This “hybrid species”™ phagocytosis and antigen presentation
could influence the ensuing immune response thereby affecting
the pathology analyzed in this study. Certain hallmarks of TB
pathology, such as cavitary granulomas and fibrosis, were not
detected in our model, which is consistent with other humanized
mouse studies using Mtb or other mycobacteria (54-56). The lack
of cavitary granulomas could be due to the short experimental
observation window of 35 days or due to the single low dose
infection with Mtb H37Rv employed in this study, compared
to multiple reinfections with clinical strains in a high exposure
environment, such as household contact (57). Other possible
underlying factors include the lack of human HLAs, thus HIS-
NSG mice do not develop a fully competent human adaptive
immune system. Their immune system rather resembles those
of pediatric and immunocompromised individuals. Indeed cases
of cavitary TB are rare in children (58). Furthermore, distinct
clinical strains of Mtb can induce slightly different immune
responses, which could generate different granulomas (59). Each
granuloma has a unique microenvironment with certain cellular
and bacterial phenotypes, and this variability affects antibiotic
efficacy.

Oral administration of HRZ and HRZM drug regimens
reduced lung bacterial loads at similar rates, demonstrating

that the HIS-NSG model is feasible for preclinical TB drug
evaluation. Our model revealed that the HRZM regimen did
not perform better than the HRZ regimen, in contrast to
previous in vifro data (60) which indicated that addition of M
could improve TB treatment. A large human trial revealed no
additional benefit when either ethambutol or H were replaced
by M in standard regimens (22, 36). That M becomes less
effective in the presence of human-like lung pathology was also
shown in C3HeB/Fe] (61) and Nos2~/~ (62) mouse models
of granuloma TB. However, HIS-NSG mice like the Nos2~/~
mice (62) had homogenous bacterial loads and similar forms of
granuloma heterogeneity post Mtb infection in contrast to the
C3HeB/Fe] mice (34, 61), giving the HIS-NSG mice an advantage
of consistent reproducibility. In order for drugs to be effective
in the granuloma especially the caseous necrotic granuloma,
they need to traverse different cell layers. Low penetrance and
diffusion rates into the caseum of M has been shown (63). The
observed increase in bacterial burden under therapy from 2 to
4 weeks generally suggests replication of bacteria in the caseous
necrotic core of the granuloma along with poor penetrance of the
applied drugs. Thus, we posit that caseous necrotic granulomas of
HIS-NSG mice mimick human TB caseous necrotic granulomas
during drug treatment. Provided that similarities between
experimental TB drug treatment regimens in HIS-NSG mice and
human trials can be validated, this mouse model will qualify as a
late pre-clinical gating point for the decision whether to progress
into clinical trial

Another advantage of the HIS-NSG mouse model for
preclinical drug studies is the known spatial location of human
immune cells in the granuloma. As earlier stated, granulomas
comprise various types, densities and locations of immune cells
throughout the granuloma microenvironment similar to tumeors
(64). In tumors, larger numbers of CD87 cytotoxic T cells in the
tumor margin and center correlated with better prognosis and
provided a better target for enhancing antitumor responses by
cancer immunotherapy (65). Therefore, future drug studies in
HIS-NSG mice geared toward enhancing antibiotic effectiveness
could incorporate HDTs, e.g., targeting CD8"T T cells and
their associated factors such as human programmed cell death
protein 1 (PD1) and cytotoxic T lymphocyte associated protein 4
(CTLA4) (66).

In summary, our findings qualify the HIS-NSG mouse as a
preclinical model forhuman TB and HIV-TB as well as for testing
novel intervention strategies.
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2.2 Streptokokken-Pneumonie: Modelle zur Therapieevaluation

Streptokokken-Pneumonien  sind  antibiotisch  behandelbar und die Entwicklung
antibiotikaresistenter Stdmme ist begrenzt>®>°. Dennoch liegt die Sterblichkeitsrate seit Einfuhrung der
Antibiotika in den 1940er Jahren bei ca. 10 — 15% geblieben®¢2, Die Hauptursache hierfur liegt nicht in
inadéquaten Therapien oder mangelndem Management von Komorbiditdten, sondern unter anderem
in einer UberschieBenden Immunantwort, die Gewebeschdden verursacht, so dass die Lunge ihre
physiologische Funktion, den Gasaustausch, nicht mehr vollsténdig ausiben kann*®*, Ein wichtiger
Aspekt der prdklinischen Forschung ist daher die Entwicklung adjuvanter Therapien, die in
Kombination mit der Standardantibiotikatherapie die Lungenfunktion erhalten und die pathologische
Immunantwort begrenzen.

Die Immunantwort gegen extrazellulére Erreger wie Streptokokken ist eine Typ 3-Antwort. Das
bedeutet, dass hauptséchlich Effektormechanismen initiiert werden, die die epitheliale Abwehr férdern
und die Rekrutierung und Funktion von Neutrophilen verstdrken. Die Initiierung einer typischen Th17-
Antwort ldsst sich in nasopharyngealen Besiedlungsmodellen mit Streptococcus pneumoniae
untersuchen, in den Mausmodellen der akuten Pneumonie fuhrt die Schwere des Infektionsverlaufs
bereits vor der Einwanderung spezifischer Th17-T-Zellen zum Erreichen humaner Endpunktkriterien®.
Die akuten Pneumonie Modelle sind jedoch sehr gut geeignet, die Lungenpathologie der Pneumonie
abzubilden, die Funktion der alveolo-kapilldren Lungenbarriere sowie angeborene Immunantworten
zu untersuchen. Nach transnasaler Infektion mit Streptococcus pneumoniae zeigen die Versuchstiere
Symptome einer schweren Pneumonie, wie Dyspnoe, Hypothermie und Gewichtsverlust. Bereits nach 6
Stunden ist eine deutliche Rekrutierung von Neutrophilen zu beobachten. Diese Immunzellen sind von
besonderem Interesse, da sie bei einer zu starken oder unkontrollierten Reaktion schwere
Gewebeschéden verursachen kénnen. Sie sind aber auch essentiell fur die Elimination von
Streptokokken, wie in Mausmodellen gezeigt werden konnte®¢-®,

Im Patienten Ubernehmen Antibiotika die Abtétung der Streptokokken, so dass dieser positive Effekt
der initiierten Neutrophilenantwort durch ihre gewebeschddigende Wirkung Uberdeckt wird. In
unseren TB-Studien konnten wir zeigen, dass der pathologische Aspekt der Neutrophilen bei einer
chronischen Infektion Uberwiegt®,

Der Schwerpunkt unserer Streptokokken-Forschung lag einerseits auf der Entwicklung eines
Tiermodells, das die prdklinische Evaluierung von putativen adjuvanten Therapien erlaubt™, und
andererseits auf der Untersuchung der Regulation und pathologischen Mechanismen der
Neutrophilenantwort” und Rekrutierung in einem akuten Infektionsmodell. Im Folgenden wird eine
ausgewdhlte eigene Studie vorgestellt, die ein neuartiges Mausmodell mit zeitlich gestaffelter
Antibiotikagabe beschreibt, welches es erlaubt, milde bis letale Krankheitsverldufe unter
Antibiotikatherapie abzubilden™.
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2.2.1 Mausmodelle der schweren CAP unter Antibiotikatherapie (Eigene Arbeit 3)

Veréffentlicht als: Forschungsartikel mit geteilter Letztautorschaft*.

Der nachfolgende Text entspricht dem originalsprachlichen Abstrakt der Arbeit “Delay in antibiotic
therapy results in fatal disease outcome in murine pneumococcal pneumonia.” (Crit Care. 2018 Nov
1;22(1):287. doi: 10.1186/s13054-018-2224-5)° der Autoren Sarah Berger, Cengiz Goekeri, Shishir K Gupta,
Julio Veraq, Kristina Dietert, Ulrike Behrendt, Jasmin Lienau, Sandra-Maria Wienhold, Achim D Gruber,
Norbert Suttorp, Martin Witzenrath*, und Geraldine Nouailles*.

,Background: Community-acquired pneumonia (CAP) remains a major cause of death
worldwide. Mechanisms underlying the detrimental outcome despite adequate antibiotic
therapy and comorbidity management are still not fully understood.

Methods: To model timely versus delayed antibiotic therapy in patients, mice with
pneumococcal pneumonia received ampicillin twice a day starting early (24 h) or late (48
h) after infection. Clinical readouts and local and systemic inflammatory mediators after
early and late antibiotic intervention were examined.

Results: Early antibiotic intervention rescued mice, limited clinical symptoms and restored
fitness, whereas delayed therapy resulted in high mortality rates. Recruitment of innate
immune cells remained unaffected by antibiotic therapy. However, both early and late
antibiotic intervention dampened local levels of inflammatory mediators in the alveolar
spaces. Early treatment protected from barrier breakdown, and reduced levels of vascular
endothelial growth factor (VEGF) and perivascular and alveolar edema formation. In
contrast, at 48 h post infection, increased pulmonary leakage was apparent and not
reversed by late antibiotic treatment. Concurrently, levels of VEGF remained high and no
beneficial effect on edema formation was evident despite therapy. Moreover, early but
not late treatment protected mice from a vast systemic inflammatory response.

Conclusions: Our data show that only early antibiotic therapy, administered prior to
breakdown of the alveolar-capillary barrier and systemic inflammation, led to restored
fitness and rescued mice from fatal streptococcal pneumonia. The findings highlight the
importance of identifying CAP patients prior to lung barrier failure and systemic
inflammation and of handling CAP as a medical emergency.”
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Abstract

Background: Community-acquired pneumonia (CAP) remains a major cause of death worldwide. Mechanisms
underlying the detrimental outcome despite adequate antibiotic therapy and comorbidity management are still not
fully understood.

Methods: To model timely versus delayed antibiotic therapy in patients, mice with pneumococcal pneumonia
received ampicillin twice a day starting early (24 h) or late (48 h) after infection. Clinical readouts and local and
systemic inflammatory mediators after early and late antibictic intervention were examined.

Results: Early antibiotic intervention rescued rice, limited clinical symptoms and restored fitness, whereas delayed
therapy resulted in high mortality rates. Recruitment of innate immune cells remained unaffected by antibiotic
therapy. However, both early and late antibiotic intervention dampened local levels of inflammatory mediators in
the alveclar spaces. Farly treatment protected from barrier breakdown, and reduced levels of vascular endothelial
growth factor (VEGF) and perivascular and alveolar edemna formation. In contrast, at 48 h post infection, increased
pulmonary leakage was apparent and not reversed by late antibiotic treatment. Concurrently, levels of VEGF remained
high and no beneficial effect on edema formation was evident despite therapy. Moreover, early but not late treatment
protected mice from a vast systemic inflammatory response.

Conclusions: Cur data show that only early antibiotic therapy, administered prior to breakdown of the alveolar—capillary
barrier and systemic inflammation, led to restored fitness and rescued mice from fatal streptococcal pneumonia. The
findings highlight the importance of identifying CAP patients prior to lung barrier failure and systemic inflammation and
of handling CAP as a medical emergency.

Keywords: Streptococcus pneumoniae, Blood—air barrier, Bacterial pneumonia, Acute lung injury, Ampicillin, Innate
imrmunity
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Background

Community-acquired pneumcnia (CAP) is a significant
cause of morbidity and mortality worldwide, with Strepto-
coccus prenmoniae being the most prevalent causative
pathogen [1, 2]. Since the 1950s, the in-hospital mortality
rate of CAP has remained about 12-13% in most

* Carrespondence: martinwitzenrath@charitede;
geraldine.nouailles@charitede
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high-income countries [3]. Severe forms of CAP necessi-
tate admission to the intensive care unit (ICU) and result
in mortality rates ranging from 18 to 38% [4-6]. Anti-
biotic intervention within 4 h of hospital arrival is associ-
ated with reduced mortality compared to a delayed start
of treatment in CAP [7, 8]. To improve survival in severe
pneumonia, CAP is nowadays described as a medical
emergency and early and aggressive treatment is therefore
proposed on an empiric basis [9-14]. However, the patho-
physiological differences in the course of pneumecnia
resulting from early as opposed to late treatment are
unknown.

© The Author(s). 2018 Open Access This article is distributed under the terms of the Creative Cormrmons Attribution 4.0
International License {http://creativecormmons.org/licenses/by/4.0/), which permits urrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to

the Creative Cornmons license, and indicate if changes were made. The Creative Cornmons Public Domain Dedication waiver
(http//creativecommonsorg/publicdornain/zera/1.0/) applies to the data made available in this artide, unless othenwise stated,
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Differences in survival of CAP patients receiving anti-
biotic therapy result from a wide range of contributors,
which can be pathogen, drug or host related. The host’s
immune response may aggravate detrimental pulmon-
ary barrier failure and lung edema development [15—
19]. Particularly, activation of lung resident cells (e.g.,
alveolar ~macrophages and epithelial cells) by
pathogen-associated molecular patterns (PAMPs) re-
sults in local inflammation, which in turn promotes at-
traction of inflammatory cells like polymorphonuclear
leukocytes (PMNs) into the lungs [20-22]. As profes-
sional phagocytes, PMNs are crucial for antimicrobial
defense; however, PMNs also cause host tissue injury,
leading to increased permeability of the alveolar—capil-
lary barrier [23, 24]. As a further consequence of pul-
monary barrier failure, CAP can progress te life-
threatening sepsis and multiorgan dysfunction [25].
However, specific reasons for host-related differences in
survival that depend on timely versus delayed antibiotic
treatment remain unclear to date. Analysis of processes
contributing to host-related therapy failure and high
mortality rates due to delayed treatment are needed to
foster the development of new adjunctive therapies. We
hypothesized that antibiotic treatment decelerates exag-
gerated immune responses, but does not relevantly re-
duce established lung barrier dysfunction and lung
edema. In the current study, we performed in-depth
examination of mice with severe pneumococcal pneu-
monia receiving early versus late antibiotic treatment.

Methods
A detailed methodology and materials are presented in
Additional file 1: Materials and methods.

Study approval

Female C57BL/6 N mice (8—10 weeks old; Charles River,
Germany) were housed under specific-pathogen-free
conditions. All animal studies have been ethically
reviewed and approved by the State Office for Health
and Social Services, Berlin, Germany.

Murine bacterial pneumonia

Mice were transnasally inoculated as previously described
in detail [26] with 5 x 10° colony-forming units (CFUs) of
S. preumoniae serotype 3 in 20 pl PBS. Control mice re-
ceived sham infection (PBS). Starting at 24 h or 48 h p.i,
ampicillin (0.4 mg/mouse) or 0.9% NaCl (solvent control)
was injected intraperitoneally every 12 h (Additional file 1:
Figure S1). Body weight, temperature and murine pneu-
monia symptoms (scaling from 0 (absent) to 1 (present)
and 2 (severe)) were assessed twice daily. Detailed infor-
mation about the scoring system for murine pneumonia
symptoms is presented in Additional file 1: Materials and
methods, and Table 53. The summary of scored symptoms
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provides individual clinical scores. Mice meeting the in-
clusion criteria at 24 h p.i. (body weight loss more than
10% and/or bedy temperature <37.0 °C) were analyzed.
Numbers of analyzed mice per group per time point are
summarized in Additional file 1: Tables S1 and S2. At
defined endpeints, mice were anesthetized and exsangui-
nated prior to analysis. EDTA-blood was used for
hemogram (measured with Scil Vet abc; scil animal care
company GmbH) and bacterial load determination. The
remaining blood was collected in serum separator tubes
(BD) and sera were stored at — 80 °C.

Bronchoalveolar lavage

Mice were sacrificed prior to lavage. Airways were washed
twice with 800 ul PBS. Bronchealveolar lavage (BAL) sus-
pensions were used tc determine the bacterial burden.
Supernatant (BAL fluid (BALF)) was frozen at — 80 °C.
BAL cells were used for leukocyte differentiation.

Bacterial loads

Serial dilutions of EDTA-blood and BAL suspensions were
plated onto Columbia agar with 5% sheep bleed (BD) and
incubated for 24 h at 37 °C under 5% CO, prior to CFU
counting.

Histological analysis

Mice were sacrificed prior to histolegical analysis. Lungs
were immersion-fixed in 4% buffered formalin, embedded
in paraffin, cut into 2-um sections and stained with
hematoxylin and eosin (H&E) as described previously [27,
28]. Lung inflammaticn was scored based on consideration
of specific parameters graded on a scale of 0 (absent) to 4
(severe), including the degree of inflammation, infiltration
of neutrophils, pleuritis and steatitis. A lung edema score
was assessed as a sum of distribution and degree of inter-
stitial (perivascular) and alveolar edema graded on a scale
of 0 (absent) to 5 (massive).

Blood dlinical analytes
AST and urea levels were measured using Cobas-800
0-C701 (Roche) by LABOKLIN (Bad Kissingen, Germany).

Leukocyte differentiation

BAL cells were preincubated with blocking antibody and
stained with anti-CD11c, anti-CD11b, anti-F4/80, anti-
Ly6G, anti-Ly6C and anti-MHCII antibodies. Cells were
measured and analyzed with FACS Canto II (BD) and
FACSDiva software. Cell numbers were calculated using
CountBright Absolute Counting Beads (ThermoFisher
Scientific).

Pulmonary vascular leakage
Mouse serum albumin (MSA) levels in BALF and serum
were measured by ELISA (BETHYL). The alveolar—
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capillary barrier permeability index was calculated as the
ratio of BALF/serum MSA.

Multiplex assay and ELISA

Mouse cytokine/chemokine levels were measured in
BALF and serum with the ProcartaPlex Custom Mix &
Match according to the manufacturer’s instructions
(AffymetrixBioscience). BALF levels of CXCL2 and
CXCL5 were measured by ELISA (RD).

Cytokine-immune cell network
Details for construction of the network are described in
Additional file 1: Materials and methods.

Data analyses

GraphPad Prism 6 software was used for statistical ana-
lyses. Survival curves were analyzed using the Kaplan—
Meier method and log-rank (Mantel-Cox) test. The Krus-
kal-Wallis test/Dunn’s multiple comparisons test and
one-way ANOVA/Dunnetts multiple comparisons test
were used for comparison to S. pnenmoniae-infected mice
at the start of therapy. Grouped analyses were performed
using two-way ANOVA/Sidak’s multiple comparison test.
» <0.05 was considered significant.

Results

Late yet efficient antibiotic treatment did not rescue $.
pneumoniae-infected mice

To improve understanding of clinical deterioration of indi-
viduals with bacterial pneumonia despite adequate anti-
biotic therapy, S. prneumoniae-infected mice were treated
with ampicillin starting at different times p.i. Mice receiving
ampicillin therapy starting 24 h pi. showed a significantly
higher survival rate (97.1%) than animals with late (48 h
pi) therapy (204%) (Fig. la). Clinical signs of murine
pneumonia like disheveled fur or an accelerated breathing
rate and behavioral or somatic changes (Fig. 1b), weight
loss (Fig. 1¢), decrease in body temperature (Additional file 2:
Figure S2), as well as lung infiltrates, assessed by histology
(Additional file 2: Figure 32B), were already apparent at
24 h pi. In line with superior survival rates, early antibiotic
therapy led to normalization of body temperature and mur-
ine clinical scores within 12 h and increased bedy weight
within 24 h. Mice receiving ampicillin from 48 h p.i. on-
ward failed to restore their body weight and to reverse their
murine clinical score within the following 48 h (Fig. 1b, ¢).
Hence, for accurate interpretation of results at 72 h p.i and
beyend, the poor survival rates of untreated and late-
treated groups (below 25%, Additional file 1: Tables S1 and
$2) need consideration.

Notably, antibiotic therapy failure was not respon-
sible for different outcomes in survival. At 24 h and
48 h p.i., before initiation of an antibiotic regimen, all
mice analyzed at these time points had developed
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bacteremia. Within 12 h both regimens reduced the
mean bacterial load in the blood by over 99% and in
the alveolar spaces by over 85% (Fig. 1d, Additional
file 2: Figure S3A).

Antibiotic treatment had no major impact on innate
leukocyte kinetics in BAL and blood

Resident and recruited innate immune cells participate in
defense against pulmonary pathogens [29] and may be
influenced by antibiotic treatment. Consequently, we ana-
Iyzed kinetics of PMNG, alveolar macrophages and Ly6C"™
inflammatory macrophages during infection and therapy
(gating strategy; Additional file 2: Figure S4). After an initial
recruitment wave, the number and frequency of BAL
PMNs steadily declined from 24 h p.i. onward in treated
and control groups (Fig. 2a, b, Additicnal file 2: Figure
S3B). In the blood, however, frequencies but not total num-
bers of neutrophils (Fig. 2¢, Additional file 2: Figure S3B}
were significantly lower after early antibiotic intervention
compared to the solvent-treated control group, whereas no
difference was detected after late treatment. Likewise, anti-
biotic treatment did not affect the population size of alveo-
lar macrophages, which remained unaffected throughout
the infection course. Recruitment of Ly6Chj inflammatory
macrophages into alveolar spaces significantly increased
following infection and remained unaltered by antibictic
therapy (Additional file 2: Figure S5A, B). Kinetics of blood
monocyte number and frequency remained unaffected by
antibiotic treatment. Similar results were obtained for
eosinophils and platelets (Additional file 2: Figure S5C).

Antibiotic treatment suppressed lung inflammation
Alveolar concentrations of chemokines and growth
factors were measured in BALF (Fig. 3a, Additional
file 2: Figures S3C and S6A). Levels of monocyte-
recruiting chemokines CCL3 and CCL2 decreased
within 24 h after antibiotic therapy compared to the
concentration at treatment start. Notably, only after
an early therapy start were significant differences be-
tween ampicillin-treated and solvent-treated mice with
pneumonia observed for CCL2. Kinetics of neutrophil
growth factor G-CSF levels resembled the kinetics of
CCL2. After an initial increase in GM-CSF levels fol-
lewing an early therapy start, cencentrations in BALF
decreased with antibiotic  therapy. CXCL1/KC,
CXCL2/MIP-2 and CXCL5/LIX, homelogs of human
IL-8, are responsible for alveclar neutrophil recruit-
ment [30]. Infected, solvent-treated mice showed an
infection-time-dependent increase in CXCL1, CXCL2
and CXCL5. Notably, antibiotic intervention solely
inhibited the increase of CXCL1 and CXCL2, but not
CXCL5.

Both early and late antibiotic therapy led to a reduc-
tion in the local inflammatory cytokines IL-6, IL-1[3,
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Fig. 1 Late antibiotic therapy failed to rescue 5. pneumoniae-infected mice. Mice were infected with 5 pneumoniae and assigned equally to
groups and analysis time points (M =9 per time point). Starting 24 h or 48 h p.i, intervention groups were treated with ampicillin. As
controls, mice were sham infected (PBS; Niatal = 7 per time point) or treated with solvent (0.9% NaCl). Survival, murine clinical score and weight
assessed for all mice until designated analysis time point. Mice surviving until designated analysis time point were sacrificed for BAL and
bload sampling {number analyzed per time point presented in Additional file 1: Table S1). a Kaplan-Meier curves showing survival of
experimental groups, log-rank test. b Murine clinical disease score. Median and 25-75% interguartile range {IQR). ¢ Relative weight curves.
Mean + SEM. d Bacterial burden in BAL and blood of respective mice analyzed at indicated time points. Median and 25-75% IQR. a—d Results
pooled from three independent experiments per time point. b-d Two-way ANOVA/Sidak's multiple comparisons test for comparison of
ampicillin versus solvent treatment. Kruskal-Wallis test/Dunn's multiple comparisons test for comparison to 5. pneumonige-infected mice at
therapy start. *Significant difference between groups at time point, #significant difference from therapy start: <005, My < 0p1, By
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TNF-a and IFN-y in the BALF. Likewise, the anti-in-
flammatory cytokine IL-10 decreased after early and
late antibiotic therapy. On the contrary, IL-12p40 levels
increased within 12 h after early therapy start and de-
creased after late antibiotic intervention (Fig. 3b, Add-
itional file 2: Figures S3C and S6B). In line with these
observations, the lung inflammation score, composed
of specified histopathological inflammation parameters,

was significantly decreased after early antibictic therapy
but remained unchanged after late antibiotic therapy
(Fig. 3¢, Additional file 2: Figures S3D and $7). Particu-
larly, early but not late antibiotic intervention
prevented development of pleuritis and steatitis of the
adjacent mediastinal adipose tissue but did neot show
any impact on the innate cell recruitment into the
lungs.
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Network analysis of alveolar immune cells and local
effector molecules illustrated pronounced
downregulation of cytokines by antibiotic treatment

The aim of the network analysis was to visualize and
summarize censequences of early versus late antibiotic
therapy on local cellular and cytokine/chemokine re-
sponses (Additional file 2: Figure S8). Hereby, we illustrate
that recruitment of innate cells (Additional file 2: Figure
§8, left) was independent of antibiotic treatment and treat-
ment ccmmencement. Cellular effector mechanisms such
as cytokine secretion of IFN-y, IL-1B, IL-6 and TNF-«a
were also strongly reduced by antibiotic treatment, while
secretions of neutrophil-attracting chemokines (e.g.,
CXCL1, CXCL2, CXCL5 and G-CSF) were only modestly
affected (Additional file 2: Figure S8, right).

Early antibiotic treatment prevented systemic
inflammatory responses

Following local pulmonary inflammation and bacteremia,
the development of a systemic inflammatory response in

untreated yet infected mice was observed. At 24 h p.i., prior
to early antibiotic treatment, systemic cytokines were close
to basal levels, although bacteremia was established. Not-
ably, treatment with antibiotics starting 24 h p.i. prevented
upsurge of inflammatory mediators such as IL-6, TNF-a
and [FN-y in serum compared to untreated yet infected
mice. Late antibiotic therapy only led to a significant reduc-
tion in serum levels of IFN-y, but basal levels were not
reached. Systemic IL-10 concentrations were rarely detect-
able (Fig. 4a, Additional file 2: Figures S3E and S9A).

Generally, kinetics of systemic proinflammatory chemo-
kines and growth factors highly resembled kinetics of sys-
temic proinflammatory cytokines (Fig. 4a, b, Additicnal
file 2: Figures S3E and 39A, B). Similar to systemic cyto-
kine concentrations, systemic levels of chemokines and
G-CSF increased later than in alveolar spaces.

At 24 h pi, systemic chemckine levels were five times
(CXCL1) to 90 times (CCL3) lower than prior late anti-
biotic therapy at 48 h p.i. Early antibictic intervention pre-
vented dramatic increases of G-CSF, CCL2 and CXCL1 in
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Fig. 3 Antibictic therapy reduced levels of alveolar inflammatory mediatars. Mice were infected with 5. pneumonige and assigned equally to
groups and analysis time points @, b Mor =9, € Niora =4 per time point). Starting 24 h or 48 h pi, intervention greups were treated with
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serum, with significant differences frem the respective
solvent-treated control groups. Early therapy did not lead
to a significant change in CCL3 levels. After late antibiotic
therapy, systemic CXCL1, G-CSF and CCL2 concentrations
decreased, but no significant differences from the respective
control groups were observed (Fig. 4b, Additional file 2:
Figures S3E and 9B). Systemic levels of GM-CSF were
below the detection limit (data not shown). To determine
the functional integrity of the liver and kidneys, aspartate
aminotransferase (AST) and urea were measured in serum.
Increased concentrations of AST were found at 48 h but
not at 24 h p.i. Early antibiotic therapy prevented increase
of AST levels in infected mice. Late antibiotic treatment
had no beneficial effect on AST concentrations (Fig. 4c,
Additional file 2: Figure S3F). The urea concentration

increased following early antibiotic therapy whereas no dif-
ferences were detected following late intervention (Add-
itional file 2: Figure S9C).

Early antibiotic intervention protected alveolar-epithelial
barrier integrity and reduced VEGF levels

Measurements of the alveclar—capillary barrier permeability
index allow estimation of the degree of vascular leakage
into alveolar spaces. Prior to treatment of infected mice,
vascular leakage was evident at 48 h but not at 24 h p.i
Early antibiotic treatment successfully prevented develop-
ment of vascular leakage observed in S. preumoniae-in-
fected solvent-treated control mice (Fig. 5a, Additional
file 2: Figure $3G). In contrast, late antibiotic therapy failed
to significantly reverse established lung permeability. In line
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with this finding, histopathological analysis of lung tissue
integrity revealed significantly reduced interstitial and al-
veolar edema formation in early antibiotic-treated animals
compared to solvent-treated controls. However, late anti-
biotic therapy did not reduce edema formation (Fig. 5b, c,
Additional file 2: Figures S3H and S10A, B). Vascular ende-
thelial growth factor (VEGF) and binding leukocytes trigger
destabilization of endothelial cell-cell contacts [31]. VEGF
levels in BALF of S. pnenmoniae-infected mice were mod-
estly elevated compared to PBS-infected control groups at
the time points 24 h and 48 h p.i. Only after early ampicillin
therapy did alveolar VEGF concentrations significantly
decrease compared to the late treatment start and
solvent-treated control groups (Fig. 5d, Additional file 2:
Figure $3G).

Discussion

Upon CAP diagnosis, commencement of immediate treat-
ment is considered critical since a delay increases the like-
lihood of lethality [7, 9]. However, some patients present

themselves in a phase of advanced disease or diagnesis is
belated. In these cases, antibiotic treatment can become
insufficient to avoid development of acute lung injury;
thus, adjuvant therapeutic options are needed. Under-
standing the pathophysiology of acute lung injury in pneu-
monia with delayed treatment is a prerequisite to
successful therapy development. Therefore, we established
a mouse model of CAP comprising early and late anti-
biotic treatment of bacterial pneumenia mirroring differ-
ent treatment commencements in CAP patients. Validity
of the model was achieved as: severe pneumonia was
established before early and late treatment start; treatment
success rates in terms of survival cutcome depended on
timely treatment; and antibiotic treatment efficacy in
terms of bacterial elimination was independent of timely
treatment. Our model settings are thus in line with obser-
vations made in immunocompetent ICU patients with
CAP who received an adequate antibiotic regimen and
management of comorbidities, but nonetheless showed
high mortality rates [32, 33].
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Aiming to identify host-related factors responsible for
detrimental disease outcome, we suspected an inadequate
immune response, as described and reviewed by Mizgerd
[34], as the underlying mechanism following late therapy.
Indeed, histopathelogical analyses revealed that only late

antibictic treatment failed to reduce neutrophilic infiltra-
tion into the pleura and adjacent mediastinal adipose
tissue. In contrast, recruitment of inflammatory cells into
lung tissue and air spaces appeared unaffected by early and
late antibiotic interventions but, nevertheless, alveolar
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levels of inflammatory mediators were found to be
repressed.

In order to assist interpreting these confounding observa-
tions, we implemented our data in a cytokine—cell network
maodel. The network analysis illustrated that antibiotic treat-
ment suppressed proinflammatory cytokines more
efficiently than inflammatory chemokines (such as CXCLI,
CXCL5 and GM-CSF). This indicates that recruiting
mechanisms like chemokine gradients were less affected by
antibiotic treatment. However, pronounced antibiotic-
dependent reduction in inflammatory mediaters suggests
that, contrary to cellular numbers, the activation state and
effector functions of alveolar immune cells were dampened
by antibiotic-governed bacterial eradication.

An intact blood—air barrier is crucial for gas exchange,
and fatal barrier breakdown during streptococcal pneumo-
nia, leading to acute respiratory distress syndrome
(ARDS), is well described (reviewed in [35-37]). Accord-
ingly, we observed that an intact lung bairier was associ-
ated with favorable therapy outcome in antibiotic-treated
mice exhibiting severe pneumococcal pneumonia. Fur-
thermore, differences in survival correlated with extended
exposure time to pneumococci, resulting in a prolonged
local and systemic centact with infection-induced inflam-
matory mediators. In line, early as opposed to late treat-
ment prevented systemic inflammation.

The evident local and systemic inflammation might as
well have occurred due to release of proinflammatory cyte-
solic components upon cell death processes. Necroptosis, a
form of programmed necrosis, can be initiated by S. preu-
mowige in pulmonary immune cells like macrophages and
epithelial cells [38, 39]. In our pneumonia model, alveolar
macrophage numbers remained stable upon infection,
whereas numbers of inflammatory macrophages signifi-
cantly increased with infection time, without showing sig-
nificant differences between treatment and control groups.
Due to their slow replenishment rates [40], stable numbers
of alveolar macrophages rather speak against necroptosis.
Monocyte-derived macrophages that were actively
recruited to infected lung tissue could potentially have
undergone necroptosis and been replaced by newly
recruited cells. To date, it remains likely but unproven that
higher rates of monocyte-derived macrophage and epithe-
lial cell necroptesis, following a late antibiotic regimen, are
one of the underlying mechanisms for elevated inflamma-
tion and vascular leakage. Correspondingly, the presence of
PAMPs as well as necroptosis-independent DAMPS could
have likely regulated the activation status of local and sys-
temic immune cells, thereby altering levels of inflammatory
mediators following antibiotic intervention.

In severe pneumonia, only early antibiotic therapy, ad-
ministered prier to barrier breakdown, prevented systemic
inflammation, development of pleuritis, steatitis and ele-
vated AST levels, which was followed up by restoration of
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fitness and rescue of mice from fatal outcome. Gracia et
al. [41] have shown in S. preumoniae-infected rats that
early and late antibiotic regimens similarly eliminated bac-
terial burdens whereas only early therapy helped to pre-
vent lung damage. However, the authors started early
therapy just 1 h p.i., an impertant difference to cur proto-
col whereby infected mice already developed pneumecnia
prior to antibiotic treatment. We therefore conclude that
our model represents the patients’ situation in a more
compatible fashion.

Nenetheless, our mouse model remains a species-differ-
ent approach to a highly complex human disease. It does
not include therapeutic measures conducted in the ICU
such as additional intake of fluids, (high flow) oxygen or
macrolide therapy. Furthermore, laboratory mice which did
not experience pathogen contact before generally show a
modified immune response as humans do, for example,
since they are missing mucosal memory cells [42]. Never-
theless, mice exhibited many parallels to the patients’
course of infection; from a contained local infection, pneu-
monia developed into life-threatening systemic inflamma-
tion as often seen in CAP patients. Further studies from
our laboratory likewise described processes in murine
pneumonia which resembled the human course of pneu-
monia [43-45].

As a consequence, we stress the importance of defin-
ing CAP as an emergency and to identify and treat CAP
patients at risk prior to lung barrier failure and systemic
inflammation [13, 14, 46]. Besides many promising stud-
ies [47-52], specific adjunctive therapies for CAP are
still missing. Such therapies should be coadministered
with antibiotics in order to reduce lung barrier failure,
thereby alleviating the disease course and finally redu-
cing mortality and the length of hospital stay.

Our mouse medel of antibiotic-treated CAP will aid in
investigating how barrier-stabilizing interventiens can
prevent fatal disease progression in mice. Conclusively,
proof-of-concept analyses indicating to which extent this
mouse model adequately mirrors a significant range of
patients must follow.

Conclusions

By combining a mouse model of severe pneumococcal
pneumonia with antibiotic treatment, we identified host
factors of high relevance for successful therapy outcome.
‘We were able to show that antibiotic treatment effectively
reduces local pulmonary inflammation independent of
treatment start and without beneficial effect on survival
rates. However, despite being unable to reverse lung bar-
rier dysfunction, lung edema and systemic inflammation
once established, timely antibiotic intervention effectively
prevented their development, significantly increasing sur-
vival. Handling CAP as an emergency along with new lung
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barrier stabilizing therapies might thus aid in finally lower-
ing mortality rates.
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cytokine levels in BAL fluid. Figure $7. Histopathological analysis of lung
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2.3 COVID-19: Immunabwehr und Therapieevaluation in Syrischen Hamstern

COVID-19 stellte nicht nur die Gesellschaft, sondern auch die Forschung vor besondere
Herausforderungen. Die dringende Notwendigkeit, Behandlungsmethoden und Impfstoffe gegen
COVID-19 zu entwickeln, verlangte in bisher nicht gekannter Geschwindigkeit Erkenntnisse zu erzielen.
Erschwerend kam hinzu, dass die géngigste experimentelle Tierspezies Mus musculus gegen SARS-CoV-
2 resistent ist. Die genetische Expression von humanem Angiotensin-konvertierendem Enzym 2 (hACE2)
unter dem humanen Keratin 18 Promotor (K18) machte die K18-hACE2 transgenen Mduse sehr anfdillig,
aber sie zeigten keine typischen COVID-19-Pneumonien’?”. Nicht-resistente Tiermodelle, die die
menschlichen COVID-19 Verléufe gut reproduzieren, sind Rhesusaffen, Frettchen und syrische
Hamster’™.

Anhand von Patienten- und Bevélkerungsstudien zeigte sich bald, dass schwere COVID-19-Verléufe in
bestimmten Bevélkerungsgruppen gehduft auftreten, z. B. bei Glteren Erwachsenen und Personen mit
Grunderkrankungen’. Bestimmte genetische Faktoren der Immunantwort auf das Virus spielen
ebenfalls eine Rolle und insbesondere schwere und kritische COVID-19 Verldufe sind durch eine
Immunpathologie  gekennzeichnet’®”. Diese UberschieBende Immunantwort wird durch
EntzOndungszellen wie Neutrophile und Monozyten ausgelést. Als Folge der Entzindungsreaktion
kommt es zu Gewebe- und Organschdden sowie zum akuten Lungenversagen wie beim ARDS, einer
schweren Lungenschddigung, die letal verlaufen kann. Immunmodulatoren wie Dexamethason kénnen
die Schwere der Erkrankung mildern’®,

Das Versténdnis von vorteilhaften und pathologischen Immunantworten ist for die Entwicklung und
Prufung wirksamer Therapien und Impfstoffe von entscheidender Bedeutung. Dies erfordert einerseits
gut charakterisierte Tiermodelle und andererseits die Validierung anhand menschlicher
Immunantworten®.

Der Syrische Hamster (Mesocricetus auratus) ist ein geeignetes Modell zur Abbildung moderater
COVID-19 VerlGufe, war aber zu Beginn der Pandemie immunologisch kaum charakterisiert®>. Hierfur
fehlten auch die klassischen immunologischen Werkzeuge, Hamster-spezifische Antikérper, die zur
Identifizierung von Immunzellen mittels Durchflusszytometrie oder Immunhistopathologie verwendet
werden. Unser Beitrag zur COVID-19-Forschung konzentrierte sich daher zundchst auf die
Charakterisierung der Immunantwort im Syrischen Hamster mittels Einzelzell-Transkriptomanalysen®,
AnschlieBend haben wir die hier gewonnenen Erkenntnisse auf andere Hamstermodelle mit schweren
Verldufen Ubertragen und den Erfolg von Therapiestrategien und Impfstoffen evaluiert® 8,

Im Folgenden werden zwei ausgewdhlte eigene Studien vorgestellt, die zum einen die hocheffektive
moderate angeborene und adaptive Immunantwort des Syrischen Hamsters® und zum anderen die
Reaktivierung der lokalen Gedéchtnisimmunantwort gegen SARS-CoV-2 nach nasaler Impfung mit
einem neuartigen Lebendimpfstoff im Syrischen Hamster® auf der Basis von Einzelzell-
Transkriptomanalysen beschreiben.
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2.3.1 Immunantwort gegen SARS-CoV-2 beim Syrischen Hamster (Eigene Arbeit 4)

Veréffentlicht als: Forschungsartikel mit geteilter Erstautorschaft*.

Der nachfolgende Text entspricht dem originalsprachlichen Abstrakt der Arbeit “Temporal omics
analysis in Syrian hamsters unravel cellular effector responses to moderate COVID-19." (Nat Commun.
2021 Aug 11;12(1):4869. doi: 10.1038/s41467-021-25030-7)% der Autoren Geraldine Nouailles*, Emanuel
Wyler*, Peter Pennitz, Dylan Postmus, Daria Vladimirova, Julia Kazmierski, Fabian Pott, Kristina Dietert,
Michael Muelleder, Vadim Farztdinov, Benedikt Obermayer, Sandra-Maria Wienhold, Sandro
Andreotti, Thomas Hoefler, Birgit Sawitzki, Christian Drosten, Leif E Sander, Norbert Suttorp, Markus
Ralser, Dieter Beule, Achim D Gruber, Christine Goffinet, Markus Landthaler, Jakob Trimpert, und Martin
Witzenrath.

“In COVID-19, immune responses are key in determining disease severity. However, cellular
mechanisms at the onset of inflammatory lung injury in SARS-CoV-2 infection, particularly
involving endothelial cells, remain ill-defined. Using Syrian hamsters as a model for
moderate COVID-19, we conduct a detailed longitudinal analysis of systemic and
pulmonary cellular responses, and corroborate it with datasets from COVID-19 patients.
Monocyte-derived macrophages in lungs exert the earliest and strongest transcriptional
response to infection, including induction of pro-inflammatory genes, while epithelial cells
show wecak alterations. Without evidence for productive infection, endothelial cells react,
depending on cell subtypes, by strong and early expression of anti-viral, pro-inflammatory,
and T cell recruiting genes. Recruitment of cytotoxic T cells as well as emergence of IgM
antibodies precede viral clearance at day 5 post infection. Investigating SARS-CoV-2
infected Syrian hamsters thus identifies cell type-specific effector functions, providing
detailed insights into pathomechanisms of COVID-19 and informing therapeutic
strategies.”
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ARTICLE W) Chack for updates

Temporal omics analysis in Syrian hamsters
unravel cellular effector responses to
moderate COVID-19

Geraldine Nouailles® 217™ Emanuel Wyler 3% pater Pennitzd 1, Dylan Postmus
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In COVID-19, immune responses are key in determining disease severity. However, cellular
mechanisms at the conset of inflammatory lung injury in SARS-CoV-2 infection, particularly
involving endathelial cells, remain ill-defined. Using Syrian hamsters as a model for moderate
COVID-19, we conduct a detailed longitudinal analysis of systemic and pulmonary cellular
responses, and corroborate it with datasets from COVID-19 patients. Monocyte-derived
macrophages in lungs exert the earliest and strongest transcriptional response to infection,
including induction of pro-inflammatory genes, while epithelial cells show weak alterations.
Without evidence for productive infection, endothelial cells react, depending on cell subtypes,
by strong and early expression of anti-viral, pro-inflammatory, and T cell recruiting genes.
Recruitment of cytotoxic T cells as well as emergence of IgM antibodies precede viral
clearance at day 5 post infection. Investigating SARS-CoV-2 infected Syrian hamsters thus
identifies cell type-specific effector functions, providing detailed insights into patho-
mechanisms of COVID-19 and informing therapeutic strategies.
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ARTICLE

he enduring severe acute respiratory syndrome cor-

onavirus 2 (SARS-CoV-2) pandemic has emphasized the

urgent need for experimental models to rapidly identify
pathomechanisms and therapeutic targets of corona virus disease
2019 (COVID-19).

COVID-19 causes a wide range of disease manifestations,
spanning from asymptomatic infections to acute respiratory
distress syndrome (ARDS) and fatal multi-organ dysfunctionl.
Disease severity is influenced by age, sex, and specific comor-
bidities, making it evident that host-specific factors influence the
course of the disease and require further investigation. While
blood of COVID-19 patients is accessible to detailed longitudinal
investigation irrespective of disease severity, and bronchoalveolar
lavage (BAL) can be safely performed in intubated patients,
pulmonary tissue responses remain inaccessible in mild and
moderate COVID-19 courses, since lung tissue is only available
upon autopsy from patients with fatal disease. Hence, experi-
mental models of COVID-19 are needed, which reflect the
complexity of human responses to SARS-CoV-2 infections,
including the spatiotemporal dynamics of airway and alveclar
infection, local pulmonary immune responses, the activation of
systemic inflaimmatory, complement and coagulation cascades,
the impairment of endothelial barrier function, and also
mechanisms of resilience, resolution, and repair.

The hamster family (Cricetinae) is of particular interest for
experimental modeling of COVID-19, as we and others have
observed that animals without genetic modifications can be
infected with SARS-CoV-2 and develop phenotypes ranging from
mild to lethal COVID-19, depending on age and species?C.
Notably, immune cell influx into the lungs, bronchointerstitial
pneumonia and diffuse alveolar damage in hamsters bear
resemblance to COVID-19 in human patients”.

Since its initial description as animal model for SARS-CoV1C,
the Syrian hamster has been used to study different aspects of
SARS-CoV and Middle East respiratory syndrome (MERS) cor-
onavirus infection!1-13. Consequently, it now serves as a versatile
non-transgenic rodent model to study SARS-CoV-2 infection and
therapeutic interventions such as antiviral treatments, immuno-
modulatory therapies, and vaccines®”14, The disease observed in
hamster species primarily affects the lower respiratory tract,
which more closely resembles the common courses of human
disease as opposed to clinically severely affected transgenic mice,
in many of which infection of the central nervous system (CNS) is
the predominant manifestation of the disease!>16.

Despite the advantages of hamster models for investigating
COVID-19 pathogenesis, unavailability of molecular tools and
reagents for hamsters limits investigations of immuno-patho-
mechanisms, leaving unanswered how closely SARS-CoV-2
evoked disease in hamsters models human COVID-19. We
therefore in-depth evaluated SARS-CoV-2-infected Syrian ham-
sters (Mesocricetus auratus), elucidating the innate and adaptive
steps of immunity and pathogenesis by pairing single-cell RNA
sequencing (scRNA-Seq) data from lung cells and white blood
cells (WBC), histopathology and quantitative proteomics analysis
of lungs and blood following nasal SARS-CoV-2-infection of
Mesocricetus auratus. We compared our findings with own data
from scRNA-Seq and proteomics analyses from human bio-
samples of COVID-19 patients. This enabled in-depth investi-
gations on central COVID-19 pathomechanisms in
compartments inaccessible in humans, particularly in moderate
disease.

In this work, we show that (i) monocyte-derived macrophages
in lungs are exerting the earliest and strongest transcriptional
response to infection, (ii) epithelial cells show weak alterations,
(iii) early in the infection, endothelial cells strongly express anti-
viral, pro-inflammatory, and T cell recruiting genes without

evidence for productive infection, and (iv) recruitment of cyto-
toxic T cells, as well as emergence of IgM antibodies, precedes
viral clearance at day 5 post infection.

Results

SARS-CoV-2 induces self-resolving moderate pneumonia and
robust pulmonary immune cell recruitment in Syrian ham-
sters. After infection with SARS-CoV-2 (Supplementary Fig. 1),
dinical disease manifested in Syrian hamsters with moderate
transient weight loss analogous to previous reports (refs. 236,
Supplementary Fig. 2a). High viral loads were detected in
respiratory tracts at 2, 3, and 5 days post infection (dpi). At 14
dpi, only minimal viral RNA load remained, and no replication-
competent virus was detected in the respiratory tract (Supple-
mentary Fig. 2b-d).

Similar to previous observations®?, histopathology identified
necrosuppurative bronchitis and bronchointerstitial pneumonia
at 2 and 3 dpi, characterized by intrabronchial and intraalveolar
infiltration by neutrophils and macrophages as well as severe,
diffuse alveolar damage. Numbers and density of infiltrating
immune cells, hyperplasia of bronchial and alveolar epithelial
cells as well as alveolar and interstitial edema and endothelialitis
peaked at 5 dpi. By 14 dpi, cellular influx into alveolar spaces was
largely resolved, with fewer neutrophils, macrophages, and
lymphocytes observed within the interalveolar septa, while
marked hyperplasia of alveolar epithelial cells remained (Supple-
mentary Fig. 2e-n). Again, consistent with previous reports>” no
evidence of thrombotic events were observed.

To obtain higher resolution of pulmonary responses, we
performed scRNA-Seq. Cell type clusters detected in lungs
corresponding to leukocyte-subset-signatures included alveolar,
interstitial, and monocytic macrophages, Tremid™-monocytes,
neutrophils, dendritic cells, B, T, and natural killer (NK) cells.
We further identified resident cell types, including alveolar
epithelial cells type 1 (AT1) and 2 (AT2), ciliated epithelial,
endothelial, and smooth muscle cells, and fibroblasts (Figs. la,
$3a). By integrating scRNA-Seq-derived cell frequencies with
manually counted cell numbers over time, we mapped
dynamics of infection-induced pulmonary leukocyte recruit-
ment compared to uninfected animals (Fig. 1b, ¢). The influx of
monocyte-derived macrophages peaked at 5dpi. NK and T
lymphocyte recruitment to lungs was first detected at 5 dpi and
peaked at day 14 (Fig. lc). Peak of lung inflammation on 5 dpi
(Supplementary Fig. 21) coincided with the highest proportion
of inflammatory macrophages (monocytic macrophage cluster)
and proliferating cytotoxic cells (T/NK cell cluster) among lung
cells (Supplementary Fig. 3b).

Notably, despite pronounced neutrophilic bronchitis (Supple-
mentary Fig. 2g), overall neutrophil frequencies remained low
and changes were non-significant. In line with histopathology, the
peak of neutrophil recruitment was at 2 dpi, when neutrophil
proportions presented ~3% of lung cells (Fig. le). In contrast,
monocytic macrophages population at day 5 peaked at ~25% of
lung cells (Figs. 1d, e, $3b). Relative numbers of pulmonary tissue
cell subsets fluctuated mildly, declining proportionally as
inflammatory cell influx rose (Supplementary Fig. 3¢, d). At 14
dpi, increased numbers of AT2 matched histopathology observa-
tions of epithelial hyperplasia, indicating tissue repair (Supple-
mentary Figs. 21, k, 3¢).

Analogously, we analyzed scRNA-Seq data from WBC
populations to study systemic responses evoked by pulmonary
SARS-CoV-2 infection. Detected cell populations included
neutrophils, monocytes, dendritic, NK, B, and T cells and various
subpopulations thereof (Figs. 1f, S3e). Infected hamsters dis-
played significant leukopenia at 3 and 5 dpi. By 14 dpi this trend
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was inverted and peripheral blood leukocyte numbers were (Fig. li). Overall, scRNA-Seq cell profiling defined kinetics of
significantly higher than in naive animals (Figs. 1g, S3f). immune cell trafficking in greater detail.
Increased proportions of neutrophils were found at 2 dpi and

increasing proportions of T cells at 14dpi (Figs. lh, S3b).
Notably, calculated neutrophil-lymphocyte ratios only transiently
increased at 2dpi to a minor extent, matching observations in
humans with non-severe as opposed to severe COVID-191712

Bulk transcriptomics, proteomics, and single-cell RNA
sequencing reveal activation of anti-SARS-CoV-2 pro-
inflammatory immunity in hamsters. After evaluating immune
cell dynamics, we performed bulk RNA-sequencing of lungs and
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Fig. 1 Single-cell dynamics in lungs and blood of SARS-CoV-2 infected Syrian hamsters. a Uniform manifold approximation and projection (UMAP) plot
of identified cell populations in Syrian hamster lungs. Colors representing individual cell types are depicted in legend. b Cell count of isolated cells per lung
lobe over time (2, 3, 5, and 14 days post infection (dpi)) and control group (naive, “d0"). ¢ Count of hematopoietic cells per lung lobe in naive hamsters and
over time pi. d Changes in cellular density of lung cells in UMAP projection. Coloration indicates log2 fold change between control group and 5dpi

e Percentage of hematopoietic cells per lung lobe in naive hamsters and over time pi. f UMAP plot of identified cell populations in blood samples. g Cell
count of isolated cells per mL blood in naive hamsters and over time pi. h Percentage of identified cell populations in blood samples over time pi and naive
animals. i Neutrophil-lymphocyte ratio in blood samples over time pi and naive animals. a, d and f Clusters defined by Louvain clustering, n=3 per time
point. b, ¢, e, g hand i Bar plots are plotted per cell type in the order: naive, 2 dpi, 3 dpi, 5dpi, and 14 dpi (colors fade from dark te light). Data display
means * SD. 1 = 3 per time point. Ordinary one-way ANOVA, Dunnett's (b, g, i) and 5idak's multiple comparisons (e, e, h) test versus corresponding O dpi
(naive). *p <005, *p < 0.01, ***p < 0.001, ***p<0.0001. ATT and AT2: alveolar epithelial cell type 1 and 2, DC: dendritic cells, NK, natural killer cells
Exact p-values in order of appearance: b *p =0.0255; **p = 0.0078 ¢ alveolar: **p = 0.0041; *p = 0.0102, menocytic: *p =0.0213; *p = 0.0226,; ****p<
0.0001; T/NK: ****p < 0.0001; ***p=20.0002; B cells: *p=0.0106 e alveolar: ****p < 0.0001; monocytic: **p =0.0010; *p = 0.0138; ****p < 0.0007;
T/NK: *p = 0.0225; **p = 0.0099 g **p = 0.0033; *p = 0.0174; ***p = 0.0004 h classical monocytes: ****p < 0.0007; neutrophils: ****p <0.0001;, **p =
0.0040; *p=0.0257; T cells: ***p=0.0004; B cells: ****p <0.0007; ****p < 0.0001 i **p=10.0024

blood and matched proteomics of lungs and serum to gain
insights into alterations of SARS-CoV-2-induced immune
responses.

Gene ontology (GO) enrichment analysis of the infection-
triggered most differentially expressed genes in lungs and blood
provided expected GO terms such as defense response to virus,
innate immune response, and cell activation (Supplementary
Fig. 4a, b). Pulmonary gene sets related to type 1 interferon (IFN)
signaling correlated with the presence of viral RNA, thus vanished
by 14dpi. Similarly, pulmonary gene sets related to response to
interferon-gamma (Ifng) were highest at 5 dpi (Supplementary
Fig. 4¢). In blood, type 1 IFN signaling and response to IFN-y
gene sets were highest at 2 and 3 dpi (Supplementary Fig, 4d),
perhaps reflecting recruitment of specific cells from blood to
lungs. Overall, bulk RNA-seq identified an anti-viral immune
response that was effectively resolved when the virus was cleared.

The proteome host response was in line with the sequencing
data, with differentially expressed serum proteins peaking at 3 dpi
and lung proteins at 5 dpi (Supplementary Fig. 4e). Agreement
between bulk RNA sequencing and proteomics was consistent in
lungs at 5dpi (r=09) (Supplementary Fig 4f). The principal
component analysis (PCA) is detailed in the supplementary note,
showing that the maximal response was observed at 5dpi
(supplementary note PCA on bulk transcriptomic data and
PCA on bulk proteomics data). Functional terms connected with
immune response, such as innate and adaptive immunity,
activation of complement system, humoral immune response,
and regulation of immune system processes were most enriched
(Figs. 2a, S4g). In lungs, response to interferon-beta peaked at 3
dpi and stayed high until 5dpi (Fig. 2a). Most processes were
resolved by 14 dpi.

We next aimed at comparing our data to published datasets
from COVID-19 patients. In hamster serum, 37 differentially
expressed proteins were identified (a =001, providing FDR
below 6%), 17 compared to control and 31 proteins compared to
14 dpi when most effects are resolved. Of 31 proteins, 20 have
been reported in human COVID-19 studies, 7 (Actgl, Apoal,
Apocl, Gsn, Hp, Itih3, Lbp) of which correlate with disease
severity!”, all showing the same direction (Supplementary
Fig. 4h).

In hamster lungs, at peak response (5 dpi) we identified 150
differentially expressed proteins. 13 differentially expressed
proteins have been reported to be regulated in human plasma®
with 9 showing the same trend (Supplementary Table 2). Of
these, 6 proteins (C4b, Hp, Hpx, Ighm, Igkv7-33, Itih3) are also
changed in hamster serum (Fig. 2b). Although a comparison to
moderate disease in human lung tissue is not possible, 22 proteins
are reported to be regulated in human BAL fluid of critically ill
patients?!. The few proteins showing opposite regulation to

COVID-19 patients were confirmed by bulk sequencing, Five out
of 7 conflicting responses, namely C4b, Hpx, Rbp4, Cfd, and Agt
in hamster serum compared to human plasma as well as 8 out of
12 for hamster lung tissue compared to human BAL were
confirmed.

Next, we refined transcriptome analyses with scRNA-Seq and
related identified bulk GO terms to cell types, concentrating on
inflammatory mediators (Fig. 3). Indeed, various pro-
inflammatory chemokines were expressed by lung cells and
showed distinct cellular and temporal expression patterns.
Classical pro-inflammatory cytokines, eg., Ilia and IiIb
transcripts were elevated only early at 2 and 3 dpi in alveolar
and monocytic macrophages, and alveolar macrophages and
Treml4T monocytes, respectively. By 5dpi, AT?2 cells showed a
unique range of upregulated inflammatory mediators such as
Cxcll7, Lipopolysaccharide Binding Protein (Lbp), fibrinogen
gamma gene (Fgg), and clusterin (Clu). At the same time point,
we found, among others, downregulation of the 16 receptor
(also known as CDI126) and S100a4. Transiently decreased
expression of these two inflammatory mediators might be part
of the efficient yet self-regulating inflammatory response in this
disease model. Galectin 3-binding protein (Lgals3bp) gene stood
out as being upregulated in many cell types from 2 dpi to 5 dpi
(Fig. 3). Notably, we likewise measured increased levels of
Lgals3bp protein in lungs (Fig. 2¢), which was shown to be
regulated also in plasma of COVID-19 patients and correlated
with severity!®.

Taken together, we identified clear changes in transcriptome,
proteome and pro-inflammatory signatures on single-cell level in
response to SARS-CoV-2 infection, displaying highly active
immune responses that to large extents were also described in
COVID-19 patients.

Migratory myeloid cells dominate pulmonary transcriptional
response to SARS-CoV-2 infection in Syrian hamsters and
COVID-19 patients. To pinpeint individual roles of identified
cells in anti-SARS-CoV-2 immunity, we analyzed the 15-20 most
differently expressed genes in each cell subset. In early stages of
infection at 2dpi, robust, local transcriptome changes were
observed primarily in lung monocytic and interstitial macro-
phages, neutrophils, and endothelial cells, whereas AT1 and AT2
epithelial cells and alveolar macrophages showed comparably
little change in mRNA expression (Fig. 4a). A common set of
anti-viral effector genes was found upregulated in many cell
types®2 These include e.g,, interferon-stimulated gene 15 (Isgl5),
MX dynamin like GTPase (Mx)1, Mx2, Interferon-induced protein
with tetratricopeptide repeats 3 (Ifit3), and Spi00, as well as
transcription factors, such as Interferon regulatory factor (Irf} 7
and Irf9 (Fig. 4a, Supplementary Fig. 5a). Blood transcriptome
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Fig. 2 Prot i lysis recapitulates transcript and human COVID-19 patient data. a Temporal evolution of gene ontology/biological process

terms connected with immune system response in lung tissue Cleft part) and in serum (right part), for the indicated time points compared to samples from
uninfected control animals. Enriched terms were filtered for terms mentioning immune, interferon, neutrophil, T cell and B cell and attained false discovery
rates (fdr) below 0.2 at least at one-day post infection (dpi) in lungs or serum. The redundancy of terms was then reduced using REVIGQO. Size of dots
correspond to the inverse of the false discovery rate, color corresponds to median log2(fold change (FC)) of proteins, contributing to the term

b Expression values for differentially regulated proteins in hamster serum (control versus infected at 3 dpi, p < 0.01) and lung (control vs. infected at 5 dpi,
p<0.01) that correlate with disease severity in human plasma. Controls from different days are plotted together. Lung sample group sizes: control: n1=12,
2dpl n=6,3dpi: n=5, 5dpi: n= 6, 14 dpi: n=>5. Serum sample group sizes: control: n=6, 2dpi n=6,3dpi: n=4, 5dpi: n=7,14dpl n=6. All non-
missing values are shown. ¢ Expression values for the differentially expressed (control vs. infected at 5 dpf, p < 0.01) proteins Lgals3 and Lgals3bp (only
detected in lung samples). Individual data peints are shown in shades of gray. Lung sample group sizes: control: n=12, 2dpi: n=6,3 dpi: n=5, 5dpitn=
6,14.dpi: n=5. b, ¢ Box plots, the middle line in the boxplot displays the median, the box indicates the first and third quartile, whiskers the 1.5 interquartile
range (IQR). arb.u.: arbitrary units

analysis recapitulated this early transcriptional activity at 2 dpi
(Fig. 4b, Supplementary Fig. 5b), but declined by 5 dpi, whereas
the signature persisted in the lungs until 14 dpi (Supplementary
Fig. 53, b).

Genes that differed most between classical blood monocytes
and their counterparts in lungs encoded chemokines and

activation markers, including CXC chemokine ligand 10 (Cxcl10),
Slamf9, 1l18bp, Ifitm2, Cel8, Celd, and Cel5 (Fig. 4¢, Supplemen-
tary Fig. 5¢), indicating that activation and acquisition of effector
function oceurred in lungs. Although AT2 cells are a main target
of SARS-CoV-2 in lungs?3, they displayed weaker and later
transcriptional changes upon infection compared to monocytic
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Fig. 3 Induction of inflammatory mediators are strongest and earliest in myeloid cells. Dotplots of differentially expressed cytokines and inflammatory
mediators in lungs. Shown are genes that display a significant absolute log2-transformed fold change of at least one in at least one comparison, and are
grouped into four categories indicated on the left. Coloration and point size indicate log2-transformed fold changes (FC) and p-values, respectively, of
genes at 2 days post infection (dpi) relative to control groups (naive). Adjusted (adj) p-values were calculated by DEseq2 using Benjamini-Hochberg
corrections of two-sided Wald test p-values, Genes are ordered by unsupervised clustering, cell type as in Fig. 1.

macrophages (Figs. 4a, d, 85a, ). Notably, at 14 dpi differential
transcriptional responses related to defense resolved in blood and
lung cells. Instead, we observed upregulation of cell cycle
proliferation genes in AT2 cells indluding Marker of Proliferation
Ki-67 (Mki67), Ubiquitin-conjugating enzyme E2 C (Ubele),
Aurora B kinase (Aurkb), and Stathmin (Stmnl) (Supplementary
Fig. 5a). This transcriptome profile indicated initiation of a repair

program by AT2 cells, proliferating to replace damaged
AT cells?®. Finally, we put our hamster lung scRNA-Seq data
in context with BAL scRNA-Seq data from patients with
moderate-to-severe COVID-192" and healthy controls?®. As in
hamster data, we observed stronger transcriptional responses in
macrophages compared to epithelial cells (Supplementary Fig. 5e).
Furthermore, the upregulated gene program containing e.g.,
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animals per time point. The middle line in the boxplot displays the median, the box indicates the first and third quartile, whiskers the 1.5 interquartile range
(IQR). Outliers beyond are marked by single dots. AT1 and AT2: alveolar epithelial cell type Tand 2, DC: dendritic cells, NK, natural killer cells; dO: day 0 =
naive, d14: 14 dpi. Exact p-values in (€): upper panel: **p =0.0022; ***p < 0.0001; lower panel: **p=0.0015; **/< 0.0001.

CXCL10, CCL2, or CCL8 was substantially overlapping (Supple-
mentary Fig, 5f).

To test whether hamster tissue responses are representative of
infected human epithelial cells, we next referred to our scRNA-
Seq dataset derived from nasopharyngeal swabs of 19 COVID-19
patients and 5 healthy controls?’. Here again, human and
hamster epithelial cells derived from infected individuals and

animals, respectively, showed a similar, moderate induction of
most inflaimmatory mediators (Supplementary Fig. 6a, b). As
notable difference, strong induction of neutrophil-recruiting
chemokines targeting CXC chemokine receptor (CXCR) 2, such
as CXCLI, CXCL3, CXCL6, and CXCL8, were found only in
human basal and secretory cells with severe COVID-19 but were
absent in moderately-ill Syrian hamsters (Supplementary Fig. 6a,
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Fig. 3). Aside from the epithelial inductions of neutrophil-
attractant transcripts unique to severe COVID-19, SARS-CoV-2
infected hamsters and patients displayed strikingly similar pro-
inflammatory immune profiles specifically in migratory
myeloid cells.

Early activation of TLR/NF-kB-dependent transcription of
pro-inflammatory cytokines in ytic macrop by
SARS-CoV-2 infection. Next, we asked whether observed cellular
transcriptional responses to SARS-CoV-2 infection were influ-
enced by the presence of virus in individual cell types. First, we
determined fractions of cells expressing SARS-CoV-2 entry
receptors, Angiotensin-converting enzyme 2 (Ace2) and trans-
membrane serine protease 2 (Tmprss2), putative alternative
receptors, Basigin (Bsg) and Furin, and cofactors, such as neu-
ropilins (NrpI), and heparan sulfate (exostosin-1, Ext1))2%-30 in
hamster lungs (Fig. 5a, Supplementary Table 3). Ciliated epithelial

Fraction of cells
expressing the gene

Expression in cells
positive for the gene

cells most frequently expressed Ace2 (~4-22%), as did a smaller
proportion of AT2 cells (~3-5%) (Supplementary Table 3). By
in situ-hybridization, we visualized SARS-CoV-2 RNA in bron-
chial epithelial cells (Fig. 5b), and AT1 (Fig. 5¢, arrowhead) and
AT2 (Fig. 5¢, arrow) cells, whereas endothelial cells were con-
sistently devoid of virus (Fig. 5b, hash). Importantly, viral RNA
was detected in high numbers of intrabronchial and intraalveolar
macrophages (Fig. 5d, arrows) at early time points. A fraction of
macrophages contained high loads of virus without cell debris,
pointing toward uptake of cell-free virus (Fig. 5d, inset). For
comparison, a control staining section of alveoli is shown
(Fig. 5¢).

ScRNA-Seq data suggested that most viral RNA content was
found in monocytic macrophages, and not in epithelial cells
(Fig. 5f, Supplementary Table 3). For epithelial and endothelial
cells, frequencies of virus-positive cells were highest at 3 dpi,
declining by 5 dpi to become absent at 14 dpi, indicating removal
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Fig. 5 Virus RNA in monocytic macrophages leads to dose-dependent activation of pro-infl y cytoki by TLR signaling. a Feature plots of
entry factor expression in Uniform manifold approximation and projection (UMAP) projection. Coloration indicates expression values of indicated genes
b-e Detection of viral RNA by in situ-hybridization. Labeled are supposed endothelium (b, hash), bronchial epithelial cells (b, arrowhead), AT1

(e, arrowhead) and AT2 (¢, arrow). (d, inset), macrophages containing viral RNA and cell debris (arrowhead), and an example of high levels of viral RNA
without cell debris in the inset (arrow). For b-e red signals viral RNA and blue hemalaun counterstain. Time points: by € from 2 dpi, d from 3 dpi, e staining
contrel, Bars: b, d, @ =50 um, € =100 um, Inset in d= 20 um. Micrographs representative of n= 6 per time point pi. f Cells in the UMAP projection are
colored by amount of viral RNA (log10 transformed percentage of viral RNA per cell), along with overview of identified cell types in lungs. g Dotplot of
cytokine expression in monocytic macrophages containing viral RNA compared to those without viral RNA, Coloration and point size indicate log2 fold
change and adjusted (adj.} p-value for each time point 2, 3, and 5 dpi. Adjusted (ad].) p-values were calculated by DEseq2 using Benjamini-Hochberg
corrections of two-sided Wald test p-values. h, i Bar- and boxplots of Isgi5 (h) and Cxcl10 (1) gene expression in AT2 and monocytic macrophages along,
comparing cells containing viral RNA to those without for 2, 3, and 5 dpi. Barplot shows percentage of cells positive for respective gene. Boxplots show
gene expression levels in cells positive for respective gene, j Bar- and boxplots of Cxe/70 in monocytic macrophages and fraction of Cxc/10 positive cells for
each time point pi and naive animals, with cells grouped by increasing virus levels for 2, 3, and 5 dpi. h-j Barplots, data display means * SD, n= 3 animals
per time point. Significance levels calculated using two-sided generalized linear mixed-effects models. For box plots, the middle line in the boxplot displays
the median, the box indicates the first and third quartile, whiskers the 1.5 interquartile range (IQR), cell gene expression data derived from n=3 animals
per time point two-sided Wilcoxon rank-sum test on all cells (i.e., not only the ones expressing the gene) for boxplots. *p < 0.05; **p < 0.01; **p< 0.0001
See "Methods” for details. AT1and AT2: alveolar epithelial cell type 1 and 2, DC: dendritic cells, NK, natural killer cells; dO: day O = naive, d14: 14 dpi. Exact
p-values in order of appearance in ¢h) upper panel: *p = 0.0338; lower panel: **p=0.0093; *p =0.014; ***p <0.0001; ***p < 0.0001; **p < 0.0007;

i upper panel: *p = 0.0270; ***p <0.0001; ***p < 0.0001; ***p < 0.0001; lower panel; ***p < 00007, ***p < 0.0001; ***p < 0.0001; j upper panel: ***p <
0.0001; **p = 0.0004; **p = 0,0022; *p = 0.0131; ***» < 0,.0001; ***p < 0.0001; **p = 0.0003; **p= 0.0033; ***p < 0.0001; lower panel: ***p <0.0001;

**p—=0.0015; **p = 0.0064; **p=0.0034; **p <0.0007; **p <0.0001; ** < 0.0001

of virus-containing cells (Supplementary Table 3). In contrast,
alveolar macrophages showed highest viral loads at 5 dpi (~25%),
paralleling decline of virus-positive tissue cells, thus pointing
toward potential increase in phagocytic activities (Supplementary
Table 3). We attempted to identify viral replication from our
scRNA-Seq data without obtaining significant results (analysis
details and results depicted in supplementary note assessing viral
replication from sequencing data).

To further investigate how cell-specific gene expression is
modulated by cell-associated viral RNA, we tested the correlation
between gene expression and viral load in monocytic macro-
phages. We first compared gene expression levels in monocytic
macrophages that did (vVRNAT), or did not (vRNA™) contain
viral RNA (Figs. 5g, S7a). This revealed a set of genes that only at
early disease stages (2 dpi, 3 dpi), were present at higher levels in
vRNAT monocytic macrophages (Supplementary Fig. 7a). Gene
ontology and KEGG pathway analysis showed that this gene set
was entiched for Toll-like receptor (TLR) signaling (Supplemen-
tary Fig. 7b). Specifically, this gene set contained a range of pro-
inflammatory cytokines such as Cxcll10 or Cel2 (Fig, 5g), which
are activated by the NF-kB pathway downstream of TLRs?!. On
the other side, expression levels of NF-kB independent ISGs such
as Isgl5 or Mx2, induced by interferons or cytosolic RNA
sensors®2, were only slightly more elevated in vRNAT compared
to vRNA~ monocytic macrophages (Fig. 5g). Therefore, we
investigated representative genes, Isgl5 and Cxel10, in more detail
(Fig. 5h, i). Isgl5 expression was found in about 2/3 of AT2 and
all monocytic macrophages at 2dpi. Isgl5 levels in gene-positive
cells were higher at 2 dpi in vVRNA™ AT2 cells and at 2, 3, and 5
dpi vVRNA™T monocytic macrophages compared to corresponding
VRNA-™ cells (Fig. 5h). In comparison, Cxel/10 was nearly absent in
AT2 cells at 2 dpi and 3 dpi. Cxcll0-positive cell fractions and
gene expression levels were significantly higher in vRNAT
monocytic macrophages compared to vRNA~ cells at 2, 3, and
5dpi (Fig. 5i). We further analyzed dose-dependency of this
transcriptional response to virus in monocytic macrophages. Cells
were binned in three groups of equal size with increasing content
of viral RNA. We found that at earlier time points (2 and 3 dpi),
but not at 5 dpi, cells with higher amounts of viral RNA-signal,
also expressed more Cxcll0 (Fig. 5j).

Overall, this indicated that sensing of viral RNA activated
monocytic macrophages in a dose-dependent manner, leading to

increase of NF-kB-regulated pro-inflammatory chemokines. At 5
dpi, broad inflammation likely masked direct viral RN A-triggered
responses by activating expression of pro-inflammatory genes in
vRNAT and vRNA™ cells equally. In contrast, AT2 cells showed
less activation of both NF-kB-dependent and -independent
transcriptional ~ responses as compared to monocytic
macrophages.

Endothelial cells participate in anti-viral and pro-inflammatory
responses. Having observed vast similarities of human and Syrian
hamster immune responses in moderate SARS-CoV-2 infection
on transcriptomic and proteomic levels, we next turned our
attention to dissection of molecular mechanisms in lung tissue
compartments that have so far not been assessed longitudinally in
moderate COVID-19 patients, since invasive tissue sampling is
hardly possible.

Endothelial cells likely participate in COVID-19 pathogenesis®34,
but little is known about dynamics of their responses to inflammation
in vive. Subclustering of cells of endothelial origin identified
endothelial cells of lymphatic and bronchial vasculature, pulmonary
arteries, capillaries, and veins with unique features (Fig. 6a,
Supplementary Fig. 8a, b). Interestingly, bronchial endothelial cells,
pulmonary artery, and capillary endothelial cells all displayed strong
and early anti-viral gene expression profiles at 2dpi (Fig 6b).
Pulmonary arterial endothelial cells responded most rapidly to
infection, with high expression of Cxcll0, Tnfsf10, and Cel7 by 2 dpi
(Fig. 60). Responses of bronchial vasculature, pulmonary capillary
and pulmonary vein endothelial cells were similar but delayed,
peaking at 5dpi In addition to distinct temporal dynamics of
endothelial activation in different tissues, we observed a spatial
regulation of expression of monocyte and effector T cells attractants.
Pulmonary artery and vein endothelial cells preferentially transcribed
Cel7, a chemoattractant binding multiple CC receptors, including
CCRI1-3, CCR5, and CCRI103°. Pulmonary capillary endothelial cells,
however, preferentially expressed the pleiotropic Cel8, binding at least
CCR2, CCR3 and CCR5%6, while bronchial vasculature endothelial
cells were characterized by CGel2 (Fig. 6¢). ICAM-1 and VCAM-1
upregulation, occurs following inflammatory stimuli to allow for
leukocyte transmigration®”, and was highest in bronchial endothelial
cells and pulmonary attery cells at 5 dpi, corresponding to influx of
T cells (Fig. 6¢). Overall lung endothelial cells shared an anti-viral
gene profile but revealed distinct patterns of chemokines targeting
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Fig. 6 Endothelial cells show subtype and time specific activation of cytokines. a Uniform manifold approximation and projection (UMAP) plot of lung
endothelial cell subpopulations. Clusters defined by Louvain clustering, n = 3 per time point. Colors representing individual cell types are depicted in legend
b Dotplot of differentially expressed genes in lung endothelial cell subpopulations over time. Shown are genes that are in at least one cell type among the
top 10 most changing genes as ranked by adjusted (adj) p-value. Adjusted (ad].) p-values were calculated by DEseq2 using Benjamini-Hochberg
corrections of two-sided Wald test p-values, € Dotplot of differentially expressed genes from two sets (upper set: eytoking/inflammatory mediators; lower
set: endothelial /stress/mitosis/apoptosis factors) as indicated in lung endothelial cell subpopulations over time pi. For both b, € coloration and point size
indicate log2-transformed fold changes and p-values, respectively, of genes at 2 days post infection (dpi) relative to control groups (naive). Adjusted (adj.)
p-values were calculated by DEseq? using Benjamini-Hochberg corrections of two-sided Wald test p-values

primarily monocytes and Thl cells. Unlike cells of epithelial origin,
endothelial cells failed to show evidence of proliferation and cell cycle
activity that could have indicated their participation in tissue repair
processes during the study period (DNA topoisomerase 2-alpha
(Top2a), Mki67, Ube2c) (Fig. 6¢).

Type 1 effector T cells are efficiently recruited to lungs in
SARS-CoV2 infection. Our initial cellular analysis of scRNA-Seq
data from lung samples had grouped T and NK cells in one set of
connected clusters, and we had observed their significant increase

in lungs at 5 and 14 dpi (Fig. 1). We hypothesized that cytotoxic
immunity might be linked to viral clearance observed at 5 dpi,
and elimination by 14 dpi (Supplementary Fig. 2). Therefore, we
subclustered NK and T cells to identify 4 subpopulations based
on Cd3e, Cd4, Cd8a, and Natural Killer Cell Granule Protein 7
(Nkg7} gene expression (Fig. 7a, Supplementary Fig. 9a), CD4
T cells (Cd3etCddTt), CD8T T cells (Cd3eTCd8a™), NK cells
(Cd3e~Nkg7t) and innate lymphoid-(ILC) like cells (Cd3e~
Cdd—Cd8a—Nkg7—). CD4T T, CD8" T and NK cell numbers
increased with infection time and peaked at 5 dpi (Fig. 7b). SARS-
CoV-2 infection initiated type 1 immunity and cytotoxic effector

10 NATURE COMMUNICATIONS [ (2021)12:4869 [ https:/,/doi.org,/10.1038/s41467-021-25030-7 | www.nature.com,/naturecommunications

63



NATURE COMMUNICATIONS | https.//doiorg/10.1038/s41467-021-25030-7

ARTICLE

& i ; i
5 ol H i : e 0 dpi(naive}
| i H i
2| . 20 |g
4 : i i ; ;
i H - i i e 3dpi g
3 i E H E e 5dpi Y
2 i i i o 14dpi |5
; H i
] Qo 8% i
i gzp P
cD4* CD8* NKcells ILCs
e
o 40 . 60 L’1007 " E100 s
® = 50 €80 &ao
G 30 o = —
L =40 360 e
[ 4 1 60
3 ° Q
8 da Qa0 ° s
< = 404 1 40
Bog | B2, 2 :
I N
& 204 @20
‘g = = 10 (3 = 8
0 0 04 0

Fraction of cells
expressing one or both
of two cell type markers.
and Gzma

?ii i 'fq E-iia'.‘ ii - f II— l j‘

@  Subclustering lung T/NK cells b
Innate lymphoid cells E
=
10 = CD4* T cells 2
+ CD8* T cells °
NK cells 2
Innate lymphoid cells i
a
o 8 2
E 3
= ©
3
0
d
NK cells 80
-5 £ 70
o
S
-10 -5 0 5 10 <60
UMAP 1 En
£
2 dpi 3 dpi 5 dpi 14dpi  /vs. nalve ; 50
¢ Msdada L R
n2ra I X
e -4+ log2 rénld chengs)  4q
0 90
Gzmb 1] g f
Tox2i . ®
Cord o 8 @ e l -3 08
Al e 8 . TR -6
g N L]
Kigi ® ad. p=valuz
Foxpd 04
2 . . ® e
inf ®-0 L ] ® fe-8
Gata3d e
Gzma @ ®- . ] ® <o o2
cols - @ ® - 90 .
L Bomo®g 2w oa B o= B0
BBE8= B8B= BESB B 88=
[ [ [ - - oo
5% 4k® 4k° xr-~
48 43 48 A8
[SI] o 0 [San+ oo

AT2 maonacyfic endothelial AT1
macrophages cells

h 11024
1:512— e ©
1:256 @6 o
1:128 o
1:64—
1:32-
116
18-
LT —

12--epo—ope—opo————

serum dilution (log scale}

nalve
2dpi
3dpl
5dpl
14 dpi

mechanisms in lungs (Fig. 7¢c, Supplementary Fig. 9b). The
fraction of NK cells expressing interferon gamma (Ifng) increased
significantly at 2 dpi and peaked at 3 dpi (Fig. 7d, left). In con-
trast, Ifng™ effector T cells (Ifugt CD4T, and CD8F T cells)
peaked at 5dpi (Fig. 7d, right). By 14 dpi, both Ifng" NK and T
cell responses had dedined to naive levels (Fig. 7d).

NK cells and CD8F T cells expressed high levels of cytotoxic
genes, but upregulation of Gzma was highest in CD4™ T cells
(Fig. 7¢, Supplementary Fig, 9b). Cytotoxic effector function of
T cells was evident, 60% of all CD41T T and 70% of all CD8*
T cells expressed Gzma at 5dpi (Fig. 7e). Furthermore, we
detected cells carrying both a specific cell type marker (for AT1/
AT2/endothelial ~cells, or monocytic macrophages), and

simultaneously the cytotoxic cell marker Gzma. These possible
doublets were absent in naive animals and appeared particularly
and reproducibly for endothelial and AT1 cells at the peak of
effector T cell recruitment 5dpi (Fig. 7f), indicating possibly
either killer-target interaction or T cell transmigration. The latter
notion was supported by the strong immigration of lymphocytes
in the endothelium observed in histopathology (Fig. 7g).
Induction of high-affinity neutralizing antibodies is the
primary aim of most vaccination strategies against viruses. In
the here described primary infection with SARS-CoV-2, neu-
tralizing antibodies were evident by 5dpi and declined mildly
until 14 dpi (Fig. 7h). Matching course of u heavy chain protein
levels measured by proteomics (Ighm, Fig. 2b). Peak of T cells and
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Fig. 7 Syrian hamsters exhibit a strong cytotoxic T/NK cell response at day 5 post infection. a Uniform manifold approximation and projection (UMAP)
plot of lung T/NK cell subclustering indicating cell subpopulations. Clusters defined by Louvain clustering, n=3 per time point. Colors representing
individual cell types are depicted in legend. b Count of lung T cell subpopulations and NK cells per lung lobe. € Dotplot of master regulators of T cell
differentiation and effector genes. Coloration and peint size indicate log2 fold change and adjusted (adj.) p-value, respectively. Adjusted (ad].) p-values
were calculated by DEseq2 using Benjamini-Hochberg corrections of two-sided Wald test p-values. Data from n= 3 animals per time point. d Fraction of
HngT cells in CD4+ T, CD8+ T and NK cells at 2, 3, 5, and 14 days post infection (dpi) and naive. e Fraction of Gamat cells in CD8* T cells at 2, 3,5, and 14
dpi and naive. f Fraction of AT2 cells, monocytic macrophages, endothelial cells, and AT1 cells containing both at least one cell type marker gene (AT2:
Sftpal, Sfipc—monocytic macrophages: Fenl, Saa3—endothelial cells: CldnS, Plvap—ATI: Ager, AgpS) together with Gzma. Data display means £5D, n=3
animals per time point. g Histopathology of blood vessels at different time points, scale bar for all time points: 50 um. Micrographs represent n = 6 animals
per time point pi. h Serum neutralization titers of SARS-CoV-2 infected hamsters at 5 and 14 dpi. Serum titers of naive, 2 and 3 dpi did not neutralize up to
detection limit 1.4 (dotted line). Data display n=3 animals with mean per time point. b, d, e Bar plots are plotted per cell type in the order: naive, 2 dpi, 3
dpi, 5dpi, and 14 dpi. (colors fade from dark to light), Data display means + 5D, n = 3 animals per time point, Ordinary one-way ANOVA, Sidék's multiple
comparisens test versus corresponding O dpi (naive). P-values: *p < 0.05, **p < 0.07, ***p < 0.001, ****p < 0.0001. AT1and AT2: alveolar epithelial cell type
1and 2, NK: natural killer cells, ILC: Innate lymphoid cells. d0: day 0 = naive, d14: 14 dpi. Exact p-values in order of appearance: b CD4: **p = 0.0036; *p =
0.0261; NK: **p=0.0046 ¢ IfnyNK: ****p < 0.0001; ***p = 0.0003; **p=0.0024; IfnyCD4: **p = 0.0002; lfnyCD8: ****p < 0.0001; GzmaCD4: ****p <

0.0001; GzmaCD8: ****p < 8.0001

neutralizing IgM antibodies corresponded with vanishing virus,
indicating successful adaptive effector programs.

Discussion

Detailed understanding of COVID-19 pathophysiology is
imperative for the development of therapies to reduce numbers of
patients developing lung injury. Notably, recent patient-centered
research on COVID-19 was compromised by three blind spots: (i)
biomaterial is usually sampled after hospital admission, therefore
the early phase of infection and host response has rarely been
investigated. (ii) the BAL procedure to access the alveolar com-
partment is too dangerous for non-intubated patients with
COVID-19 pneumonia, so that alveolar host responses can hardly
be investigated in mild and moderate COVID-19. (iii) Lung tissue
can exclusively be harvested after death in COVID-19 patients,
precluding from investigations of non-myeloid alveolar or
endothelial host responses in early disease, and enabling for
analysis of later disease stadium only in case of fatal outcome.
Thus, we performed in-depth analysis of the full course of
moderate, self-limited disease that develops in SARS-CoV-2
infected Syrian hamsters. In this model, lungs are fully accessible,
providing for detailed analysis of myeloid and non-myeloid
compartments including vascular endothelium. Yet, while the
immune response is qualitatively similar between human and
hamsters in central aspects, the viral dose applied in experimental
infections is likely to be higher than in natural aerosol infection.
Consequently, infection Kkinetics, viral decay rate, and immune
responses are accelerated®®3?, In line, we observed the pulmonary
peak of viral load, inflammation, and cellular response between 3
and 5 dpi, whereas at 14dpi the infection was resolved and
mechanisms of tissue regeneration were induced. This course of
disease confirms observations in other animal models including
non-human primates.

Syrian hamsters developed rapid, but moderate, neutrophil
recruitment predominantly to bronchi and lung parenchyma,
which resolved by 3 dpi. We also observed little of the typical
neutrophil-dependent alveolar damage. Although single-cell
RNA-sequencing analysis likely underestimates the numbers of
this fragile cell fype‘m, these findings suggest a minor role for
neutrophils. Nonetheless, the neutrophil response is noteworthy,
as many other respiratory viruses, e.g, Influenza A Virus and
MERS Virus, initiate little or no neutrophil trafficking in
rodents*!. In fact, blood N/L ratios in COVID-19 patients were
reported as markers for disease severity, and neutrophil extra-
cellular traps, as well as reactive oxygen species, are suspected to
contribute to adverse vascular events*2#3. Confirming our clas-
sification of hamsters as a moderate disease model, N/L ratios

were only mildly elevated at 2 dpi, and gene signatures of dys-
functional immunosuppressive neutrophils were observed in
severe COVID-19 patients™, but not in Syrian hamsters.

In line with COVID-19 patient reports, alveolar macrophage
numbers did not decrease in moderate disease settingszs, and
monocytic macrophages were the largest cell population recruited
to the lungs, with notable recruitment from 2 dpi on, and peak
presence at 5 dpi?’*, Monocyte trafficking to lungs was initiated
by local expression of CCR2 ligands, and endogenous chemokine
expression served as a feedforward loop. Consequently, macro-
phages were the predominant inflammatory cell type in alveolar
spaces as identified by histopathology. Moreover, macrophages
presented the earliest and strongest transcriptional response to
the infection, primarily responding to intracellular viral RNA
with pro-inflammatory cytokines such as CXCL10, CCL2, and
others. Notably, the monocytic macrophage pro-inflammatory
expression profile was rather productive than dysregulated as it
tended more toward effector T cell recruiting chemokines tar-
geting CXCR3 and CCR5, and less toward pro-inflammatory
cytokine expression. This matches observations on moderate
versus severe courses of COVID-19 in patients and stands in
contrast to findings in animal models with severe disease pro-
gression such as KI8-hACE2 micel®2® Tt seems unlikely that
intracellular viral RNA found in macrophages is the result of
active infection of these cells, as they have been demonstrated to
be largely resistant to infection ex vivo®®. scRNA-Seq data
obtained from African green monkeys infected with SARS-CoV-2
likewise did not support virus replication in macrophages®t.
Instead, virus uptake may derive from complement receptor and
Fe receptor-mediated phagocytosis of complement and antibody-
labeled virus, as suggested by neutralizing antibody titers at 5
dpi¥’. Further, we observed early increase in complement factors
and IgM p chain by proteomics analysis in lung tissue. Taken
together, the Syrian hamster model endorses the hypothesis that
monocyte-derived macrophages are a primary source of the
strong pro-inflammatory response observed in COVID-19, yet
highlights that their presence net necessarily results in fatal
outcome?s.

Presumably, in the lungs SARS-CoV-2 primarily infects AT2
cells?®. Of note, only few of them were infected and they reacted
with only marginal transcriptional responses, which is probably
explained by the recent observation in human lungs that less than
10% of AT2 cells express the crucial entry receptor ACE2%.
Moreover, coronaviruses are endowed with a multitude of
mechanisms that block immunological cascades downstream of
interferon signaling and cytoplasmic RNA sensing?. Only a small
subset of in vitro highly infected cells express pro-inflammatory
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genes®®1, Thus, despite being the primary target for viral repli-
cation, epithelial cells were not accountable for early systemic
propagation of anti-viral or pro-inflammatory signatures.

Endothelial barrier dysfunction, resulting from endothelial cell
stress or death, evokes lung edema and thus contributes to lung
failure in severe COVID-193%°2->1 However, mechanisms driv-
ing endothelial barrier failure in COVID-19 are not well under-
stood, as the endothelial compartment is not accessible in living
humans suffering from COVID-19. Autopsy studies reported
presence of viral particles in human endothelial cells?, but
infection of endothelial cells by SARS-CoV  has been
questioned®>. In SARS-CoV-2 infected non-human primates viral
infection of endothelial cells was not observed?®. Here, we found
that endothelial cells showed a rapid and strong induction of anti-
viral response genes, but considering the absence of histopatho-
logical evidence for intraendothelial virus, we speculate that virus-
positive endothelial cells found by scRNA-Seq were not infected,
but were rather an artifact originating from contact with ambient
virus or its RNA%Y, Concomitant cellular and molecular inflam-
matory responses in blood suggested that systemic responses were
additive to direct, local endothelial cell activation. Notably, this
observation is in line with our recent findings that virus-free
plasma of COVID-19 patients induced significant endothelial gap
formation and loss of junctional VE-cadherin in human endo-
thelial monolayers and lung tissue33. Endothelialitis, as observed
in autopsies of deceased COVID-19 patients, was also found in
infected hamsters®? and corresponded to their transcriptional
pro-inflammatory chemokine responses**. Histopathological
evidence of pronounced lymphocyte trafficking via capillary
endothelial cells also correlated with endothelial Cel8 expression.

Lymphocyte recruitment in response to CXCR3 and CCR5
targeting chemokines resulted in the presence of CD41 and CD81
T cells with cytotoxic expression pattern in lungs starting at 3 dpi.
Most importantly, viral clearance coincided with appearance of
effector T and NK cells stressing their relevance for resolution of
SARS-CoV-2 infection and highlighting their importance in vac-
cination strategies. Studies from other coronaviruses suggest that
type 1 immunity is the primary mechanism controlling the
infection®57, In severe COVID-19, blood CD4t T, CD8* T, and
NK cells expressed markers of exhaustion®®, a finding not mir-
rored in moderately sick Syrian hamsters. In contrast, T and NK
responses were effective and self-resolving. This matches obser-
vations of broad T cell antigen-specificity in the majority of
resolved cases independent of mild or severe infection®”. In our
study, we found SARS-CoV-2 neutralizing antibodies at 5 dpi,
likely of IgM type, as early appearance and corresponding elevated
Ighm protein levels suggested. Seroconversion in COVID-19
patients occurred 7-14 days post diagnosis with IgG titers
appearing at later time points®®6!,

At 14dpi, infectious virus was no longer detected in hamster
lungs, and most transcriptional activity had returned to basal
levels. Upregulation of mitotic markers in AT2 cells may reflect
regeneration mechanisms after clearing the infection.

The pulmonary capillary microvascular niche in lungs supports
alveolar epithelial repair mechanisms following injury, e.g, by
secretion of MMP14, VEGF, thrombospondin-1 (THBSI)Z,
Analysis of pulmonary endothelial cell subclusters revealed that
bronchial, pulmonary capillary and pulmonary vein endothelial
cells showed increased expression of Thbs! at 5, but not 14 dpi.
Similarly, no increase in Mmpl4 or Vegf expression was detected
at 14 dpi. In murine influenza characterized by lung injury and
pronounced alveolar damage, a pulmonary population of pro-
liferating endothelial cells is present at 14 dpi®* that was absent in
SARS-CoV-2 infected Syrian hamsters, indicating that
the alveolar endothelial and epithelial damage remained moderate
in our model. Most notably, lung endothelial cells showed an

anti-fibrotic gene signature at 14 dpi (Nr4ai®, Akap126°, Nrarp
(downstream of Notch-signaling))®¢, indicating regeneration
rather than repair of lung tissue, thereby matching histopathology
findings.

Taken together, we provide evidence that Syrian hamsters
recapitulate the course of moderate human SARS-CoV-2 infec-
tion. Hamsters displayed nearly prototypic antiviral immune
responses starting with rapid, yet self-restricted neutrophilic
response, along with a fast and strong monecytic innate immune
response following activation after virus uptake, augmenting local
anti-viral responses and pro-inflammatory CC chemokine pro-
duction recruiting a potent type 1 T cell response that probably
contributed to elimination of pulmenary residing virus via
cytotoxic effector mechanisms. Neutralizing antibodies of IgM
type aided in preventing viral spread and fostered cellular virus
uptake. Viral infection and inflammatory response in and by lung
epithelium is not predominant. Upon successful elimination of
virus, alveolar epithelial repair mechanisms started, along with
endothelial suppression of fibrotic programs, thus enabling pul-
monary regeneration in convalesced hamsters.

Hence, Syrian hamsters represent a highly suitable model to
study the pathophysiology of moderate COVID-19, virus-directed
and immunomodulatory therapies, and potentially vaccines.
SARS-CoV-2 infected Syrian hamsters mount immune responses
consistent with COVID-19 patients and enable for detailed
investigations on the kinetics and role of specific cell populations,
highlighting the dominant contribution of monocytic macro-
phages, endothelial cells, and T cells to inflammatory responses
and resolution of SARS-CoV-2 infection.

Although we present several lines of evidence suggesting a
comparable course of disease in Syrian hamsters and moderate
COVID-19 in humans, the extent to which results from this
animal model can be translated to human patients is limited. This
limitation particularly arises from the unavailability of human
samples from time points post infection, yet pre symptom onset,
as well as lung tissue samples from living human subjects. Due to
the lack of an available cell atlas for our model system, we used a
combination of marker expression and label transfer from
available Mus musculus and human datasets for manual curation
of lung and blood cell atlases for Syrian hamster. Owing to the
limited amount of molecular tools and reagents available for
hamsters, such as antibodies, it is not possible to confirm key
findings from our transcriptomic analysis e.g,, by immunostain-
ing of tissue sections or by ELISAs for cytokines in the blood.

Methods

Ethics stat t and animal | dry. All experiments involving animals were
approved by institutional and governmental authorities {Freie Universitit Berlin
and LaGeSo Landesamt fiir Gesundheit und Soziales Berlin, Germany, permit
number G 0086/20). Pemale and male Syrian hamsters {(Mesocricetus auratus;
breed RjHan:AURA, Janvier Labs, France} were housed in biosafety level 3 (BSL-3)
conditions in individually ventilated cages with enrichment. Pood and water was
provided ad libidum. Daily cage temperature and relative humidity measurements
ranged from 22-24°C and 40-55%, respectively. Animals were acclimatized for a
minimum of 7 days prior to infection.

Virus stocks. SARS-CoV-2 isolate {BetaCoV/Germany/BavPat1/2020)67 was
kindly provided by Daniela Niemeyer and Christian Drosten, Charité Berlin,
Germany. Virus stocks were propagated under BSL-3 conditions in Vero E6 cells
{ATCC CRL-1586). All hamsters described here received virus from the

same batch.

Animal infection. At 10-12 weeks of age hamsters were intranasally infected with
1% 105 pfu SARS-CoV-2 under anesthesia {0.15 mg/kg medetomidine, 2 mg/kg
midazolam and 2.5 mgrkg butorphanol) by applying 60 pL MEM with 1 10° pfu
SARS-CoV-2 or plain cell culture medium for mock-infected animals. Anesthesia
was antagonized with 0.15 mg/kg atipamezole immediately following intranasal
application”. Clinical signs and weight were monitored daily. Animals with >15%
body weight loss over 48 b were euthanized in accordance with animal-use
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protocels. Euthanasia was performed by cervical dislocation under the anesthesia
described above”. 1 mL peripheral blood was collected in EDTA-coated syringes.
The left lung lobe was collected for histopathology, the right caudal lobe for single-
cell analysis, the right cranial lobe for virological assessments and the right medial
for bulk RNA as well as proteomics analysis. Experimental design and analysis are
summarized in the Supplementary material (Supplementary Fig. 1a). Numbers of
animals {n) analyzed per read-out and sample type are depicted in Supplementary
Pig. 1b. Data for dinical, virological, and transcriptome analysis were derived from
two independent experiments {E1 and E2}, per experiment # = 12 hamsters were
infected as described above, per experiment 3 animals from these groups were
sacrificed at 2, 3, 5, and 14 dpi to collect samples. Ror transcriptome analysis (n =3
per time-peint) as well as # = 3 naive hamsters were used. For the presentation of
clinical and virological data, subjects from E1 and E2 were combined {n =6 per
time point}. Por proteome analysis, samples from the same hamsters that were used
for transcriptome analysis were employed, additionally, samples from 1 to 4
hamsters and time-point controls {mock-infected, # = 3-6 per time point) from an
independent third experiment (E3)} where animals underwent the exact same
infection and treatment were used for proteome analysis to achieve a larger
sample size.

Viral burden assessment. Virus titers were determined by serial dilutions of lung
homogenates {50 mg) plated on Vero E6 cells, cells were fixed in 10% formalin,
stained with crystal viclet {0.75% aqueous solution} and plaques were counted by
eye in appropriate dilutions2.

Por RNA extractions and quantitative RT-PCR, RNA from oropharyngeal
swabs, lung tissue, and whole blood was isolated with the innuPREP Virus DNA/
RNA Kit {Analytic Jena) according to the manufacturer’s instructions. One-step
RT-qPCR reaction with the NEB Luna Universal Probe One-Step RT-qPCR (New
England Biclabs) and the 2019-nCo¥ RT-qPCR primers and probe E_Sarbeco®™
quantified viral RNA on an Applied Biosystems OneStepPlus qPCR cycler {Thermo
Fisher).2. Viral RNA copies were calculated per 1 10° hamster Rp/I§ transcripts.
Primers and probes are listed in the Supplementary Information (Supplementary
Table 1).

Measurement of neutralizing antibodies titer. Serum neutralization tests were
performed by two fold serial dilutions {1:4 to 1:512) of complement inactivated
(56 °C, 2h) hamster serum plated on sub-confluent monolayers of Vere E6 cells.
50 pfu SARS-CoV-2 were added per well and incubated for 72 h at 37 °C, fixed with
10% formalin for 24 h and stained with crystal violet (0.75% aqueous sclution).
Serum neutralization was considered effective in wells that did not show any
cytopathic effect, the highest effective dilution was counted.

Histopathology and in situ-hybridization of SARS-CoV-2 RNA. For histo-
pathology and in situ-hybridization (ISH), lungs were processed as described?. Left
lung lobes were immersion-fixed in 10% formalin, pH 7.0, for 48 h, embedded in
paraffin, and cut into 2 pm sections. Hematoxylin and eosin (HE) staining and in
situ-hybridizations were performed as described” using the ViewRNA™ ISH Tissue
Assay Kit {Invitrogen) following the manufacturer’s instructions with minor
adjustments. SARS-CoV-2 RNA was localized with probes detecting N gene
sequences {NCBI database NC_045512.2, nucleotides 28,274-9533, assay 1D:
VPNKRHM). An irrelevant probe for detection of pneumolysin was used to
control for sequence-specific binding?. Amplifier and label probe hybridizations
were performed following the manufacturer’s instructions using fast red as chro-
mogen with hemalaun counterstain. Tissues were histopathologically evaluated by
board-certified veterinary pathologists (KD, ADG) in a blinded fashion following
standardized recommendations®, including pneumonia-specific scoring
parameters*! as described for SARS-CoV-2 infection in hamsters.

Single cell isolation from whole blood and hamster lungs. Protocols were
adapted for BSL-3 facility regulations. Por isolation of cells from whole blood, 250
pL blood were lysed in red blood cell lysis buffer (BioLegend), washed and cen-
trifuged according to the manufacturer’s instructions. Resulting RBC-free pellets
were resuspended in low-BSA buffer (1 PBS, 0.04% BSA), filtered with 40 pm
PloMi filters {Merck) and counted by hemocytometer in trypan blue.

Por iselation of single cells candal lung lobe was removed and placed in storage
medium {1x PBS, 0.5% BSA) until further processing. Storage and isolation media
contained 2 pg/mL ActinomycinD. Tissues and cells were centrifuged at 350 x g for
6 min at 4 °C. Lung lobes were mechanically disassociated with tweezers for 2 min
in enzymatic digestion medium containing 3.4 mg/mL Collagenase Cls II {Merck}
and 1 mg/mL DNase I (PanReac AppliChem) in 2 mL Dispase medium (Corning)
per lung lobe followed by 30 min incubation at 37 °C and 5% CO,. After
dissociation of digested lung tissue, cell suspensions were pressed through 70 pm
cell strainers with plungers. Red blood cells were lysed (BioLegend), washed with
an excess of PBS/BSA and resuspended in low-BSA buffer (1x PBS, 0.04% BSA),
and filtered with 40 pm low-volume FloMi filters (Merck). Cells were counted in
trypan blue.

Single cell RNA sequencing. Barcoding, cDNA Library generation, and sequen-
cing; filtered cells were adjusted to a final concentration of ~1000 cells/L in

1x PBS with 0.04% BSA and subjected to partitioning into Gel-Beads-in-Emulsions
{GEMS) aiming to recover 6000 single cells per hamster and organ by following the
instructions for the Chromiwm Next GEM Single Cell 3’ GEM, Library & Gel Bead
Kit v3.1 (10x Genomics). Resulting single-cell libraries were quantified using Qubit
{ThermoPisher) and quality-controlled using the Bioanalyzer system {Agilent).
Sequencing was performed on a Novaseq 6000 device (Illumina), with SP or 51
flow cells {readl: 28 nucleotides, read2: 64 nudeotides).

Bulk RNA sequencing. Por lung RNA Bulk Sequencing the medial lung lobe was
removed and stored in RNA Later Solution for a maximum of 24h at 4°C
(ThermoPisher). Lung tissue was homogenized using the TissueLyser II system
{Qiagen) and homogenates stored in Trizol reagent (Zymo research). For WBC
RNA Bulk Sequencing, white blood cells were isolated as described for scSeq fol-
lowed by lysis in Trizol reagent. RNA extractions were performed according to the
Direct-zol RNA Miniprep protocol {Zymoresearch). Bulk RNA sequencing
libraries constructed using the Nebnext Ultra II Directional RNA Library Prep Kit
{New England Biolabs), and sequenced on a Nextseq 500 device with read

length 76.

Prot ics sample prepr Lung tissue and serum were added to lysis

and inactivation buffer (RIPA) and boiled for 10 min at 95 °C before storage at
—80°C. Samples were thawed on ice, volume was adjusted to 50 pl with water and
25 pl of 50 U benzonase, 50 mM ABC, 2 mM MgCl; added before incubation for
30 min at 37 °C. Lysates were processed on a Biomek i7 workstation using the 5P3
protocol as previously described with single-step reduction and alkylation®®.
Samples were used for LC-MS/MS analysis without additional conditioning or
clean-up.

Liquid chromatography —mass spectrometry analysis (LC—MS). High-
throughput analysis of serum and lung tissue; Peptide separation has been
accomplished in a 5-min water to acetonitrile gradient on an Agilent Infinity II
HPLC coupled to a Sciex Triple TOP 6600 mass spectrometer (IonDrive TurboV’
Source) operating in ScanningSWATH mode with minor changes in the liquid
chromatography method”®. As follows: 5 pg of peptides were loaded and resolved
in a linear gradient from 1 to 35% buffer B in 4.5 min before increasing to 40% B in
0.5 min and washing for 0.2 min with 80% buffer B before equilibration for 2.2 min
with initial conditions {buffer A: 0.1% formic acid, buffer B: 100% ACN, 0.1%
formic acid). For library generation by gas phase fractionation (GPE}, 6 single 1 pg
injections of pooled serum samples were analyzed by online nanoflow liquid
chromatography tandem mass spectrometry on an Ultimate3000 Thermo Scientific
Q Exactive Plus Orbitrap, LC-MS instrument (Thermo Fisher Scientific, Waltham,
USA). The peptides were concentrated for 3 min on a trap column (PepMap C18,
5 mm 300 um X 5 um, 100 A, Thermo Pisher Scientificy with a buffer containing
2:98 {v/v) acetonitrilefwater containing 0.1% (v/v) triflucroacetic acid at a flow rate
of 20 pl/min. They were separated by a 250 mm LC column {Acclaim PepMap C18,
2 um; 100 A; 75um, Thermo Fisher Scientific). The mabile phase (A) was 0.1% {v/v)
formic acid in water, and {B) 80% acetonitrile in 0.1% (v/v) formic acid. In 155 min
total acquisition time gradient B increased in 90 min to 25%, and in 30 min to 40%
with a flow rate of 300 nl/min. The MS instrument was operated in the data
independent mode as followed: the Orbitrap worked in centroid mode with 4m/z
DIA spectra (4 m/z precursor isclation windows at 17,500 resclution, AGC target
1le6, maximum inject time 60ms, 27 NCE). An overlapping window pattern from
narrow mass ranges using window placements {i.e., 395-505, 495-605, 595-705,
695-805, 795-805, 895-905 m/z) was set. Two precursor spectra, a wide spectrum
(395-505 m/z at 35,000 resolution) and a narrow spectrum matching the range
using an AGC target of 1e6 and a maximum inject time of 60 ms were interspersed
every 25 MS/MS spectra at resolution of 17,500. Typical mass spectrometric con-
ditions were as follows: spray voltage, 2.1 kV; no sheath and auxiliary gas flow;
heated capillary temperature: 275 °C; normalized HCD collision energy 27%. As
lock mass acted the background ion m/z 445.1200.

Computational proteomics. For Mesocricetus auratus serum samples, a project
specific library was generated by gas-phase fractionation, whereas the lung tissue
library was constructed using standard settings in library free mode with DIA-NN
{version 1.7.12)71. Proteins were annotated either using a protein database gen-
erated by translation of the Ensembl 99 annotation of the M. auratus genome
sequence, or the Uniprot reference proteome {UP000189706). The latter was not
used for statistical or functional analysis but is available through PRIDE
{PXD025164). The libraries were automatically refined based on the project dataset
at 0.01 global g-value {using the Generate spectral library option in DIA-NN) as
previously described!®. The output was filtered at 0.01 false discovery rate (FDR) at
the peptide level.

Materials proteomics. Hydrophobic Sera-Mag magnetic carboxylate modified
particles (44152105050250 Fisher Scientific), hydrophilic Sera-Mag magnetic car-
boxylate modified particles {24152105050250 Risher Scientific), Twintec skirted low
bind plates (0030129512 Eppendorf), TCEP {646547 Sigma Aldrich), SDS
{A7249.1000 Applichem), CAA (22788 Merck/Millipore), ammonium bicarbonat
{/871.2 Roth), 100% ACN (955-212 Fisher Scientific), 80% ethanol {1.00983.2500
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Millipore), 230 pl Biomek Tips (B85903 Beckmann Coulter), Eppendorf 500 pl
deep well plates (30501101 Eppendorf), Waters Acquity UPLC 700 pl plates
(186005837 Waters GmbH) Sequencing grade modified Trypsin (V5117 Promega),
Pierce Quantitative Fluorometric Peptide Assay (number 23290), formic acid
{85178 Thermo Scientific), water {1.15333.2500 Merck), protease inhibitor cocktail
complete mini {Roche 04693124001}, benzonase nuclease (Sigma Aldrich £1014-
25KU).

Proteomics data pre-pr: Pour serum samples showed low quality and
were removed. Peptides with excessive missing values {>30% per group) were
excluded from analysis. Batch correction was applied. The peptide matrix was
filtered using factor Proteotypic keeping only peptides belonging to one protein
group. To obtain a quantitative protein data matrix, the log2-intensities of peptides
belonging to one protein group were summarised by maxLEQ method” into
protein log intensity.

Proteomics statistical analysis. Statistical analysis of proteomics data was carried
out using internally developed R scripts. Linear modeling was based on the R
package LIMMA®. Following model was applied to the sets of lung/serum samples
(log{p) is log2 transformed expression of a protein): log(p) ~ 0 + Class(Day) +
Gender

Here, categorical factor Class{Day) has 8 levels:

Infected{D02), Infected{D03), Infected{D05), Infected{D14),

Contrel{ D02}, Control{D03), Control{D05), Control{D14)

Categorical factor Gender has two levels: male, female.

The following contrasts were evaluated to trace time dependence of response to
viral infection (Note that Contrast5 addresses the average difference between
infected and recovered animals and Contrast6 addresses the difference between
infected and control animals on average):

Contrastl: Infected(D02) — Control{ D02)

Contrast2: Infected(D03) - Control{D03)

Contrast3: Infected{D05) - Contrel{ D05)

Contrastd: Infected(D14) — Control{D14)

Contrast5: [Infected(D02) + Infected(D03) + Infected(D05)]/3 [Control{D02)
+ Control(D03) + Control{D05)]/3 — [Infected(D14) — Control(D14)]

Contrast6: [[nfected(D02) + Infected{D03) + Infected{D05}]/3 — [Control
{D02) + Control{D03) + Control{D05)]/3

In serum set of samples there was only one control group at 3 dpi and it was
used to build contrasts replacing contrel groups at other dpi’s.

Por finding regulated features following criteria were applied:

Significance level alpha was set to guarantee false discovery rate below 10% at
the response maximum (5 dpi) in both sample types. We found that alpha=0.01
was delivering regulated proteins with Benjamini-Hochberg FDR below 8% in lung
tissue and below 6% in serum and used it for feature selection.

The log fold change criterion was applied to guarantee that the measured signal
is above the average noise level. As such we have taken mean residual standard
deviation of linear model: log2(T) = mean residual SD of linear modeling (T = 1.45
in lung and T = 137 in serum).

Functional analysis of proteomics data. Punctional analysis was carried out using
gprofiler2 R package’*. For selecting the most (de)regulated GO terms we applied
filter: 2< term size <200. Redundancy of terms was then reduced using REVIGO™.
Default REVIGO settings were applied. Analyses for each Contrast 1-6 and then all
in parallel were carried out with Benjamini-Hochberg EDR threshold 0.2.
Organism for search was specified as mauratus—Mesoericetus auratus (Syrian
hamster). Statistical domain scope was set to custom, list of all identified proteins
was provided as background.

Statistical analyses of clinical hamster data. GraphPad Prism 9.1.2 software was
used for statistical analysis of dinical data. The statistical details of all analyzed
experiments are given in the respective figure legends.

Annotation of the M. guratus genome. The M. quratus genome {MesAurl.0)
sequence and annotation {gtf file, version 99} was downloaded from Ensembl. We
noticed that 3*-UTRs in this annotation were frequently too short to capture all
transcriptome reads and particularly the 3’ end reads in single-cell RNA-sequen-
cing, so we extended all 3'-UTRs for coding genes by 1000 bp. The Ifit2 gene was
extended by 2000 bp. Por key genes analyzed in this manuscript, we verified that
this extension did not lead to overlaps with downstream genes. The details of this
approach are depicted in the supplementary note under Elongation of 3'-UTRs in
the Ensembl 99 MesAur 1.0 annotation.

The Ensemble annotation was extended by mapping ENSEMBL gene ids
without annotated gene names to entrez identifiers and to the homolog associated
gene names using biomaRt"®. Wherever existing, we extracted the gene name from
the NCBI's All Mammalia.gene info {download from ftp://ftp.ncbinlm.nih.gov/
gene/DATA/GENE_INFO/Mammalia/} table, capturing 1067 gene names.
Otherwise, we used available homolog associated gene names yielding 1193
additional entries.

lysis of bulk RNA: data. Reads were aligned to the genome using
hisat2”” and quantified using quask™®. We then performed gene set enrichment
analysis with tmod” and Hallmark, Reactome and GO BP gene sets from MSigDB
v7.0%, ranking genes by the product of the sign of the log2 fold change and log10
adjusted p-value and converting hamster gene names to human using the biomaRt
mouse-to-human mapping,.

Analysis of single-cell RNA-sequencing data. Data analysis was done in R®l,
using Seurat®? and packages from tidyverse®, and glmer®. All used code with
annotation is available through Github at https://github.com/Berlin-Hamster-
Single- Cell- Consortium.

Raw single-cell sequencing data were processed using CellRanger 3.1.0 {10x
Genermics) with standard parameters, based on a combined MesAurl.0/SARS-
CoV-2 (GenBank entry MN908947) reference. Raw feature barcode matrices from
the CellRanger output were read into Seurat using the Read10X function and a
Seurat object created using the CreateSeuratObject function. Cells with more than
7% mitochondrial reads, based on the percentage feature expression of the
mitochondrial genes CoxI, Cyth, NdI, Nd2, Nd4, Nd5, Nd6 were excluded (reads
from other mitochondrial genes were not detected in the data). Furthermore, cells
with less than 1000 (lung) or 500 (blood) detected genes were also excluded from
downstream analysis. Sample sets (all lung, or all blood, or blood/lung combined
from the individual time points} were then integrated using the SCTransform
workflow, as illustrated on the Seurat website®S. Briefly, the Seurat object was split
by the hamster that the data points originated from and separately transformed
using SCTransform to normalise and scale the data. To prevent batch specific/
animal specific effects from obscuring results, these split objects were integrated
using the SelectIntegrationPeatures, PrepSCTIntegration, PindIntegrationAnchors,
and IntegrateData functions in succession. PCA and UMAP dimensional reduction
analyses respectively were performed on the integrated object, using 30 dimensions
for the UMAP as the SCT workflow reportedly shows more robust results with
higher dimensionality. Cells were subjected to Louvain clustering using the
PindNeighbours and FindClusters {with a resolution parameter of 0.8 for lung
samples and 0.5 for the blood samples) functions.

As there are currently no publidy available datasets derived from our model
system that could be used for fully automated cell type assignment, we used a
combination of marker expression and label transfer from available Mus musculus
and human datasets. To annotate clusters in the lung scRNAseq data, we used
Seurat's TransferData worlkflow® and two different reference datasets: Tabula
Muris® and the Human Lung Cell Atlas®”. Integration was performed using
matching gene names between mouse and hamster, with gene names in the human
data converted to mouse using biomaRt. We then used the predicted cell type of the
majority of cells in each cluster as well as cell type marker genes from the literature
and public databases to guide cluster annotation®**°. The following populations
were confirmed: Alveolar macrophages (Sigleg’™, Marco)%, interstitial
macrophages {Cigb™)°!, monocytic macrophages {Cer2™, Cer5™t, Argl T)9293,
TremldT-monocytes {Tremld4)®%, neutrophils {S100a81, Cxor2t, Campt)H495,
myeloid dendritic cells (mDC) (Fi3T, H2-AbIb frfsle, Teflo) and plasmacytoid
dendritic cells (pDC) (Flt3¥, H2-ABIM, Ifslt, Tofah8696-9% T/NK/cells (Cd3et,
Cdat or Cdsa™, Gzmat, Nkgrt)36:95.99-101 5 cells (Cd7obT, Msgarty*bl02,
alveolar epithelial cells type 1 (Rtkn21)%!, endothelial cells (Pecami)?, ciliated
epithelial cells (FoxjI+)1%2 alveolar epithelial cells type 2 (Lamp3+)102, smooth
musdle cells (Tagh™, Actazt)?1102, fibroblasts (Dent)! as well as myofibroblasts
(Dent, Taginhi, Acta2hi).

Por the analysis of single-cell sequencing data for blood samples, we performed
initial clustering and identified, cluster marker genes using the PindAllMarkers
function. Clusters expressing high levels of erythrocyte marker genes Snca, Fam46c,
and Alas2 were identified as erythrocyte contamination!®-1%_ Cells in these
clusters, as well as a cluster of most likely dead cells, marked by the expression of
mitochondrial genes, were removed and the data was re-integrated using the
workflow described above. Cell type annotations were assigned to the identified
cluster using the follow marker genes: Classical (inflammatory) monocytes (Cer2t,
Cx3eri®e, Adgrelt); non-classical {residential) monocytes {Cer2, Cx3cril,
AdgeI+)107’l“9; mature neutrophils {Cxer2t, $100a8™, Cum}'}“, Retrl©, Liffl") and
immature neutrophils {Crer2t, S100a8, Camph, Retnhl, LA)H 9510 myeloid
dendritic cells {Fl3F, H2-AbI™, 7;f81%, Tcf#l*y and plasmacytoid dendritic cells
(F#3t, Ho-AbIbi [rfshi, Tofghi)86.96-9% T cells (Cd3et, Cddt or Cd8a™) and
activated T cells {Cd3e™, Cd4T and/or Cda™t, Gama™)269599101 naturgl killer
(NK} cells {(Cd3e-, Nkg7+)95100; B cells (Cd79a™t, Msdalt)#102112 and platelets
(GngI1t, PpbpT)y2113 While cluster 17 showed no expression of Cer2, the levels of
Adgrel and CdI4 were considerable and it was considered as comprising classical
monocytes for the purposes of this study!!4.

Previously published scRNAseq data of bronchoalveolar lavages originating
from COVID-19 patients data from Liao et al.2® was processed using the same
{Seurat) workflow in R. We kept cells with less than 10% mitochondrial reads, less
than 50,000 UMIs and less than 6000 genes and used IntegrateData to combine
different samples. We then again used the Human Lung Cell Aflas reference and
TransferData to annotate clusters.

Differential cell density was calculated as previously described!!5 by plotting the
log2 ratio of two separate 2D kernel density estimators interpolated on the UMAP
coordinates of each cell.
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2.3.2 COVID-19 Lebendimpfstoff induziert mukosale Immunitét (Eigene Arbeit 5)

Veréffentlicht als: Forschungsartikel mit geteilter Erstautorenschaft*. Dieser Artikel ist ebenfalls Teil

der unveréffentlichten Dissertation von J. M. Adler.

Der nachfolgende Text entspricht dem originalsprachlichen Abstrakt der Arbeit “Live-attenuated
vaccine sCPD9 elicits superior mucosal and systemic immunity to SARS-CoV-2 variants in hamsters."
(Nat Microbiol. 2023 Apr 3. doi: 10.1038/541564-023-01352-8)% der Autoren Geraldine Nouailles*, Julia M
Adler*, Peter Pennitz, Stefan Peidli, Luiz Gustavo Teixeira Alves, Morris Baumgardt, Judith Bushe, Anne
Voss, Alina Langenhagen, Christine Langner, Ricardo Martin Vidal, Fabian Pott, Julia Kazmierski, Aileen
Ebenig, Mona V Lange, Michael D MuUhlebach, Cengiz Goekeri, Szandor Simmons, Na Xing, Azza
Abdelgawad, Susanne Herwig, GUnter Cichon, Daniela Niemeyer, Christian Drosten, Christine Goffinet,
Markus Landthaler, Nils Blothgen, Haibo Wu, Martin Witzenrath, Achim D Gruber, Samantha D
Praktiknjo, Nikolaus Osterrieder, Emanuel Wyler, Dusan Kunec, Jakob Trimpert.

,Vaccines play a critical role in combating the COVID-19 pandemic. Future control of the
pandemic requires improved vaccines with high efficacy against newly emerging SARS-
CoV-2 variants and the ability to reduce virus transmission. Here we compare immune
responses and preclinical efficacy of the mRNA vaccine BNT162b2, the adenovirus-
vectored spike vaccine Ad2-spike and the live-attenuated virus vaccine candidate sCPD9
in Syrian hamsters, using both homogeneous and heterologous vaccination regimens.
Comparative vaccine efficacy was assessed by employing readouts from virus titrations
to single-cell RNA sequencing. Our results show that sCPD9 vaccination elicited the most
robust immunity, including rapid viral clearance, reduced tissue damage, fast
differentiation of pre-plasmablasts, strong systemic and mucosal humoral responses, and
rapid recall of memory T cells from lung tissue after challenge with heterologous SARS-
CoV-2. Overall, our results demonstrate that live-attenuated vaccines offer advantages
over currently available COVID-19 vaccines.”
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Vaccines play a critical rolein combating the COVID-19 pandemic. Future
control ofthe pandemic requiresimproved vaccines with high efficacy
againstnewly emerging SARS-CoV-2 variantsand the ability to reduce
virustransmission. Here we compare immune responses and preclinical
efficacy ofthe mRNA vaccine BNT162b2, the adenovirus-vectored spike
vaccine Ad2-spike and thelive-attenuated virus vaccine candidate

sCPD9 in Syrian hamsters, using both homogeneousand heterologous
vaccination regimens. Comparative vaccine efficacy was assessed by
employing readouts from virustitrationsto single-cell RNA sequencing.
Our results show that sCPD9 vaccination elicited the most robust immunity,
including rapidviral clearance, reduced tissuedamage, fast differentiation
of pre-plasmablasts, strong systemic and mucosal humoral responses,

and rapid recall of memory T cells from lungtissue after challenge

with heterologous SARS-CoV-2. Overall, our results demonstrate that
live-attenuated vaccines offer advantages over currently available
COVID-19vaccines.

As 012023,13 COVID-19 vaccines have met the standards for emer-
gency use listing (EUL) by the WHO'. Authorized vaccines include
inactivated virus and subunit vaccines, adenoviral-vectored spike
and nucleoside-modified mRNA vaccines’. While available vaccines
provide long-lasting protection from severe illness, waning of immu-
nity is evident, particularly following the emergence and spread of
omicron variants™.

Optimal COVID-19 vaccines protect from severe disease, span
a broad spectrum of virus variants and prevent or limit SARS-CoV-2
transmission. Live-attenuated vaccines {LAV), which have been
successfully used against virus infections such as measles, mumps
and rubella (MMR)?, offer advantages over other types of vaccines.
They do not require adjuvants®and can be administered locally, for
example intranasally, as in the case of influenza LAVS’. Composed
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of replication-competent viruses, intranasal LAVs mimic the natu-
ral course of infection and antigen production, which distinguishes
them from locally administered, replication-incompetent vector- or
antigen-basedvaccines®. Incontrast to empirically generated vaccines
used in the past, modern LAY design utilizes molecular tools to limit
virus replication and virulence while maintaining immunogenicity
and antigenic integrity’. Onerecentstrategyemployed inthe rational
design of LAVs is codon pair deoptimization (CPD), which is suitable
for both DNA and RNA viruses", including SARS-CoV-2".

Current COVID-19 vaccines are administered intramuscularly and
efficiently induce systemic immunity, including high titre of neutral-
izingantibodies, central and effector memory T cells”, nasal-resident
CD8' T cells™, germinal centre B cells” and long-lived plasma cells®.
However, thisroute is less effective ininducing durable mucosal IgA
and IgG responses”'® and pulmonary tissue-resident memory cell
responses”. Mucosal antibodies at the site of virus entry play cru-
cial roles in limiting infectivity and transmission®. Accordingly,
tissue-resident memory cells undergo faster recall responses due
to local positioning and allow earlier cognate antigen recognition®.
Hence, vaccines administered via respiratory routes are expected to
provide robust local mucosalimmunityagainst targeted pathogens?.
Here we comparedifferent vaccines and vaccineregimens, evaluating
systemicand mucosal immunity conferred by each vaccine.

Results

In a heterologous SARS-CoV-2 Delta challenge setting, we evalu-
ated efficacy and mode of action of the commercial mRNA vaccine
BNT162b2 and twovaccinecandidates, Ad2-Spike,an adenoviral vector
carryingthe spike glycoprotein of SARS-CoV-2?°andalive-attenuated
SARS-CoV-2named sCPD9**. To assess efficacy, Syrian hamsterswere
vaccinated with a single dose (prime-only regimen) and challenged
withSARS-CoV-2 Delta variant21d post vaccination. Another group of
hamsters receivedtwo vaccine doses 21d apart (prime-boost regimen)
and were challenge-infected 14 d after boosting (Fig. 1a). All vaccina-
tions werewell tolerated, as evidenced by steady weight gains post
vaccination (Extended Data Fig. 1a).

Vaccination alleviates clinical symptoms and reduces virus
load

All vaccination strategies protected hamsters from SARS-CoV-2
infection-induced body weightloss (Fig. 1b}. Following a single vac-
cination, none of the vaccines completely prevented infection by
SARS-CoV-2 Delta as evidenced by the presence of viral RNA in res-
piratory tracts (Fig. 1c,d). Only sCPD9 vaccine effectively reduced
replicating virus to undetectable levels 2 d post challenge (dpc)
(Fig.1le). Prime-boost vaccination improved overall vaccine efficacy
against SARS-CoV-2 (Fig. 1f,g). Following prime-boost vaccination,
viral RNA was significantly reduced, yet still detectablein allgroups
inoropharyngeal swabs and lungs. Vaccination schemes using sSCPD9
were superior in reducing viral RNA (Fig. 1f,g). Similarly, levels of
replication-competent virus in lungs were significantly reduced in
vaccinated animalsat 2 dpc. Importantly, only sCPD9 booster vaccina-
tion reduced replicating virus levels below the detection threshold,
regardless of heterologous (MRNA) or homologous (sSCPD9) priming
(Fig.1h).Results were confirmed by sequencing of bulk RNA from lungs
(Extended Data Fig. 1b).

LAV issuperiorin preventinginflammatory lung damage

To determineinfection-induced lung damage, challenged hamsters
were examined by histopathology. After single vaccination, sCPD9
was most efficientinpreventinginflammation and pneumonia, as evi-
denced bylesser consolidated lung areas (Fig. Im) and lower scores
for lunginflammation, bronchitis and cedema (Fig. 1i,j and Extended
Data Fig. 1c-f). Notably, animals that received other vaccination
schedules displayed more prominent bronchial hyperplasia (Extended

DataFig. 2). Asimilar trend was observed for prime-boost regimens;
however, particularly the mRNA vaccine displayed an improved his-
tological outcome resulting from homologous boost (Fig. 1k,l and
Extended Data Fig. 1g-j). Overall, homologous sCPD9 prime-boost
vaccination provided superior lung protection from inflammation
(Figs. 1m and 2a, and Extended Data Fig. 2). Lung transcriptome
analysis also showed a broad downregulation of infection- and
inflammation-related genes in vaccinated hamsters, with the great-
esteffects seeninhomologous and heterologoussCDP9 vaccinations
(SupplementaryFig. 1).

To correlate levels of inflammation with cellular responses, we
performed single-cell RNA sequencing (SCRNA-seq) of lung samples
(Fig.2b and Supplementary Fig. 2a). Results showed that pulmonary
recruitment of monocytic macrophages was significantly reducedin
SCPD9 +sCPD9-vaccinated animals at 2 dpc (Fig. 2c and Supplemen-
tary Fig.2b).Similar, althoughless pronounced effects, were obser ved
in animals that received sCPD9 prime-only vaccination (Fig. 2d and
Supplementary Fig. 2c). Additionally, interferon-stimulated genes
induced by SARS-CoV-2 infection® were broadly downregulated in
vaccinated compared with unvaccinated animals, with monocytic
macrophages, frem!4* monocytes and endothelial cells appearing
particularly responsive (SupplementaryFig. 3). Inflammatory media-
torssuchas CxctiOor Tnfsf10 showeda moreuniform response pattern
across cell types compared withintetferon-stimulated genes (Fig. 2e
and Supplementary Fig. 4a). Sincemacrophage subtypes showed dif-
ferent gene expression patterns between vaccination groups, we exam-
ined thedistributionof viral RNA withinlungs by insitu hybridization
(Fig.2fand Supplementary Fig.4b).In unvaccinatedanimals, viral RNA
was detected throughout the lungs, while mMRNA+mRNA vaccination
reduced its occurrence tosingle patches. In sCPD9 +sCPD9 animals,
viral RNA was barely detectable (Supplementary Fig. 4b). Notably, in
mMRNA+mMRNA animals, most of the detectable viral RNA was present
inmacrophages (Fig. 2f).

LAV elicits the most potent humoralimmunity against
SARS-CoV-2

Todetermine humoral responses, we quantified the ability of hamster
sera collected before challenge (0 dpc) and at2 and 5 dpcof prime
(Fig. 3a-d)andprime-boost (Fig. 3e-h) vaccinated hamsters toneutral-
ize SARS-CoV-2 variants. The capacity of serafrom sCPD9 vaccinees to
neutralizeancestral SARS-CoV-2 variantB.1significantly exceededthat
of all other groups (Fig. 3a). Similarly, sCPD9 sera provided superior
neutralization of variants of concern B.1.351 (Beta), B.1.617.2 (Delta) and
B.1.1.529 (Omicron,BA.1) (Fig.3b,c). For Omicron BA.1, neutralization
capacity was considerably reducedinall groups; however, neutraliza-
tion bysCPD9sera was significant (Fig.3d). Generally, challenge infec-
tionincreased neutralizingantibodies over timeinall groupsby s dpe
(Fig.3a-d).

Hamsters boosted with SCPD9 or the mRNA vaccine produced
measurably more neutralizing antibodies than those receiving
prime-only vaccination. Overall, booster vaccinationincreased serum
neutralization capacity across different variants (Fig. 3e-h). Amongthe
tested variants, Omicron BA.1displayed the greatest ability to escape
neutralization. Only prime-boost vaccination with sCPD9 provided
hamsters withasignificant ability toneutralize OmicronBA.1(Fig.3h).

Prime-boost sCDPY and mRNA+sCDP9-vaccinated hamsters
mounted significant I[gG antibody responses againstspike, ORF3a
and nucleocapsid protein (N), whereas IgG from prime-boost mRNA
and Ad2-vaccinated hamsters only reacted with spike protein
(Fig. 3i).Althoughantibodies directed against Nand ORF3a are unlikely
to contribute to virus neutralization, abundance of these antibod-
iesillustrates the broader immunological response elicited by LAV
vaccination. Higher virus neutralization titre in animals that under-
went prime-boost vaccination (compare Fig. 3a-d with e-h) as well
asincreased IgG anti-spike reactivity following a challenge infection
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Fig.1| Disease severity following SARS-CoV-2infectionin vaccinated

and non-vaccinated hamsters. a, Experimental scheme. Sytian hamsters
were vaccinated as indicated and challenged with SARS-CoV-2(1 x10° p.f.u.
SARS-CoV-2 Delta). Prime and prime-boostexperimentswere performed
independently. b, Body weights(in%) after virus challenge were measured
untilanalysis timepoint and displayed according to vaccination group. Violin
plot(truncated) with quartiles and median. ¢-1, Resultsof prime-vaccinated
and challenged animals (c—e,i,j) and results of prime-boost-vaccinated

and challenged animals (f-h,k,I): number of genomic RNA(ZRNA) coples
detected inoropharyngeal swabs(e¢,f) and homogenized lung tissue (d,g).e.h,
Quantification of replication-competentvirusas p.fiu. per 50 mg homogenized
lung tissue. Dotted line marks the limit of detection (DL = 5 p.f.u.). Titre below

the detectionlimitsset to DL/2 = 2.5 p.f.u. i,k Lunginflammation was scored
including severity of pneumonia, alveolat epithelial necrosis and endothelialitis.
J.1. Lung oedema score accounting for perivascular and alveolar oedema.

m, H&E-stained left lung sectionsillustrate differentseverities of pneumonia
including peribronchial cuffs and consolidated areas between differentvaccine
schedules and non-vaccinated animals at 5 dpc. Scalebar,3mm. Inc-eand f-h
scatter dot plots:lines indicate means, symbols representindividualhamsters.
Inij k,I:centre lines represent medians, boxes the 25th to 75th percentiles,

and whiskers the minimum to maximumvalues; symbols representindividual
hamsters. In ¢-1, two-way analysis of variance (ANOVA) and Tukey's muitiple
compatisonstestare shown. n=5animalsper group.-f<0.05,*P<0.01,

=P <0.001and*F < 0.000L Fig. 1a was created with BioRender.com.
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e, Dot plats showing fold changes of gene expression in indicated cell types of
the four prime-boost vaccination strategies compared to mock-mock-vaccinated
animals. Selected interferon-stimulated genes and pro-inflammatory cytokines
arevisualized as follows: coloration and pointsize indicate log,-transformed
fold changes (FC)and Pvalues, respectively, in vaccinated compared to mock-
mock-vaccinated animals. Adjusted Pvalues (P, ) were calculated by DEseq2
using Benjamini-Hochberg corrections of twa-sided Wald test Pvaiues. Genes
areordered by unsupervised clustering. f, Localization of viral RNAby insitu
hybridizationinalongitudinal sectionof abronchusat 2 dpc. Red signals, viral
RNA:blue, hemalum counterstain. Scale bar, 30 um.
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ofthese animals (SupplementaryFig. 4c)suggest abenefitof booster  downregulated in myeloid cells of vaccinated animals (Fig. 4cand

vaceinations. Supplementary Fig.5).
To investigateactivation of vaccine-induced immune memory, we
LAV favours adaptive cellularimmuneresponsesinblood first examined single-cell transcriptomes of circulating B cells, with

Next,we evaluated bloodsingle-cellimmuneresponsesto prime-boost ~ afocus on B and plasma cells of prime-boost-vaccinated hamsters.
vaccination (Extended Data Fig. 3a). Blood cell counting identified  Subclustering yielded 8 populations (Supplementary Fig. 6a), which
significantly higher cell densities in sCPD9- and Ad2-vaccinated  were assignedto cellular states on the basis of known marker genes***.
prime-boost groups (Fig. 4a). Both relative and absolute cellnum-  Of note, in the absence of surface marker information, these assign-
bers revealed substantial differences between vaccination strategies ments probably remain incomplete. In our analysis, we therefore
(Fig. 4b and Extended Data Fig. 3b-d). Frequenciesof matureand  focused on differences in gene expression patterns and investigate
immature neutrophils (imPMN), which are increased particularly  whether a putative ‘memoryrecall gene expression signature’ would
insevere COVID-19” and in SARS-CoV-2-infected Syrian hamsters™,  display differences. We firstdetermined cluster 8 to probablyrepresent
were lowest for sCPD9 +sCPD9-vaccinated animals (Fig.4b). Incon-  plasmablasts/plasma cells due to the presence of, for example, Prdmi
trast, B, Tand plasma cells followed the opposite trend and displayed  (which encodesBlimp-1)orfrf4. Cluster 3featured intermediate PrdmlI
highest abundancies following the sCPD9 + sCPD9 regime (Fig. 4b  levels,aswellas Tnfrsfi7and Trfrsf13b. Cluster 6in comparison showed
and Extended Data Fig. 3b). Concordant with our observations in  higher levels of Paxs, Cd19, Cd27, Bach2 or Aicda and lower levels of
lungs, genes related to infection and inflammation werebroadly  Prdmi, Xbp1 or Spib (Supplementary Fig. 6b). On the basis of these
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Fig.4|Cellularimmuneresponse to vaccination and challengeinblood. a-e,
Analysisof cellular compositionand gene expressionby scRNA-seq at2dpcin
blood of prime-boost-vaccinated hamsters. a, Manual count of cells per mIblood.
b, Frequencies ofindicated cell types amongblood cells. Dotted linesmark

the mean levels found in naive hamsters (# = 3, naive hamster data derived and
reprocessed fromref. 26). Bar plotswithmean + s.e.m., 7= 3. One-way ANOVA
and Tukey's multiple comparisons testwere conducted. ¢, Dot plots showing
fold changesof gene expressioninindicated celltypes of the four prime-boost
vaccination strategies compared tomock-mock-vaccinated animals. Selected
interferon-stimulated genes and pro-inflammatory cytokines are visualized as
follows: coloration and pointsize indicate log,-transformed FC and Pvalues,
respectively, invaccinated compared to mock-mock-vaccinated animals.

P,q were calculated by DEseq2 using Benjamini-Hochberg correctionsof
two-sided Wald test Pvalues. Genes are orderedby unsupervised clustering.

d, Dot plots showing expression of selected B-cell development marker genes in
theblood B-cell subclusters showninSupplementary Fig. 9a. The size of the dot
represents the fraction of cells in which atleast one unique molecular identifier
(UMI) of the respective genewas detected, while the colour is proportional
tothe average expressionin thosecells. e, Frequencies and numbers of pre-
plasmablast (pre-PB) identifiedin B-cell cluster 3and memory topre-plasmablast
transitioning cells (mem->pre-PB) identified in B-cell cluster 6. Bar plotswith
mean +s.e.m., f£=3. One-way ANOVA and Tukey’s multiple comparisons tests
wete petformed;*P< 0.05,* < 0.01,**£< 0.001,**F< 0.0001.

patterns, we assumed that these two clusters would contain (pre-)
plasmablasts and would therefore be mostinteresting for investigat-
ingmemoryrecall. Probingasetofgenes involvedin B-cell regulation,
we found upregulation of fif4, Pax5 and Thfrsf13b/cincluster 3, while
in cluster 6, Bach2, Irf4, Paxs and Tinfrsf13b/c were upregulated and
Afcda, Batfand Cd27 were downregulated (Fig.4d and Supplementary
Fig.6c). This potential early ‘memory recall gene expressionsignature’
was strongest upon homologousor heterologous prime-boostvaccina-
tion withsCPD9, which induced the highestantibodytitre (Fig.3e-h).
Inline withthis, clusters 3and 6 cells were significantlymore abundant
insCPD9 +sCPD9-vaccinated hamsters (Fig.4e).

LAV enhances T-cell proliferationinresponse to SARS-CoV-2
challenge

Toinvestigate occurrence of T-cell memoryrecall, we proceeded with
subclustering T and natural killer (NK) cells. To this end, we assayed
CD4*,CD8" and proliferating T cellsin blood (Fig.5a b, and Supplemen-
taryFigs.7and 8). Analyses of gene expressionindicative of prolifera-
tion (Mkié7, Top2a), naiveor central memory status (Sell, Ccr7, Lef1LH7r)
andactivationof T cells (Cd69, Cd44,Klrg1, Icos, Cd40lg) revealed that
mostblood T cellsdisplayed either naive or centralmemory phenotypes

(cluster 04, Supplementary Fig. 7b—e}. At 2 dpc, type 1-immunity
effector genes(THx21, Gzma, Gzmb, Faslg, ifn) were only expressed by
blood NK cells (clustet 5, Supplementary Fig. 8). The proliferating T-cell
populationconsisted of activated T cells expressing memory markers,
such as ll7r(cluster 6, Supplementary Fig. 8). Proliferating T cells, albeit
generally smallin numbers, were significantly increased after heter-
ologous vaccination (Fig. 5b). Inline withthis, the fraction of cellsand
expression level of proliferation-associated genes were highest when
sCPD% was included in the vaccination regimen (Fig. 5c). To determine
T-cell antigen specificity, we vaccinated hamsters witheither sSCDPS or
mRNA and stimulated their splenocytes 14 d later with recombinant
SARS-CoV-28or Nprotein. Interferon gamma (IFN-y) enzyme-linked
immunosorbentspot (ELISpot) servedas readout. Spike protein stimu-
lation induced IFN-y-secreting cells for both vaccines, whereas upon
stimulation with N protein, only splenocytes from sCPD9 vaccines
secreted significantly more IFN-y over mock, revealing superior and
broader T-cellimmunity upon LAY vaccination (Fig. 5d).

Next, we examined whether different prime-boost vaccination
strategies differedintheabilitytore-activatetissue-residentmemory
Teells (Trm) inlungs™. To characterize pulmonary T-cell subsets, we
subclustered the initial T- and NK-cell clusters into 10 subclusters
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residentmemory T cells (Trm, cluster 6), (f) activated T cells (Act T, cluster 2)and
(g) proliferating T cells (prolif T cells, cluster 5+ 8)in lungs. Ordinaryone-way
ANOVAand Tukey's multiple comparisonstest. Bargraphwithmean + s.em.,n=3

Trm score
°
=

Trm signature

=
g
5
£
2

Diffusion pseudotime rank

for allgroups, except ,oqemoa = 4- INa,b,d-g-*F < 0.05,*F< 0.01,**F < 0.00L,
P < 0.000L h, Dot plots showing expression of selected genes inTungs,
clusters 5and 8 (T and NK subcluster analysisinSupplementary Fig. 9a). Dotsize
represents fraction of cells with UMI > 1, colour indicates expression. i,j, Trm gene
set (refs. 28,31) signature score in cellsfrom selected T-cell subclusters over all
groups (i)and for individual groups (j), colour indicates signature score for Trm
geneset. k, Trmsignature scare in cellsof cluster 5. Centre, median; box, 25th to
75th percentiles; and whiskers, minimum to maximum values. Circlesindicate
individual analysed cellsin cluster 5 pooled from n = 3forallgroups, except
Mrackrmoae =4 animals. 1, PAGA. Nodes represent clusters, edgesrepresent extent
of cluster connection, node size corresponds to cluster cell number and line
thickness is proportional toconnectivity. m, Trmsignature (refs. 28,31) score asa
function of diffusion pseudotime rank, withblack line showinga polynomial fit of
degree three.

Nature Microbiology

79



Article

https://doi.org/10.1038/s41564-023-01352-8

(Supplementary Fig. 9a). On the basis of Nkg7, Cd3e, Cd4 and CdSa
gene expression, we assigned clusters 3, 7 and 9 as NK cells, clus-
ter 4 as CD8" T cells, clusters 0, 1, 2 and 6 as CD4” T cells, and clus-
ters 8 and 5 as proliferating T cells (Mki67, Top2a) (Supplementary
Fig. 9b,c). Among CD4" T-cell clusters, cells in cluster 2 displayed a
mixed phenotype of effector, activation and memory gene markers
(Supplementary Figs. 9b-e and 10a,b), and cells in clusters 0 and 1
were of naive or central memory type (Sell, Ccr7, Lef1, li7r, Tcf7, S1prl)
(SupplementaryFig.10a).Incluster 6, wedidnot find genes associated
with naive or central memory-associated signatures (Supplementary
Fig. 10a) but combined and strong expression of T-cell-homing and
tissue retention genes (Cxcré, Rgsl, Prdml, Znf683, ltgal and ftgae),a
signatureindicative of Trm status (SupplementaryFigs.10b,cand 11).
Trm cells (cluster 6) displayed higher gene expression level and cell
fraction expressing Cxcré, a prominent tissue homing receptor, in
sCPD9-vaccinated groups, while lymphnode retentionreceptor SIprl
was least detected (Supplementary Fig.12a). Across activated T cells
(cluster 2),gene expression of activationand effector genes was inde-
pendent of previous vaccination (Supplementary Fig. 12a). At 2dpc,
Trm cells, activated and proliferating T-cell populations were small
andrepresented less than 2% of all lung cells. Trm cells and activated
Tcellstrendedtowards higher frequencies and numbersinchallenged
sCPD9 vaccinees, yet only proliferating T cells displayed significantly
higher values (Fig. Se-g). Notably, contrary to proliferating T cells
in blood, their lung counterparts expressed higher levels of /frng
and Gzma (Fig.5h).

Next, we scored the Seurat clusters for a published human Trm
gene set’™ and observed a subset of cells in cluster 5 (proliferating
T cells) with ahigh Trm signature score (Fig, 51). At2 dpc, the Trm sig-
naturescorein proliferating T cells (cluster 5) was remarkably higher
insCPD9 vaccinees (Fig. 5 k). Incluster 8 (proliferating T cells), over-
all cell numbers were too low to generate interpretable scores, and
no cells were identified from unvaccinated animals (Supplementary
Fig.12b). Usinga partition-based graph abstraction (PAGA) approach™,
weidentified particularly strong connectivity between clusters 2, 8
and 5, and clusters 2 and 6, as well as a possible connection between
clusters 6 and 8 (Fig. 51). Ordering cellsaccordingtoglobal expression
similarity by diffusion pseudotime®and plotting this rank againstthe
Trmsignaturefurther corroboratesapath between clusters2and 6,and
clusters 8andS5, whichisaccompanied by variable Trm-likegene expres-
ston (Fig. 5m and SupplementaryFig. 12c,d). Overall, these findings
suggest thata subset of proliferating T cells is Trm recall-derived and
activated in response to SARS-CoV-2 challenge infection in
sCPD9-boosted hamsters.

LAV induces superior mucosalimmunity

In addition to potent T-cell memory and humoral immunity, induc-
tion of protective mucosal immunity is a distinguishing property of
LAVs administered atsites of virus entry™. To correlateinduction of
mucosal immunity with vaccine regimens, we measured SARS-CoV-2
spike-specificlgA levelsand neutralization capacity ofnasalwashes. We
foundthat prime-onlysCPD9-vaccinated animals harbouredconsider-
ably larger quantities of IgA in nasal washes beforeandafter challenge
(Fig. 6a). Challenge infection further boosted levels of SARS-CoV-2
spike-specificlgA antibodies in sSCPD9-vaccinated animalsandinduced
detectable quantities in mRNA- and Ad2-vaccinated animals. Microneu-
tralization assays against SARS-CoV-2 (variant B.1) with nasal washes
obtained from prime-boosted animals confirmed [gAmeasurements.
sCPD9 vaccineesexhibited markedly higher neutralization capacities
at2and 5 dpc (Fig. 6b). Accordingly, weidentified IgA-positive lympho-
cytesin the nasalmucosa of vaccinated animals (Fig. 6¢). Histopatho-
logical scoring indicated that sCPD9-vaccinated animals displayed
fewer affected tissue areas, less damage and reducedimmune cells
recruitment (Fig. 6d,e and Extended DataFig. 4a).sCDP9 vaccination
significantly reduced viral RNA in nasal washes compared with mockat

2dpe(Fig. 6f), correlatingwithreducedsignal inimmunohistochemis-
try staining for viral N protein (Fig. 6d). Tofurther evaluate putatively
beneficial effects of mucosal immunity, we resorted to scRNA-seq of
nasal tissue cells. First, we annotated cell types on the basis of previ-
ously published marker genes (Extended Data Fig. 4b*). Particularly
in neuronal cells, differential gene expression analysis showed that
interferon-stimulated genes (fsgl5, Qasl2or Rsad2) wereless expressed
in sCPD9 vaccinees (Fig. 6g and Supplementary Fig. 13}. Notably,
bystandet responses of neuronal cells in the olfactory epithelium are
connected toloss of smellafter SARS-CoV-2 infection™, Moreover, we
find evidence thatLAV vaccination prevents SARS-CoV-2 transmission.
Following challenge infection, LAV-vaccinated animals shed signifi-
cantly lower virus quantities compared with mRNA-vaccinated indi-
viduals. Inthis setup, LAV vaccination wasabletoprevent SARS-CoV2
transmission while mRNA vaccination was not (Extended Data Fig. 5).
Taken together, we provide evidence thatthe SCPD9 LAV provides
superior protection against SARS-CoV-2 in both the lower and upper
airways, making it a promising candidate for further investigationin
clinicaltrials.

Discussion
Current COVID-19 vaccines are highly effectivein preventing severe dis-
ease;however, infectionwith newly emergingvariantsisnot prevented
and virusloads can be highin vaccinated individuals”. To control virus
transmission and limit symptomatic infection, mucosal immunity at
thesite of virus entryis thought to be of paramountimportance® .
Weherepresentacross-platformvaccine comparisonthatincludes
aL AV, which wefind elicits superior protectionfrom SARS-CoV-2infec-
tion especially atmucosal sites of virusentry. This agrees with previous
preclinical COVID-19 vaccine studies using intranasal administration
of LAV, protein-based or virus-vectored spike vaccines™ and efficient
induction of mucosal immunity*™**. Our observations onimproved
immunity induced by heterologous prime-boost vaccination are in
line withrecentstudies thatcombine systemic priming followed byan
intranasal boost with adenovirus vector or mRNA vaccines™. Impor-
tantly, virus-neutralizing anti-SARS-CoV-2 IgA at the nasal mucosa of
vaccinated animals are much higher in sCPD9-vaccinated animals. It
is wellknown that mucosal IgAexerts various functions,suchas block-
ing virus entry, preventing intracellular fusion of virusand endosomal
membranes as well as inhibiting release of viruses from host cells*.
Overall protection from virus replication, tissue damage and lung
inflammation were significantly better in sSCPD9-vaccinated animals.
Atthe same time, antigen recognition was considerably broader in
animals that had received sCPD9, and these benefits are probably a
result of important hallmark features of LAV. These include admin-
istration via the natural route of infection, presentation of the full
antigenic repertoire of the virus and replication mimicking the tar-
get pathogen. Moreover, active replication of LAVs may cause pro-
longed and increased presentation of viral antigens compared with
non-replicating vaccines—afactor thatcould contribute to the better
efficacy observed hetre. In a small-scale experiment, LAV vaccination
wasabletoabrogate onward transmission of SARS-CoV-2, while mRNA
vaccination had only minor effects on transmission. The scRNA-seq
analysis of samples from blood, lungs and nasal mucosa of vaccinated
and SARS-CoV-2 challenge-infected hamsters revealed that across all
important parameters, effects were strongest for sCPD9 vaccination
in a prime-only setting. Similarly, in a prime-boostsetting, double
SCPD9 vaccination was superior to mRNA-SCPD9 vaccination, fol-
lowed by double mRNA vaccination and double adenovirus vaccina-
tion. sCPD9-vaccinated animals had substantially reduced induction
of pro-inflammatory gene expression programmes—a main feature
of COVID-19 pathogenesis*’. This was specifically true for cells of the
innate immune system, such as monocytes and macrophages, which
typicallyhave strong pro-inflammatory transcriptional responses upon
SARS-CoV-2uptake™. Iftranslatableto humans,thiscouldmeanamuch
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higher chance for amild or asymptomatic course of disease eveninthe
case of infection with heterologous SARS-CoV-2 variants.

Additionally, we detected several gene expression signatures
related to activation of adaptive immune memory. The enhanced
developmenttowards pre-plasmablasts derived from memoryB cells
and enhanced T-cell proliferation in the blood of challenged animals
by scRNA-seq point towards rapid activation of memory cells*®. We
also detected significantly increased numbers of proliferating T cellsin
lungs of hamstersthatreceived sCPD9. Asubset of these proliferating
Tcellsshared a Trm-specificsignature and showed connectivity tothe
identified Trm cluster. One possible explanation for this observation
is that SARS-CoV-2-specific tissue-resident memory T-cell seeding is
enhanced following sCPD9 vaccination, which may enable faster local
recall responses, characterized by enhanced proliferating T cells in
corresponding vaccine groups.LAVs mimic natural infection, whichis
knownto induce SARS-CoV-2-specific CD4* Thl cellssecreting IFN-y*.
We detected IFN-y upregulation in proliferating pulmonary T cells,
indicatingthat SARS-CoV-2 challenge triggered a Thl effector celltype
response,and IFN-y ELISpotanalysisrevealed multi-antigen reactivity
insplenocytes of LAV-vaccinated hamsters. While mucosal IgAinduc-
tion remains most important in limiting infection and thus transmis-
sion, airway memory CD4* T cells contribute to protection against
other coronaviruses’™and potentiallyenhance theantigenic repertoire
recognizedina mucosal SARS-CoV-2 vaccine. Similarly, earlier studies
usingovalbumin antigens and a combination of different vaccination
routesindicated thatnotjustIgA butalso general Thl-mediated immu-
nityis enhanced upon mucosal delivery™.

Our single-cell RNA-sequencing analysis has several limitations.
Thistechnique,asemployed here,cannot fully capture processessuch
asreactivation of memorycellsduetolack of surfacemarkers and cell
type-specificenrichment. Dueto incomplete annotationofthe Syrian
hamster genome, we were not able toidentify [gA-positive cells. Data
quality of nasal mucosa cells was comparatively low dueto thedifficult
dissociation of the tissue, whichlimited our observations atthesite of
initial infection. The data we present on the effect of vaceination on
challenge virus transmission are preliminary and require larger -scale
studies, use of more recent SARS-CoV-2 variants and mechanistic
analyses for validation. While our data show superiority and there-
fore promise for further development and refinement of LAVs, there
is a caveat for extrapolating the results of preclinical animal trials to
thesituationinhumans. Clearly, clinical studies regarding safety and
efficacy of live-attenuated vaccines are mandated to realistically assess
the potential of these vaccinesto combat the yet ongoing pandemic.

One issue with LAVs is their potential susceptibility to previously
established immunity™, which would restrict vaccine virus replication
and potentially limit their use as booster after initial immunization
by vaccination or naturalinfection. We show here that sSCPD9 does
effectively boost immune responses and greatly improves protection
whenapplied three weeks after initial vaccination. Importantly, sCPD9
enhances humoralimmune responses, especially againstknown immune
escape variantssuchasBetaand Omicron BA.1, whilealsoimprovingthe
virological outcome of a heterologous challenge infection whenapplied
as a booster three weeks after initial vaccination. This indicates a wide
scope for the use of LAVS in populations that exhibit a high degree of
baseline immunity induced by previous vaccination or infection.

Duetoits high safety profile,sCPD9was recently downgraded from
biosafety level (BSL)3toBSL 2 by the relevant German state authority™.
This is a key step towards clinical application of a SARS-CoV-2 LAV as
it will facilitate production of aclinical grade vaccine and greatly ease
clinical trials inhumans.

Methods

Ethics statement

Invitroand animal work were conducted under appropriate biosafety
conditions in a BSL-3 facility at the Institut fir Virologie, Freie

Universitdt Berlin, Germany. All animal experiments were performed
in compliance with relevant institutional, national and international
guidelinesfor the careand humane use of animals and approved by the
competent state authority, Landesamt fiir Gesundheit und Soziales,
Berlin, Germany (permit number 0086/20).

Cells

Vero E6 (obtained from ATCC, CRL-1586), Vero E6 - TMPRSS2 {obtained
from the National Institute for Biological Standards and Control
(NIBSC), 100978) and Calu-3 (obtained from ATCC, HTB-35} cells
were cultured in minimal essential medium (MEM) containing 10%
fetalbovineserum,100 IU mI™ penicillin Gand 100 pg ml™ streptomy-
cinat37°C and 5% CO,. Inaddition, the cell culture medium for Vero
E6-TMPRSS2 cellscontained 1,000 pg ml™ geneticin (G418) toensure
selection for cells expressing the genes for neomycin resistance and
TMPRSS2.

Viruses

The modified live-attenuated SARS-CoV-2 mutant sCPD9 and
SARS-CoV-2 variants B.1 (BetaCoV/Munich/ChVir984/2020; B.1,
EPI_ISL_406862), Beta (B.1.351; hCoV-19/Netherlands/NoordHol-
land_20159/2021) and Delta (B.1.617.2; SARS-CoV-2, Human, 2021,
Germany ex India, 20A/452R (B.1.617)) were propagated on Vero
E6-TMPRSS2 cells. Omicron BA.1(B.1.1.529.1; hCoV-19/Germany/
BE-ChVir26335/2021, EPL_ISL_7019047) was propagated on CaLu-3
cells. All virus stocks were whole genome sequenced before infec-
tion experiments to confirm genetic integrity in the majority of the
population,specifically at thefurincleavagesite. Before experimental
infection, virus stocks were stored at =80 °C,

Animal husbandry

Nine- to 11-week-old Syrian hamsters (Mesocricetus auratus; breed
RjHan:AURA) were purchased from Janvier Labs and were housed in
groupsof2to3animalsinindividually ventilated cages. The hamsters
hadfreeaccesstofood and water. They were allowedto getusedto the
housingconditions for 7 d before vaccination. For both experiments,
the cage temperatures were maintained at a constant range of 22to
24 °Cwitha relative humidity between 40 and 55%.

Vaccination and infection experiments

For infection experiments, Syrian hamsters were randomly assigned
togroups, with50-60% of the animals ineach group being female. In
thefirst experiment,1Shamsters were mock-vaccinated or vaccinated
with live-attenuated sCPD9 virus, Ad2-spike or mRNA. Vaccination
with sCPD9 was applied by intranasal instillation under anaesthesia
(1% 10° focus-forming units (f.f.u.), 60 pl)**. Ad2-spike (5 x 10%infec-
tious units, 200 pl) and mRNA vaccine (5 pg mRNA, 100 pl) were
appliedintramuscularly. Mock-vaccinated hamsters were vaccinated
by intranasalinstillation with sterile cell culture supernatantobtained
from uninfected Vero E6-TMPRSS2 cells. At 21d after vaccination,
hamsters were challenge-infected with SARS-CoV-2 Delta variant
(1x 10° plaque-forming units (p.f.u.), 60 pl) by intranasal instillation
under anaesthesia. Inthe second experiment,10 hamsters were either
mock-vaccinated or vaccinated with one of the three vaccines (see
above)followedbyabooster vaccination 21 d later. At 14 d after booster
vaccination, the hamsters were challenged as described above.

Transmission experiments

To determine onward transmission of challenge virus in vaccinated
individuals, we vaccinated 3 animals per group ina prime-boost regi-
men. Tothisend, hamstersreceivedeither 1 x10*f.f.u.sCPD9delFCSin
60 I MEM intranasally, 5 pg BNT162b2 mRNAin 100 pl normal saline
(0.9%NaClin sterile water) intramuscularly or 60 pl plain MEM intra-
nasally (mock). Vaccination was boosted using the same vaccines for
each respectivegroup 21 d afterinitial vaccination.
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Vaccinated hamsters were challenge-infected with1x10°p.f.u.
SARS-CoV-2 variant B.1 as described above. At 24 h after infection,
infected vaccinated hamsters were brought into contact with natve
animals and co-habitated to monitor transmission for 6 consecutive
days. Daily oral swabswere obtained from each animal to monitor virus
shedding and transmission.

Vaccinepreparations

SCPD9 was grown on Vero E6-TMRSS2 cellsandtitrated on Vero E6 cells
asdescribed previously; finaltitres wereadjusted to 2 x 10° £.f.u. ml™in
MEM.Recombinant Ad2-spike was generated, produced on 293T cells
and purified as previously described”. BNT162b2 was obtained as
a commercial product (Comirnaty) and handled exactly as recom-
mended by the manufacturer, except that the final concentration of
mRNA was adjusted to 50 ug mI? (100 pg m1 is the recommended
concentration for use in humans) by adding injection-grade saline
(0.9% NaClinsterile water)immediately before use.

To increase genetic stability of the sCPD9 construct, the furin
cleavage site (FCS) of the spike protein was deleted to create sCPD-
9delFCS. This FCS-deletedvaccine viruswasonly usedfor thetransmis-
sion study of this paper (Extended Data Fig. 5).Importantly, allvaccines
used inthisstudy containthe same SARS-CoV-2 spike antigen derived
from theancestral B.1 (Wuhan) sequence.

Vaccination

sCPD9 was administered intranasally under general anaesthesia
(0.15mg kg medetomidine, 2.0 mg kg™ midazolam and 2.5 mg kg™
butorphanol) at a dose of 1x10° f.f.u. per animal in a total volume
of 60l MEM. For transmission experiments (Extended Data Fig. 5),
1x10*f.f.u. sCPDOdelF CS was applied in the same way. Ad2-spike was
injected intramuscularly at 5 x 10% infectious units in 200 pl injection
buffer (3 mM KCI, 1 mM MgCl,, 10% glycerolin PBS). BNT162b2 was
injected intramuscularly at a dose of 5 ug mRNA per animal in 100 ul
physiological saline (0.9% NaCl insterile water).

Nasalwashes

Nasal washes were obtained from each hamster in this study. Tothis
end, the skull of each animal was split slightly paramedian, such that
thenasal septumremainedintactononesideofthenose.Subsequently,
2200 pl pipette tip was carefully slid underneath the nasal septum
and 150 plwash fluid (PBS with 30 pg mi™ ofloxacin and 10 pg mi™
voriconazole) wasapplied. The washwas collectedthrough the nostril
andthe washing procedure wasrepeated twice; approximately 100 pl
of sample was recovered after the third wash.

Nasal washes obtained from the prime-only vaccination trial were
subjected toenzyme-linked immunosorbent assay (ELISA) analysis of
SARS-CoV-2 spike-specificlgA antibodies. Nasal washes obtained from
the prime-boost vaccination trial were used for microneutralization
assay to assess their capacity to neutralize the SARS-CoV-2 ancestral
variantBl.

Plaqueassay

For quantification ofreplication-competent virus, S0 mgoflungtissue
were used. Serial 10-fold dilutions were prepared after homogenizing
the organ samples in a bead mill {AnalyticJena). The dilutions were
plated onVeroE6 cells grownin24-well platesand incubated for2.5h
at 37 °C. Subsequently, cells were overlaid with MEM containing 1.5%
carboxymethylcellulose sodium (Sigma Aldrich) and fixed with 4% for-
maldehydesolution 72 hafter infection. To count the plaque-forming
units, plates werestained with 0.75% methylene blue.

Histopathology, immunohistochemistry and in situ
hybridization

Lungs were processed as previously described®. After careful removal
oftheleftlunglobe, tissue was fixed in PBS -buffered 4% formaldehyde

solution {pH 7.0) for 48 h. For conchae preparation, parts of the left
skull half were fixed accordingly. Afterwards, lungs or conchae were
gentlyremoved from the nasal cavity and embedded inparaffin, cutat
2 umthickness and stained with hematoxylin and eosin (H&E). Insitu
hybridization on lungs was performed as previously described™ using
the ViewRNAISH TissueAssay kit (Invitrogen by Thermo Fisher) accord-
ing to the manufacturer’s instructions, with minor adjustments. For
SARS-CoV-2 RNA localization, probes detecting N gene sequences
(NCBIdatabase NC_045512.2, nucleotides 28,274-29,533, assay ID:
VPNKRHM) were used. Sequence-specific binding was controlled by
usinga probe for detection of pneumolysin. Immunchistochemistry
on conchae was performed as described earlier® (details in Supple-
mentaryMethods).

Blinded microscopicanalysis was performed byaboard-certified
veterinary pathologist (J.B.).

SARS-specificlg measurement by ELISA from serum and nasal
washes

An in-house ELISA was performed to investigate SARS-specific IgG
levelsin serum and SARS-specific IgA levels innasal washes after vac-
cination (details in Supplementary Methods).

Neutralization assays from nasal washes

Toassess the capacity of nasal washes obtained from the prime-boost
vaccinationtrialto neutralizeauthentic SARS-CoV-2 (B.1), nasal washes
were diluted 1:1in 2x MEM containing 50 pg ml™ enrofloxacin and
10 pg mi™ voriconazole. Subsequent serial dilutions were performedin
MEM containing 25 mg mi™enrofloxacin, 5 pg mi™ voriconazoleand1%
FBS.SARS-CoV-2 (50 p.f.u.) wereadded to the nasal washdilutionsand
dilutions from 1:2to 1:256 were plated on near-confluent Vero E6 cells
seededin 96-wellcell culture plates. At 3 d afterinoculation, cells were
fixed and stained with methylene blue. Toidentify virus-neutralizing
dilutions,the integrity of the cell monolayer was assessed by compari-
son with control wells that contained either no nasal wash or no virus.
The last dilution with no evidence of virus-induced cytopathic effect
was considered the neutralizingtitre for the respective sample.

Serum neutralization assay

Serum samples were tested for their ability to neutralize different
SARS-CoV-2 variants. Day O samples of the prime-boost trial could
not be tested for neutralizing antibodies against B.1.351 (Beta) due
to lack of material. Sera were inactivated at 56 °C for 30 min. Two-
fold serial dilutions (1:8 t0 1:1,024) were plated on 96-well plates and
200 p.f.u. SARS-CoV-2 were pipetted into each well. After an incu-
bation time of 1h at 37 °C, the dilutions were transferred to 96-well
plates containing sub-confluent Vero E6 cellsand incubated for 72 hat
37°C (B.1,Beta, Delta) or for 96 hat 37 °C (Omicron). The plates were
fixed with 4% formaldehyde solution and stained with 0.75% meth-
ylene blue. Wells that showed no cytopathic effect were considered
neutralized.

IFN-y ELISpot analysis

Hamster IFN-y ELISpot analysis was performed as described previ-
ously™. In brief, the hamster [FN-y ELISpot®S* kit (MABTECH) was
used to detect IFN-y secretion by 5 x 10% isolated splenocytes, eachin
co-culture with different stimuli. Medium-treated splenocytes served
as negative control and recombinantovalbumin (10 mg mi™) was used
as negative protein control stimulus. General stimulation of T cells
was achieved using 5 ug mi~ concanavalin A (ConA, Sigma Aldrich).
Recombinant SARS-CoV-2 (2019-nCoV) spike protein {S1+S2 ECD,
Histag; 10 mgm1™;Sino Biological Europe)or 10 mg mi™ recombinant
SARS-CoV-2 (2019-nCoV) nucleocapsid protein (N) (Sino Biological
Europe) were used to re-stimulate SARS-CoV-2-specific T cells. Spots
were counted using an Eli.Scan ELISpotscanner (AE.LVIS) and the
analysis software ELLAnalyse v5.0 (AE.LVIS).
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RNA extraction and qPCR
To quantify genomic copiesin oropharyngeal swabs and 25 mghomog-
enizedlungtissue, RNA was extracted using innuPREP Virus DNA/RNA
kit (Analytic Jena) according to the manufacturer’sinstructions. qPCR
was performedusingthe NEB LunaUniversal Probe One-StepRT-¢PCR
kit (New England Biolabs) with cycling conditions of 10 min at 55°C
for reverse transcription, 3 minat 94 °C for activationof the enzyme,
and 40 cycles of 15s at 94 °Cand 30 s at 58 °C ona qTower G3 cycler
(Analytic Jena)in sealed qPCR96-well plates. Primers and probes were
used as previously reported”. Oligonucleotides (Sequence (5-3)):
E Sarbeco F:ACAGGTACGTTAATAGTTAATAGCGT;

E_Sarbeco R:ATATTGCAGCAGTACGCACACA;

E_Sarbeco P1:FAM-ACACTAGCCATCCTTACTGCGCTTCG-BBQ.

Mesocricetus auratus genome annotation

Forquantification of gene expression, we used theMesAur 2.0 genome
assembly and annotation available via the NCBI genome database
(hteps://www.ncbi.nlm.nih.gov/genome/11998?genome assembly_
id=1585474). The GFF file was converted to GTF usinggffread 0.12.7°%.
Where no overlaps were produced, 3-UTRs in the annotation were
extended by 1,000 bpas described previously™. Further polishing steps
for the GTF file are described on the GitHub page accompanying this
paper (https://github.com/Berlin-Hamster -Single-Cell-Consortium/
Live-attenuated-vaccine-strategy-confers-superior-mucosal-and-
systemic-immunity-to-SARS-CoV-2). The final gtf file used for the
analysisisavailablethrough GEO (https:/www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?ace=GSE200596).

BulkRNA extraction

To perform RNA bulk sequencing, RNA was isolated from lung tis-
sue using Trizol reagent according to the manufacturer’s instruc-
tions (Ambion, Life Technologies). Briefly, 1 ml Trizol was added to
the homogenized organ sample and vortexed thoroughly. After an
incubation time of 20 min, 200 pl of chloroform were added. The
samples were vortexed again and incubated for 10 min at room
temperature. Subsequently, tubes were centrifuged at 12,000 x g
for15minat4 °C and 500 yl of the aqueous phase were transferred
into a new tube containing 10 pg GlycoBlue. Isopropanol (500 pl)
was added, followed by vortexing, incubating and centrifuging the
samples as described above. Thereafter, isopropanol was removed
and1mlofethanol (75%) wasapplied. The tubes were inverted shortly
and centrifuged at 8,000 x g for 10 min. After freeing the pellet from
ethanol, RNA wasresuspendedin30 plofRNase-free water and stored
at—-80°C.

Cellisolation from blood and lungs

White blood cells were isolated from EDTA-blood as previously
described; steps included red blood cell lysis and cell filtration
before counting. Lung cells (caudal lobe) were isolated as previously
described®®%; stepsincluded enzymatic digestion, mechanical disso-
ciation andfiltration before countingin trypan blue. Buffers contained
2 ug mi~ actinomycin D to prevent de novo transcription during the
procedures.

Cellisolation from nasal cavities

To obtain single-cell suspensions from the nasal mucosa of
SARS-CoV-2-challenged hamsters, the skull of each animal was split
slightly paramedian so that the nasal septum remained intact on the
left side of the nose. The right side of the nose was carefully removed
fromthe craniumandstoredinice-cold1x PBSwith1%BSAand 2 pg mi™
actinomyein D until further use. Nose parts were transferredinto 5 mi
Corning Dispase solution supplemented with 750 U mI™ Collagenase
CLS Iland 1 mg mi™ DNase, and incubated at 37 °Cfor 15 min.For prep-
aration of cells from the nasal mucosa, the conchae were carefully
removed from the nasal cavity and re-incubated in digestion medium

for 20 minat 37 °C. Conchae tissue was dissociated by pipetting and
pressingthrougha 70 um filter with aplunger.Ice-cold PBS with 1% BSA
and 2 ug ml™ actinomycin Dwasadded to stop theenzymatic digestion.
The cell suspension was centrifuged at 400 x g at 4 °C for 15 min and
thesupernatant discarded. The pelleted nasal cells were resuspended
in 5ml redblood cell lysis buffer and incubated at room tempera-
ture for 2 min. Lysis reaction was stopped with 1x PBS with 0.04% BSA
and cells centrifuged at 400 x gat 4 °C for 10 min. Pelleted cells were
resuspended in 1x PBS with 0.04% BSA and 40 um-filtered. Live cells
were counted in trypan blue and viability rates determined using a
counting chamber. Cell concentration for scRNA-seq was adjusted
by dilution.

Single-cellRNA sequencing

Isolated cells from blood, lungs and nasal cavities of Syrian hamsters
were subjected to SCRNA-seq using the10x Genomics Chromium Single
Cell3' Gene Expression system withfeature barcoding technology for
cell multiplexing (details in Supplementary Methods).

Analysis of single-cell RNA sequencing data

Sequencing reads wereinitially processed using bcl2fastq 2.20.0 and
the multi command of the Cell Ranger 6.0.2 software. For the cellplex
demultiplexing, the assignment thresholds were partially adjusted (for
details, see the GitHub page at https://github.com/Berlin-Hamster-
Single-Cell-Consortium/Live-attenuated-vaccine-strategy-confers-
superior-mucosal-and-systemic-immunity-to-SARS-CoV-2). Further
processing was done inR 4.0.4 Seurat R 4.0.6 package®, as well as R
packages ggplot23.3.5,dplyr 1.0.7, DESeq2 1.30.1, Ime4 1.1-27.1 and
dependencies,andinPython3.9.13as well as Python packages scanpy
1.9.1, sevelo 0.2.4and dependencies. In the next step, cells werefiltered
byaloosequalitythreshold (minimum of 250 detected genes per cell)
and clustered. Celltypes were thenannotated per cluster and filtered
using cell type-specific thresholds (cells below the median or inthe
lowest quartile within a cell type were removed). The remaining cells
were processed using the SCT/integrate workflow®” and cell types again
annotated on the resulting Seurat object. All code for downstream
analysis is available on GitHubat https://github.com/Berlin-Hamster-
Single-Cell-Consortium/Live-attenuated-vaccine-strategy-confers-
superior-mucosal-and-systemic-immunity-to-SARS-CoV-2.

Statistics and reproducibility

Details on statistical analysis of sequencing data including
pre-processing steps are described in the individual Methods sec-
tion. Analyses of virological, histopathological ELISA, cell frequencies
and cell number statistics were performed with GraphPad Prism 9.
Statistical details are provided in respective figure legends. No sta-
tistical method was used to predetermine sample size. Data distribu-
tion was assumed to be normal but this was not formally tested. No
data were excluded from the analyses. All experiments involving live
animals were randomized, other experiments were not randomized.
The investigators were blinded to allocation of hamsters during ani-
mal experiments and primary outcome assessment (clinical develop-
ment, virus titrations, gPCR, ELISpot, serology and histopathology).
Investigators werenotblinded to allocation in other experimentsand
analyses.

Reporting summary
Further informationonresearch designis availablein the Nature Port-
folioReportingSummary linked tothis article.

Data availability

Rawsequencing dataareavailable on GEO (https://www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?acc=GSE200596), along with bulk RNA-seq
read counttables,and hSmatrices and Seuratobjects for the sScRNA-seq
data. Source dataare provided with this paper.
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Code availability

Code is available on GitHub at https://github.com/Berlin-Hamster-
Single-Cell-Consortium/Live-attenuated-vaccine-strategy-confers-
superior-mucosal-and-systemic-immunity-to-SARS-CoV-2.
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Extended DataFig. 1| Body weight development post vaccination. (a) Body
weight development in percentof prime vaccinated hamsters were measured for
21daysuntil virus challenge time peintand displayed according to vaccination
group.Violine plot {truncared) with quartiles and median. (b} Prime-boost
experiment: Relative expression of SARS-CoV-2 total canonicaljunction-
spanning viral mRNA transcripts, compared tc the total genomic transcripts,
generated afterbulk RNA sequencing analysis from homogenized lung tissue.
Values are shown in logl0 scale for both time-points analyzed. Scatter dot

plot with mean. Two-way ANOVA (analysis of variance) and Tukey’s multiple
comparison test. (¢ - j) Semi-quantitative scoring of histo pathological findings
of Syrian hamsters included in prime (¢ - f) and prime-boost setting (g -j): (¢,

g) Consolidated lung area found in the left lung lobeis displayed in percentage.
(d, h) Bronchitis scoreaccounts for severity of bronchial epithelial necrosis
andbronchitis. (e, i) To consider local cellularimmune response, pulmonary
infiltration of neutrophils, lymphocytes and macrophages was assessed in the
leukocyte influx score. (F,j) The extentofendothelialitis in the left lung lobe is
indicated inthe endothelialitisscore. (¢ - j) Results are shown as centre (median),
box (25Mto 75" percentile) and whiskers (Min to Max.) plots. Two-way ANOVA and
Tukey's multiplecomparison test.«p < 0.05, «+p < 0.01, sk p < 0.001, and sz p
<0.000L (b - j) n=>5individual hamsters for all groups. Prime and prime-boost
experimentwere conducted independently.
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Extended DataFig. 2| Lung histopathology. Representative histopathology
of haematoxylin and eosin-stained lung sections from prime-only and prime-
boost vaccinationexperimentsat 5dpc. Imagesare representativeof n=5
hamsters per indicated group. Prime and prime-boostexperiments were
performed independently. For both experiments, columns show, from leftto
right, brenchitis, pneumoniaaffecting the respiratoryalveoliand blood vessels
withendothelialitis. In the prime-onlyapproach, and in contrast to allother
groups thatdeveloped necrosupperative and hyperplastic bronchitis, only
sCPD9 vaccinated hamsters had negligible bronchitis in the presence of BALT-like
subepithelial infiltration with lymphocytes and plasmacells. In the lungs, alveali
of sCPD9 vaccinated animals presented with much less consolidated respiratory

mRNA + MRNA  mRNA + sCPD9  sCPDS + sCPD9

 Ad2 + Ad2

~mock + mock

parenchyma, with less infiltrating macrophages and neutrophils. Only Ad2 and
mock- vaccinated animals developed marked alveolar metaplastic remodeling,
indicating regenerationafter necrosisof alveolarepithelia. Endothelialitis was
milderinall vaccinated groups compared to mock-vaccinated animals. In the
prime-boostexperiments, hyperplastic bronchitis was mildestin sCPD9+sCPD9
and mRNA+sCPD9 vaccinated hamsters. Consolidation of respiratory
parenchyma and alveolitis were least severe in both sCPD9 boostered groups.
Metaplastic epithelial remodeling was particularly pronouncedin Ad2-Ad2
vaccinated animals. Endothelialitis was strongly reduced to similar degreesinall
boostered groups. Scale bars = 20 pm for each column.
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ExtendedData Fig. 4 | Mucosal immune responses. (a) Semi-quantitative
scorings of histopathological findings in hamsters that received prime
vaccination (top row) or prime-boost vaccination (bottom row). Thearea
affected by mucosaldamage due to SARS-CoV-2infection is shown in percentage.
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cellular debrisand ciliumloss. Presence of neutrophils and lymphocyteinthe
nasalconchae is assessed by the immune cell score. Centre {median), Box (25th to
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comparison testwere performed for statistical evaluation. N=5 individual
hamster per group. #p<0.05, ##p < (.01, ##+p< 0.00L, #x#2p<0.0001.

(b) Two-dimensional projections of single-cell transeriptomes using UMAP
ofnasal tissue cells from prime experiment. Coloration indicatescell types as
annotated based on known marker genes.
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ExtendedDataFig. 5| Onward transmission analysis. (a) Design of a proof-
of-principle onward transmission experiment. Hamsters were vaccinated with a
furincleavage site deleted sCPD9 LAV or the BNT162b2 mRNA vaccine ina prime-
boost schedule. Challenge infection was performed with SARS-CoV-2 variant
B.1, vaccinated and challenged animals were co-habitated with naive contacts
starting 24 hours post challenge for 6 consecutive days. (b) SARS-CoV-2 RNA
Ioad indaily oral swabs taken from vaccinated shedders throughout the period
of co-housing. N =3 per group, mean + SEM. Two-way ANOVA, Tukey's multiple
comparisons test. {¢) SARS-CoV-2 RNA load in lungs and (d) pharyngeal swabs at

termination of vaccinated shedder animals. N= 3, mean £ SEM, One-way ANOVA,
Tukey's multiplecomparisons test. (e) SARS-CoV-2 RNA load indaily oralswabs
taken from naive contact animals throughout the period of co-housing. N=3,
mean + SEM. Two-way ANOVA, Tukey’s multiple comparisons test. (f) SARS-CoV-2
RNA loadin lungsand (G) pharyngeal swabs at termination of naive contact
animals. N=3, mean + SEM, One-way ANOVA, Tukey’s multiple comparisons
test. +p < 0.05, «xp < 0.0L, #»+p < 0,001, ##+p < 0.0001. Panel a wascreated with
BioRender.com.
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3 Diskussion und Ausblick

Die Immunologie begrundet sich als Infektionsimmunologie mit den Arbeiten von Jenner, Koch und
Pasteur im 18. und 19. Jahrhundert. Mit dem Ziel, tédliche Krankheitsverléufe zu verhindern und
Krankheitsmechanismen zu entschlUsseln, entwickelten sie die ersten Impfstoffe und identifizierten
Keime als Ursache von Krankheiten®. Die Entdeckung der Phagozytose durch Metchnikoff und die
Beschreibung der Antikérper durch Behring und Ehrlich ebneten den Weg fur die Entdeckung weiterer
Immunzellen?™?'. Entgegen den Hoffnungen der ersten Infektionsimmunologen sind die Pocken bis
heute die einzige offiziell ausgerottete Infektionskrankheit™.

Das Verstdndnis der Immunitdat hat sich seit den ersten Impfversuchen von Edward Jenner vor fast 230
Jahren stark verdndert. Die Grundprinzipien der Wirkung der Immunitdt sind verstanden, aber bis
heute werden neue Immunzellen entdeckt und ihre Bedeutung bei der Beké&mpfung von
Pathomechanismen oder Autoimmunitdt entschlUsselt™?. Zu den neueren Konzepten der
Immunologie gehért zum einen, dass Immunantworten auf Krankheitserreger nicht per se positiv zu
bewerten sind, sondern im UbermaB oder nicht zielgerichtet auch sogenannte Immunpathologien
auslésen kénnen. Zum anderen weill man heute, dass Gewebe nicht nur Organ-typische Funktionen
ausuben, sondern auch aktiv an der Erregererkennung und Immunantwort beteiligt sind>°7%>,

In den vorliegenden sowie weiteren Forschungsarbeiten konnten wir durch die Etablierung und
Evaluierung neuer Tier- und Infektionsmodelle fur Mycobacterivm tuberculosis, Streptococcus
pneumoniae und SARS-CoV-2 in Mdusen und Hamstern relevante pathologische und protektive
Immunmechanismen nachweisen und interventionelle Therapiestrategien wie prdéventive
Impfstrategien charakterisieren.

Immunpathologien bei Tuberkulose, CAP und COVID-19

Die Weltgesundheitsversammlung verabschiedete 2014 die ,post-2015 End TB Strategy' der
WHO mit dem Ziel, bis 2030 die TB-Inzidenz um 80% und die Rate der TB-Todesfclle um 90% zu senken®.
Ein wissenschaftlicher Ansatz, sich diesem Ziel zu néhern, ist die Aufkldrung der Frage, welche
infizierten Personen, ausgehend von einer latenten TB, eine aktive TB entwickeln. Die rechtzeitige
Identifikation und medikamentdse Behandlung dieser sogenannten ,Progressoren” kénnte die
Transmissionsrate und somit die Inzidenz und die daraus resultierenden Todesféille deutlich senken.

Immun- und Pathomechanismen, die eine aktive TB und Progression beginstigen, wurden von uns und
anderen in Patienten- und Populationskohorten sowie Tiermodellen untersucht. Hierbei zeigte sich,
dass Typ-I-IFN, Neutrophilenantwort und die Granulomnatur eine Rolle spielen. 2010 wurde erstmalig
beschrieben, dass Patienten mit einer aktiven TB eine distinkte Transkriptom-Signatur im Blut
aufweisen. Anhand von 86 Genen lieB sich die aktive TB von anderen inflammatorischen und
Infektionskrankheiten unterscheiden. Fir die Grundlagenforschung war hierbei insbesondere die
Beobachtung relevant, dass es sich um eine IFN-y, vor allem aber auch eine Typ-I-IFN getriebene
Gensignatur von Neutrophilen handelte®. Typ-I-IFN und Neutrophile waren keine Immunkomponenten,
die bis dato mit intrazelluléren Mykobakterien assoziiert waren. Diese Entdeckung motivierte uns und
andere, die Rolle von Typ-I-IFN und Neutrophilen fur die Pathogenese der TB genauer zu untersuchen.
In mit Mycobacterium leprae-infizierten Patienten und /n vitro Modellen zeigte sich, dass die Typ-I-IFN
Antwort nachteilig ist, da sie Uber Interleukin (IL)-10 Induktion die effektive anti-mykobakterielle Typ-
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II-IFN Antwort (IFN-y) unterbindet®. Mayer-Barber et al. beschrieben fur Mycobacterium tuberculosis
Infektionen in Méusen und Patienten ein Immunnetzwerk, welches aus Typ-I-IFN, IL-1, und Prostaglandin
E2 (PGE;) besteht. Auch hier aggraviert Typ-I-IFN den Krankheitsverlauf, wohingegen IL-1 und IL-1-
induziertes PGE, protektiv wirken. IL-1 und PGE; inhibieren ihrerseits die Typ-I-IFN Produktion®. Wir
konnten anhand von Typ-I-IFN-Rezeptor (IFNAR1)-defizienten Mdusen bestdtigen, dass Typ-I-IFN
Signalisierung zu letalen TB Verléufen fUhrt. Daruber hinaus haben wir gezeigt, dass die Ursache in
einer ausgeprdgten Neutrophilenrekrutierung lag, und konnten diese mittels Neutrophilendepletion
reversieren'®, In einer weiteren Studie konnten wir zeigen, dass die pathologische
Neutrophilenantwort in der murinen TB durch Epithelzellen vermittelt wird, die nach Aktivierung das
Neutrophilen-rekrutierende C-X-C motif Chemokin 5 (CXCL5) produzieren®. DariUber hinaus zeigte sich,
dass eine Uberaktivierung der Neutrophilen durch eine Deletion einer regulatorischen mikro-
Ribonukleins@ure (miR), der miR-223, zu letalen Verldufen fUhrt®°. Diese Studien legen nahe, dass sowohl
Typ-I-IFN, die primér mit viralen Erkrankungen, als auch insbesondere Neutrophile, die primér mit
extrazelluldren Pathogenen assoziiert sind, maBgeblich an TB Pathologien beteiligt sind und deuten
ursdchlich auf eine fehlgeleite Immunitdt hin''.

Die Bedeutung von Neutrophilen und Typ-I-IFN bei aktiver TB war etabliert, jedoch blieb unklar, welche
Faktoren die Progression von latenter TB zu aktiver TB begUnstigen. Eine weitere groBangelegte
multizentrische TB-Studie konnte 2016 eine 16-Gen-Signatur identifizieren, die statistisch die
Progression von Patienten mit latenter TB zu aktiver TB vorhersagen konnte™? Diese Studie beschrieb
die gefundenen Gene jedoch ausschlieBlich als Biomarker, ohne Translation ihrer Bedeutung fur
Immunpathologie und -antwort. Im Zuge einer Progression zur aktiven TB kommt es zur Reaktivierung
der Mykobakterien und Strukturdnderungen der Granulome. Deswegen sind Tiermodelle, die
Granulome bilden, wie sie im Menschen beobachtet werden, essentiell, um die Progression, aber auch
Reversion dieser Prozesse zu studieren. Klassische Labormausstdmme wie Balb/c und C57BL/6 bilden
nur granulomartige Strukturen nach Infektion aus®. Daher haben wir humane Stammzellen der
fetalen Leber in NOD scid gamma (NSG)-defiziente Mduse transferiert, um sogenannte humanisierte
Mduse (Humanes Immunsystem (HIS)-NSG Mduse) zu generieren'®. Die HIS-NSG Mduse zeigten nach
Mycobacterium tuberculosis Infektion nekrotische Granulome und waren geeignet, die Effektivitét
einer Chemotherapie bei voll ausgebildeten Granulomen zu evaluieren'*. HIS-NSG Mduse haben jedoch
den Nachteil, dass man auf humane Spenderorgane, wie fetale Lebern angewiesen ist und der
Generierungsprozess technisch und zeitlich aufwendig ist. Nachdem Studien gezeigt hatten, dass
diversity outbred Mdause ebenfalls ein breites Spektrum an Granulomen abbilden kénnen, setzte sich
dieses einfachere Modell durch™®™, RibonukleinsGuren (RNA)-Sequenzierungsdaten aus verschiedenen
TB-Modellen, wie dem dliversity outbred Mausmodell und nichtmenschlichen Primaten, wurden mit
Daten von TB-Patienten integriert, um spezies-Ubergreifende Mechanismen zu identifizieren, die TB-
progrediente oder TB-kontrollierende Krankheitsmechanismen bedingen. Viele der zuvor genannten
Gene der 16-Gen-Signatur wurden auch in den Tiermodellen gefunden'’.

Die mathematische Integration von Tiermodelldaten mit Patienten-Daten ist auch ein Ansatz, den wir
in unserer Forschung verfolgen. Wir verwenden jedoch Einzelzellsequenzierungsdaten, da der
Informationsgehalt hier wesentlich feingranularer ist und auf einzelne Zellpopulationen
heruntergebrochen werden kann®. So kénnen wir einerseits abschdtzen, welche Tiermodelle for
welche Forschungsfragen geeignet sind, um andererseits, welche Immunprozesse zwischen den Spezies
konserviert sind.
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CAP zeichnet sich durch eine erhéhte MorbiditGt mit einer beachtlichen Sterblichkeitsrate aus™8',
ARDS ist eine durch Immunpathologie gekennzeichnete Komplikation der schweren CAP, die bei ~3%
der Streptokokken-CAP auftritt™. Zu Beginn der COVID-19 Pandemie lag die ARDS-Rate in Ermangelung
etablierter Behandlungsschemata und Impfstoffe bei 33% aller hospitalisierten COVID-19 Patienten und
damit deutlich hoéher als bei der Streptokokken-CAP™*™, Bei der zielgerichteten Behandlung von
bakteriellen sowie viralen Pneumonien steht neben der Pathogenreduktion auch die Prévention eines
ARDS und des damit verbundenen akuten Lungenversagens im Vordergrund.
Die Bedeutung der miR-223 und des Chemokins CXCL5 haben wir nicht nur im Kontext von TB, sondern
auch im Streptococcus pneumoniae Infektionsmodell untersucht”". Auch hier zeigte sich, dass trotz
des extrazelluldren Pathogens und der Notwendigkeit von Neutrophilen zur Kiérung der Bakterien?,
UberschieBende Neutrophilenantworten schwere Immunpathologien in vulnerablen Organen wie der
Lunge auslésen kédnnen. Im Pneumokokken-Pneumonie Mausmodell konnten wir zeigen, dass
insbesondere die Schddigung der alveolo-kapillaren Barriere fur letale VerlGufe verantwortlich ist.
Bemerkenswert hierbei war, dass eine zeitige, nicht aber eine verzdégerte Antibiotikagabe die
Lungenbarriere schitzte. Der Schutz war unabhéngig von der Wirksamkeit der Antibiotika, da zu allen
Zeitpunkten bakterielle Lasten effektiv reduziert wurden. Diese Daten wurden in weiteren
Untersuchungen bestdtigt, insbesondere die Stabilisierung der Integritdt der Lungenbarriere, zum
Beispiel mit dem Angiopoietin-1-Mimetikum Vasculotide. erwies sich als geeignete Strategie fir
adjuvante Antibiotikatherapien™. CXCL5-defiziente Mduse zeigen neben der eingangs erwdhnten
verringerten Rekrutierung von Neutrophilen und damit einhergehenden Reduktion inflammatorischer
Parameter, auch eine geschitzte Lungenbarriere™. Wir konnten zeigen, dass CXCL5 direkt auf
pulmonale Epithelzellen wirkt und ihre Durchldssigkeit erhéht, somit ist die Neutralisation von CXCL5
eine vielversprechende adjuvante Therapie, da sie zwei kritische Faktoren, die erhéhte Neutrophilen-
getriebene Inflammation, aber auch die Destabilisierung der epithelialen Lungenbarriere gleichzeitig
behandelt. Aber auch Strategien, die gezielt inflammatorische Prozesse hemmen, wie die Gabe von
Komplementkomponente C5a (C5a)-Spiegelmeren, kénnen letale Prozesse wie Lungen- und
extrapulmonales Organversagen bei schweren bakteriellen Pneumonien unterbinden™. Entsprechend
zeichnete sich Vilobelimab, ein anti-C5a Antikérper, auch in ventilierten COVID-19 Patienten als
mortalitétsverringernd aus™. Inflammations-suppressive adjuvante Therapien wie Kortikosteroide bei
schwerer CAP anzuwenden, liegt auf der Hand. Dennoch empfahl die ,American Thoracic Society and
the Infectious Diseases Society of America’ 2019 Kortikosteroide nicht als adjuvante Therapie bei
adulter CAP einzusetzen??. Die Studienlage war nicht eindeutig und insbesondere bei
Influenzapatienten gab es Anzeichen, dass eine Kortikosteroidbehandlung den Krankheitsverlauf
aggravieren kénnte™. Die Ergebnisse der von 2015 - 2020 gelaufenen und 2023 veréffentlichten CAPE
COD Studie legen jedoch nahe, dass Kortikosteroide die Sterblichkeit einer Untergruppe von CAP-
Patienten (erhohter Sauerstoffbedarf, Intensivpflichtigkeit, keine Influenzainfektion sowie kein
septischer Schock), senken kénnen. Das Umdenken ist sicherlich auch auf die COVID-19 Pandemie und
die seit der 2021-verdffentlichten RECOVERY Studie erfolgreich und vielfach eingesetzten
Kortikosteroiden zurUckzufUhren’. Trotz des routinemdBigen Einsatzes von Kortikosteroiden waren
die Mechanismen, die ihrer Schutzwirkung bei COVID-19 Patienten zugrunde liegen, unbekannt. Wir
haben daher in COVID-19 Hamstermodellen die Wirkungsweisen von Kortikosteroiden und
monoklonalen Antikérpern gegen SARS-CoV-2 untersucht. Wir konnten zeigen, dass dhnlich wie bei
aktiver TB und schwerer CAP, eine Uberaktivierung der Neutrophilen urséchlich fur schwere bis letale
Krankheitsverléufe war. Die Kortikosteroidtherapie adressierte gezielt inflammatorische
Leukozytenpopulationen und démpfte insbesondere eine Subpopulation Uberaktivierter Neutrophile.
Monoklonale Antikérpertherapie reduzierte die virale Last, konnte aber nur in Kombination mit
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Dexamethason schwere Krankheitsverldufe verhindern™. Dies entspricht unseren Beobachtungen im
Mausmodell der schweren CAP, wo eine zu spdt antibiotisch-behandelte Pneumokokken-Pneumonie
trotz Reduktion der Bakterienlast einen letalen Verlauf nimmt™.

Im Rahmen unserer COVID-19 Studien haben wir auch die erfolgreiche Immunantwort der Syrischen
Hamster mittels Einzelzellsequenzierung charakterisiert. Hierbei zeigte sich, dass eine ausgewogene
Typ 1 Immunitdt inklusive rekrutierter NK Zellen, CD4 Th1 und zytotoxischen CD8 T-Zellen sowie
neutralisierender Antikérper die Virusantwort kontrolliert und reversible Lungenpathologien auslést.
Die Neutrophilenantwort fiel im Vergleich zu den Roborovski Hamstern, welche sich durch schwere
letale COVID-19 VerlGufe auszeichnen, geringer aus®®, Der beste Schutz vor Infektionskrankheiten
bleibt jedoch die Prévention der Infektion.

Mukosale Immunitét durch Impfung

Impfungen erzielen im besten Fall eine Infektionsprévention, mindestens erreichen sie jedoch

asymptomatische bis mildere VerlGufe der Infektionskrankheit. Die ersten Versuche der
Impfstoffentwicklung basierten auf der Beobachtung, dass Genesene sich nicht erneut ansteckten.
Heute weiB3 man, dass ein erfolgreicher Impfstoff sowohl Pathogen-Antigene als auch Stimulanzien der
angeborenen Immunantwort enthalten muss. Ist der Impfstoff nicht endogen immunstimulierend, so
mussen Adjuvantien zugesetzt werden. Das Adjuvant stimuliert die Aktivierung der PRR und stellt
sicher, dass das applizierte Antigen als fremd erkannt wird und somit immunogen wirkt. Die
Aktivierung der adaptiven Immunzellen und Ausbildung von Gedéchtnis-T und -B-Zellen findet in den
lymphatischen Organen statt®.
Zugelassene COVID-19-Impfstoffe sind sehr erfolgreich, schwere KrankheitsverlGufe abzumildern, in
dem sie neutralisierende Serumantikérper, Plasmazellen und Gedéchtnis-T-Zellen induzieren, die im Fall
einer Infektion eine schnellere und stdrkere gezielte Imnmunantwort auslésen™'?, Aktuelle COVID-19-
Vakzine nutzen hierbei unterschiedliche Vakzin-Plattformen und Adjuvant-Formulierungen.
Adenovirus-Vektor-basierte sowie die neuartigen Boten-RNA (engl. messenger-(m)RNA) Impfstoffe
werden intramuskuldr verabreicht und induzieren somit primér systemische Immunantworten. Diese
systemische Immunitét verhindert jedoch keine initiale Infektion der oberen Atemwege, was sich an
der weiteren Ubertragung des SARS-CoV-2 Virus durch Geimpfte erkennen Iésst. So zeigten Studien, die
auf den nationalen Datenbanken des israelischen Gesundheitswesens basierten, dass die
Transmissionsraten durch die Pfizer/BioNTech BNT162b2 Impfung moderat reduziert, aber nicht
verhindert werden'?'%, Ziel der Impfstoffweiterentwicklung ist es zum einen, Transmissionsraten zu
senken und zum anderen méglichst breite Immunitét zu erzeugen, die nicht nur aktuelle, sondern auch
zukUnftige Virus-Varianten abdeckt. Insbesondere die Induktion von neutralisierenden IgA
Antikérpern verhindert die initiale Infektion der lokalen Gewebezellen und die Replikation der Viren in
den oberen Atemwegen',

In unserer Impfstudie verwendeten wir einen lebend-attenuierten Impfstoffkandidaten, der transnasal
appliziert wird, um diese Ziele zu erreichen. Unsere Kollegen aus dem Institut fUr Virologie, Fachbereich
Veterindrmedizin der FU Berlin haben hierfGr mittels Codon-Paar-Deoptimierung'* ein lebend-
attenuiertes SARS-CoV-2 generiert'”. Der Impfstoff-Kandidat sCPD9 wurde mittlerweile durch
Entfernung der Furin-Spaltstelle so modifiziert, dass er nicht mehr Ubertragbar ist'*. Wir konnten
zeigen, dass der Impfstoff-Kandidat sCPD9 mukosale Immunitét in Form von re-aktivierbaren
geweberesidenten Gedédchtnis-T-Zellen sowie neutralisierende IgA Antikérper induziert. DarUber
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hinaus schUtzte sCPD9 auch gegen neuartige Virusvarianten, inklusive Omicron®. Die Induktion einer
mukosalen Immunitdt ist hier vor allem auf die transnasale Applikation zuriockzufuhren, die die
natorliche Infektionsroute widerspiegelt”. Auch andere Vakzinplattformen induzieren mukosale
Immunitdt, wenn sie nasal appliziert werden, wie eine Reihe neuerer Studien zeigen. Ein intranasal
verabreichter Impfstoff-Kandidat, der auf einem SARS-CoV-2 Spike Trimer Protein in Kombination mit
einem neuartigen Adjuvant (LP-GMP), welches TLR2 und Sting stimuliert, basiert, induzierte ebenfalls
erfolgreich mukosale Immunitét in Form von Spike-spezifischen IgA und gewebe-residenten
Geddchtnis-T-Zellen in K18-hACE2 transgenen Mé&usen und schitzte vor Infektion mit dem parentalen
Delta SARS-CoV-2 Stamm'?, Eine einfache intranasale Immunisierung mit einem trivalenten COVID-19-
Impfstoff basierend auf einer Adenovirus-Plattform, welche Antigene der 3 SARS-CoV-2 Proteine Spike,
Nukleokapsid, und RNA-abhdngige RNA Polymerase (engl. RNA-dependent RNA polymerase (RARp))
exprimiert, induzierte mukosale Immunitéat, schitzte vor dem parentalen SARS-CoV-2 Stamm, sowie
gegen die Varianten Alpha und Beta®. Sogar die adjuvantien-freie intranasale Applikation des Spike
Proteins als Auffrischungsimpfung (engl. Boost) einer vorangegangenen intramuskuldren
Pfizer/BioNTech BNT162b2in Impfung induzierte mukosale Immunitét in Form von IgA und gewebe-
residenten Geddchtnis-T- und B-Zellen. Diese Strategie reduzierte, im Gegensatz zum klassischem
intramuskuldren Boost, auch die Transmissionsraten der Versuchstiere™. Ad5-nCoV ist ein
aerosolisierter mukosaler Impfstoff, der fur Hochrisikogruppen in Indien und China zugelassen ist. Eine
kUrzlich veroffentliche Studie bestdtigte die Sicherheit und Immunogenitét von Ad5-nCoV anhand von
10.059 Probanden in der Sicherheitsstudie und 416 Probanden in der Immunogenitétsstudie.
Probanden, die mit aerosolisiertem Ad5-nCoV im Gegensatz zu inaktiviertem Impfstoff geboostert
wurden, hatten signifikant erhéhte neutralisierende Antikérper gegen die Omicron Varianten
BA.4/5™.

Die Erkenntnis der Bedeutung der Induktion einer mukosalen ImmunitGt durch Impfstoffe™ ist eine
wichtige Entwicklung, ein weiterhin bestehender Nachteil der géingigen COVID-19-Impfstoffe bleibt
jedoch die Fokussierung auf das Virushillen Glykoprotein Spike. Das SARS-CoV-2 Spike Protein bindet
an den Wirtszellen-Rezeptor ACE2 und vermittelt die Virus-Zell-Fusion sowie die Fusion von
Zellmembranen und ist essentiell for die Infektiositdt und Vermehrung von SARS-CoV-2. Nicht nur
COVID-19-Impfstoffe, sondern auch die natiUrliche Immunitét generiert neutralisierende Antikérper
gegen Spike™?™4, Die Entstehung von Escape-Varianten mit Fluchtmutationen im Spike Gen legt nahe,
die antigene Wirkung der zukiUnftigen Impfstoffe breiter anzulegen™. Eine Moglichkeit, diese
Problematik zu adressieren, ist die Verwendung von lebend-attenuierten Impfstoffen, die, wie wir in
unserer Studie zeigen konnten, ein breiteres Antigenspektrum abdecken®. Eine Alternative ist die
Supplementierung lizensierter Vakzin-Plattformen mit zusdtzlichen Antigenen, die sowohl zelluldre T-
Zellimmunitdt und ein breiteres Spektrum an neutralisierenden Antikérpern stimulieren. Der auf mRNA-
Plattform basierende Impfstoffkandidat BNT162b4 soll gezielt T- Zellen stimulieren und beinhaltet
hierfor Antigene des Nukleokapsids, der Membran und der ORFlab-Proteine, jedoch keine Spike
Antigene®™®. Der zuvor erwdhnte intransal verabreichte trivalente COVID-19-Impfstoff beinhaltet
Antigene der Proteine Spike, Nukleokapsid und RdRp'°. Beide multi-antigenen Impfstoffe vermittelten
ebenfalls Schutz gegen die nicht-parentale SARS-CoV-2 Variante 273,

AbschlieBend ldsst sich feststellen, dass die erfolgreiche Entwicklung von Impfstoffen wie auch von
Medikamenten gegen Immunpathologien profunde Kenntnisse der protektiven und pathologischen
Immunitét, aber auch der Erregerbiologie voraussetzt. Die Infektionsimmunologie ist eine wichtige
Schnittstelle zwischen Grundlagenforschung und translationaler Forschung. Aktuelle Entwicklungen in
Richtung Multi-Omics Analysen bieten die Moglichkeit, komplexe Sachverhalte und parallel
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ablaufende Prozesse synchronisiert zu betrachten und auszuwerten. Insbesondere die Integration und
Auswertung von Cross-Spezies Datensdtzen bietet die Chance, allgemeingiltige immunologische
Korrelate fur Schutz sowie Pathologie zu identifizieren und dieses Wissen in neue, im Tiermodell
untersuchbare und im Patienten wirksamen Medikamente zu translatieren®.

4 Zusammenfassung

Diese Arbeit untersucht die Entstehung von Immunpathologien, die schweren pathogen-
induzierten Pneumonien zugrunde liegen, und zeigt mégliche Behandlungs- und Prédventionsstrategien
anhand eigens etablierter und angewandter Tiermodelle auf. Dazu wurden modernste
Untersuchungsmethoden wie die Einzelzellsequenzierung eingesetzt und neuartige Tiermodelle wie
humanisierte Mduse und CAP Modelle fir die Evaluierung adjuvanter Therapien sowie COVID-19-
Hamstermodelle entwickelt.

Wir zeigen, dass in den drei untersuchten Infektionskrankheiten TB, CAP und COVID-19 eine
fehlgeleitete Neutrophilenantwort schwerwiegende Lungenschdden und Krankheitsverléufe
verursachen kann. Gleichzeitig demonstrieren wir den Erfolg einer gezielten therapeutischen
Adressierung dieser inflammatorischen Immunzellen. In der TB sind vor allem Neutrophilenantworten,
die durch Typ-I-IFN stimuliert werden, fir eine Reaktivierung von dormanten Mykobakterien in
Granulomen und somit fur den Ubergang von latenten zu akuten infektidsen Krankheitsbildern
verantwortlich. Auch schwere akute TB-VerlGufe zeichnen sich durch UberschieBende
Neutrophilenantworten aus, die unter anderem durch die lokale Aktivierung des Epithels und die
Ausschuttung des Chemokins CXCL5 verursacht werden. In der CAP und bei COVID-19 treten bei
schweren Verldufen UberschieBende Neutrophilenantworten auf, die Schéden an der alveolo-
kapilléiren Barriere verursachen und somit akutes Lungenversagen provozieren kénnen. Moderate
COVID-19 Verldufe zeichnen sich dagegen durch eine mdéBige und reversible Rekrutierung von
Neutrophilen aus. Neben Therapien, die die Pathogenlast reduzieren - wie Antibiotika bei
Pneumokokken-CAP sowie Virostatika und anti-virale Antikérper bei COVID-19 - sind vor allem
adjuvante Therapien wirksam, die die Inflammation reduzieren. Wir konnten nachweisen, dass die
Anwendung von Kortikosteroiden in COVID-19 die inflammatorischen Reaktionen von Neutrophilen
limitiert und somit letale Krankheitsverléufe unterbindet. Kortikosteroide hatten zwar in unseren
Analysen den stérksten Einfluss auf Neutrophile, jedoch beeinflussen sie auch ein breites Spektrum an
Immun- und Gewebezellen. Eine ideale adjuvante Therapie wirde einen bekannten und zielgerichteten
Wirkmechanismus haben. Hier hat sich Vasculotide als wirksames Adjuvans erwiesen. Es aktiviert den
Tie-2 Rezeptor und stabilisiert gezielt die endotheliale Lungenbarriere. Ein weiterer vielversprechender
Kandidat ist CXCL5. CXCL5 wird von aktivierten Epithelzellen lokal produziert, um inflammatorische
Neutrophile zu rekrutieren und die Lungenbarriere direkt zu destabilisieren. Die Therapie wirde also
lokal wirken und sowohl die Zahl der Entzindungszellen begrenzen als auch der Destabilisierung der
Lungenbarriere entgegenwirken.

Die effektivste Strategie zur Bekdmpfung von Infektionskrankheiten bleibt jedoch die Prédvention. Wir
konnten nachweisen, dass eine Impfstrategie mit intranasaler Applikation eines Lebendimpfstoffs
besonders erfolgreich ist. Dies liegt daran, dass sie durch das erweiterte Antigenspektrum auch vor
nicht-parentalen Virusvarianten schutzt und die Infektions- und Transmissionsrate drastisch senkt,
indem sie die mukosale Immunitét induziert.
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