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1 Einleitung

1.1  Eine gesundheitspolitische Einordnung der SARS-CoV-2-Pandemie

Aufgrund der rapiden weltweiten Ausbreitung von Infektionen mit dem severe acute
respiratory syndrome coronarvirus type 2 (SARS-CoV-2), ursidchlicher Erreger von
coronavirus disease 2019 (COVID-19), rief der Generaldirektor der World Health
Organization (WHO) am 20. Mérz 2020 die SARS-CoV-2-Pandemie aus!. Die Pandemie
wirkte sich weltweit auf das Gesundheitswesen, die Gesellschaft, die Wirtschaft und das
tagliche Leben der Menschen aus und stellte eine der ersten grolen Herausforderungen des
21. Jahrhunderts dar. Bis heute (Stand: 29.03.2025) wurden mehr als 777,5 Millionen Fille von
COVID-19 und iiber sieben Millionen assoziierte Todesfille von der WHO registriert?.
Zwischen 2019 und 2021 kam es pandemiebedingt zu einer Verringerung der weltweiten

Lebenserwartung von anderthalb Jahren?.

Regierungen und Gesundheitssysteme wurden vor enorme Herausforderungen gestellt. Die
pandemische Ausbreitung des Virus erforderte schnelle gesundheitspolitische Entscheidungen,
um Infektionsketten zu durchbrechen, die Gesundheitsversorgung sicherzustellen und die
negativen Auswirkungen auf die Bevolkerung zu minimieren. Lockdowns, social distancing,
Maskenpflicht und andere MaBnahmen wurden in vielen Lindern eingefiihrt, um die
Verbreitung des Virus zu verlangsamen. Medizinische Ressourcen wurden fiir die Versorgung
von Patientlnnen mit COVID-19 priorisiert genutzt, was zu Einschrankungen bei der
Verfiigbarkeit von diagnostischen Verfahren und therapeutischen MaBnahmen fiir andere
Krankheiten fiihrte. Infektiologische Sicherheitsbedenken bewirkten, dass elektive
Untersuchungen und Eingriffe verschoben wurden. Dies hatte aufgrund von Diagnose- und
Behandlungsverzogerungen fiir Patientlnnen mit chronischen und/oder insbesondere hamato-
logischen/onkologischen Erkrankungen weitreichende Folgen®*. Das Spannungsfeld zwischen
dem Schutz vulnerabler Gruppen und dem Risiko einer daraus resultierenden medizinischen
Unterversorgung anderer Patientengruppen spiegelt die Komplexitdt der Pandemiebewiltigung

fir das Gesundheitswesen wider.

Die Pandemie fiihrte weltweit aber auch zu einer beispiellosen Kooperation in der Wissenschaft
und im Gesundheitswesen zur Erforschung und Bekdmpfung von COVID-19. Im Dezember
2019 fielen 41 Fille einer neuartigen Pneumonie in der chinesischen Stadt Wuhan auf®.

Retrospektiv markierte dieser Ausbruch den Beginn der SARS-CoV-2-Pandemie, die Anfang
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2020 Deutschland erreichen sollte. Fiir Europa erfolgte die Empfehlung zur Zulassung eines
ersten antiviralen Therapeutikums gegen SARS-CoV-2 bereits im Juni sowie eine Empfehlung

zur Zulassung eines mRNA-basierten Impfstoffs im Dezember des Jahres 20205,

Anhaltende Herausforderungen fiir Wissenschaft und Gesundheitswesen stellen die virale
Evolution mit dem Aufkommen neuer Virusvarianten und das Post COVID-19-Syndrom, also
die klinischen Langzeitfolgen von Infektionen mit SARS-CoV-2, dar. Uber das komplexe
Krankheitsbild tauschten sich betroffene Patientlnnen pandemiebedingt zunéchst iiber soziale
Netzwerke aus®, bevor die WHO auf die Problematik im Sinne eines postinfektiosen/-viralen

Syndroms erstmals im August 2020 hinwies®!°.

1.2 Klinischer und virologischer Verlauf von COVID-19

Friihe Infektion Pulmonale Phase Hyperinflammatorische Phase
(~7 Tage) (~3-5 Tage) (~4-7 Tage)

Hospitalisierung
Intensivmedizinische Versorgung

Viruseintritt

Ausbreitung der Infektion

tiber die Schleimhaute Post COVID-19

Virale Replikation

Zeit
Antiviral Behandlung Immunmodulatorische Behandlung

Abbildung 1: Phasenhafter Verlauf von COVID-19

Modifiziert nach Siddiqi, H.K., and Mehra, M.R. (2020). COVID-19 iliness in native and immunosuppressed states: A clinical-therapeutic staging proposal.
The Journal of Heart and Lung Transplantation 39, 405-407. 10.1016/j.healun.2020.03.012."

Der klassische klinische Verlauf von COVID-19 ist phasenhaft (vgl. Abbildung 1). Zu Beginn
steht die virale Replikation und Ausbreitung von SARS-CoV-2 im Koérper im Vordergrund
(Friihe Infektion). SARS-CoV-2 kann mit Hilfe des spike Proteins iiber die ACE-Rezeptoren
(ACE: angiotensin converting enzyme 2), die ubiquitir im Korper vorhanden sind, in Zellen
eindringen. Dies flihrt zur Beteiligung verschiedener Organsysteme, was die Symptomvielfalt
von COVID-19 erklért. Da die Lunge eine besonders hohe Dichte an ACE-Rezeptoren aufweist,
ist diese besonders exponiert, was sich klinisch als Pneumonie manifestieren kann (Pulmonale
Phase). Bei einer iiberschiefenden Immunantwort des Wirtes kann es nachfolgend zu einer
iiberschiefenden Inflammation mit kritischer Morbiditdt kommen (Hyperinflammatorische
Phase). Entsprechend steht therapeutisch zunéchst eine antivirale und im Verlauf der Infektion

eher eine immunmodulatorische Therapie im Vordergrund. Nicht alle PatientInnen durchlaufen
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jede Phase und die klinische Entwicklung kann von milden Symptomen bis zum Tod
variieren!!. Beschwerden, die mit einer SARS-CoV-2-Infektion in Verbindung gebracht
werden, dabei ldnger als drei Monate persistieren und nicht durch eine andere Ursache erklérbar
sind, werden dem Post COVID-19-Syndrom subsummiert!?. Es fasst einen heterogenen
Symptomkomplex multifaktorieller Atiologie zusammen, wobei ein persistierendes
SARS-CoV-2-Reservoir, Reaktivierungen latenter Herpesviren, autoimmune Prozesse sowie
Gewebeschidden und -dysfunktionen durch Hypoxdmie und/oder Mikrothromben im Vorder-
grund stehen!>!%. Eine interdisziplindre Behandlung der betroffenen PatientInnen ist somit

notwendig.

Tabelle 1: Ordinal Clinical Severity Scale’ WHO-Ordinalskala

Patientenstatus Deskriptoren Score

Uninfiziert Kein klinischer oder virologischer Nachweis einer Infektion 0

Ambulant Keine Aktivitdtseinschrankungen 1
Aktivitdtseinschrankungen 2

Hospitalisiert Keine Sauerstofftherapie 3
Sauerstoff per Maske oder Nasensbrille 4
Nicht-invasive Beatmung oder Aigh-flow Sauerstofftherapie 5
Intubation und invasive Beatmung 6
Invasive Beatmung und zusétzliche Organunterstiitzung einschlielich ECMO 7

Tot Tod 8

Modifiziert nach Rubio-Rivas, M., Mora-Lujéan, J.M., Formiga, F., Arévalo-Canas, C., Lebron Ramos, J.M., Villalba Garcia, M.V., Fonseca Aizpuru, E.M., Diez-
Manglano, J., Arnalich Fernandez, F., Romero Cabrera, J.L., et al. (2022). WHO Ordinal Scale and Inflammation Risk Categories in COVID-19. Comparative Study of
the Severity Scales. J Gen Intern Med 37, 1980-1987. 10.1007/s11606-022-07511-7.13

Abkiirzung: ECMO = extracorporeal membrane oxygenation (deutsch: Extrakorporale Membranoxygenierung)

Um den klinischen Krankheitsverlauf von COVID-19 standardisiert beurteilen zu kénnen, hat
die WHO die Ordinal Clinical Severity Scale (im Weiteren: WHO-Ordinalskala) entwickelt
(vgl. Tabelle 1). Diese Skala umfasst neun Stufen, die den Schweregrad der Erkrankung anhand
des klinischen Verlaufs und der Inanspruchnahme von Ressourcen des Gesundheitswesens
beurteilen, beginnend von keinem Hinweis auf eine Infektion (Score: 0) bis zum Tod
(Score: 8). Die WHO-Ordinalskala ermoglicht eine Klassifizierung des Krankheitsverlaufs und
hilft dabei, die Behandlung und das Management von PatientInnen mit COVID-19 zu standardi-
sieren. Ein wichtiger Schwellenwert auf der Skala ist der Ubergang von einer leichten
(Score: 1-3) zu einer mittelschweren Erkrankung (Score: 4), der durch den Beginn einer
unterstiitzenden Sauerstofftherapie definiert ist. Darliber hinaus kennzeichnet der Einsatz

mechanischer Beatmung das Fortschreiten zu einer schweren Erkrankung (Score: 5-7)'°.



Neben dem klinischen muss auch der virologische Verlauf von COVID-19 beriicksichtigt
werden. Bei Nachweis von >10"6 SARS-CoV-2-Kopien/ml mittels Polymerasekettenreaktion
(PCR: polymerase chain reaction) aus einem nasopharyngealen Abstrich wird allgemeinhin
von Infektiositdt ausgegangen, da in vitro Daten eine Korrelation zwischen einer entsprechend
hohen Viruslast und der viralen Kultivierbarkeit sowie der damit einhergehenden Kontagiositét
belegt haben'é. Insbesondere bei PatientInnen mit systemischer Immundefizienz kann es trotz
Verbesserung des klinischen Zustandes zu langen Nachweisen infektiologisch formal rele-
vanter Mengen von SARS-CoV-2 kommen mit dem Risiko der Ubertragung auf andere Patient-

1724 Dabei korreliert die Dauer eines relevanten

Innen und/oder das medizinische Fachpersona
SARS-CoV-2 Nachweises mittels PCR auch mit der Wahrscheinlichkeit des Auftretens eines

Post COVID-19-Syndroms?.

In der vorliegenden Arbeit ist der Nachweis von >10"6 SARS-CoV-2-Kopien/ml {iiber
mindestens 21 Tage mittels PCR als prolongierter virologischer Verlauf definiert®®?’. Auch
wenn nur im Falle einer positiven Viruskultur eine relevante Infektiositit dieser Patienten-
gruppe besteht, sind Patientinnen mit prolongiertem Nachweis von SARS-CoV-2 mittels PCR
im tdglichen Leben, einschlieBlich des Zugangs zum medizinischen System, weiterhin einge-
schrankt. In der Folge kann die Behandlung anderer therapie- oder kontrollbediirftiger

Erkrankungen beeintréchtigt sein®.

1.3  Risikofaktoren fiir schwere klinische und/oder prolongierte virologische Verliufe
von COVID-19

Hohes Risiko

Alter {
(Jahre)

Der wichtigste Risikofaktor ist das zunehmende Alter.
Komorbiditaten

(z.B. Diabetes mellitus, Chroni-
sche Nierenerkrankungen, ‘
Ubergewicht, Chronische
Lungenerkrankungen,
Schwangerschaft)

Impfstatus und ‘ =3 Antigenkontakte* 2 Antigenkontakte <2 Antigenkontakte  Kein Antigenkontakt
Datum der letzten Impfung

(min. 1 Impfung) erfolgt

*Jahrliche Auffrischungsimpfung im Herbst fiir Personen 260. Lebensjahr und/ oder Risikopatientinnen.
Immundefizienz Kortikosteroide Lymphozytendepletion (z.B. anti-CD20)
(exemplarische Therapien und { . ) Antimetabolite Organtransplantation  Stammzelltransplantation
Bedingungen) Biologics (z.B. anti- (z.B. Mycophenolat)
tumour necrosis factor) AIDS Hamatologische Neoplasie

Soziodemografische Faktoren und nicht-pharmazeutische Interventionen beeinflussen das Expositionsrisiko

Abbildung 2: COVID-19 Risikokontinuum

Modifiziert nach www.health.state.mn.us/di: onavirus/hcp itions.html. (Zugriff Oktober 2023).




Immungeschwéchte PatientInnen weisen — trotz aktuell breitem immunologischem Schutz der
Gesamtbevolkerung durch SARS-CoV-2-Impfungen und/oder durchgemachte Infektionen —
weiterhin ein erhohtes Risiko fiir schwere Verldufe von COVID-19 auf (vgl. Abbildung 2). In
Folge der Immundefizienz ist die protektive Immunantwort auf Impfungen und/oder durch-

gemachte Infektionen eingeschrénkt?.

Zunehmendes Alter (=50. Lebensjahr) stellt den zentralen Risikofaktor fiir einen schweren
klinischen Verlauf von Infektionen mit SARS-CoV-2 dar. Altere PatientInnen haben aufgrund
einer fortschreitenden Immunseneszenz und einer hoheren Wahrscheinlichkeit fiir Komorbidi-
titen ein weniger effektives Immunsystem?®. Zu den priadisponierenden Grunderkrankungen
zdhlen arterielle Hypertonie, Diabetes mellitus, Adipositas, interstitielle und chronisch-
obstruktive Lungenerkrankungen, Thrombophilien, chronische Nieren- und Lebererkran-
kungen sowie solide Neoplasien unter Therapie. Im Vergleich zur saisonalen Influenza war das
Risiko schwerer Krankheitsverldufe bei Patientlnnen mit COVID-19 h6her, wobei PatientInnen
mit COVID-19 im Vergleich jiinger waren und weniger Komorbiditidten aufwiesen als

Patientlnnen mit Influenza3%-3!

. Die einzelnen genannten Erkrankungen haben einen stark
divergierenden immunsuppressiven Effekt. Dabei ist nicht nur die Komorbiditit per se, sondern
auch deren kumulative Anzahl im Sinne einer Potenzierung des immunsuppressiven Ausmales
entscheidend. In der Folge befindet sich das Immunsystem in einem chronisch pro-
inflammatorischen Status mit jedoch persistierend niedrig-gradiger Aktivierung des angebo-
renen Immunsystems?®2. Differenzierte Daten zu einzelnen Subgruppen sind derzeit limitiert und
schranken individualisierte Empfehlungsmoglichkeiten ein. Daher werden Daten einzelner
Subgruppen auf vergleichbare und/oder iibergeordnete Gruppen transferiert. Vornehmlich
iltere, multimorbide PatientInnen mit einem hohen Risiko fiir einen schweren klinischen und
einem geringen Risiko fiir einen prolongierten virologischen Verlauf von COVID-19 haben
eine Indikation fiir eine antivirale Monotherapie im Falle einer Infektion mit SARS-CoV-2. Ein
solches Kollektiv wurde in eine Studie aufgenommen, in der antivirale Monotherapien als
therapeutische Intervention anhand der WHO-Ordinalskala klinisch evaluiert wurden und die

Teil der vorliegenden Habilitationsschrift ist (vgl. Kapitel 1.8.2 und 2.4)3.

Von einer systemischen Immundefizienz wird in dieser Habilitationsschrift bei Patientlnnen
mit angeborenen oder erworbenen Immundefekten, mit hidmatologischen Neoplasien, mit
Autoimmunerkrankungen und/oder nach Transplantation solider Organe oder von Stammzellen
mit Indikation einer systemischen immunsuppressiven Therapie einschlieBlich Lymphozyten-

depletierender Therapien ausgegangen. Eine systemische Immundefizienz schrinkt Immun-
-9-



antworten auf Infektionen und/oder Impfungen so stark ein, dass ein hohes Risiko fiir einen
prolongierten virologischen Verlauf von COVID-19 besteht (vgl. Kapitel 1.2), der neben dem
potenziell schweren klinischen Verlauf therapeutisch beriicksichtigt werden sollte. Um pro-
longierten Virusnachweisen entgegenzuwirken, haben wir Kombinationen aus direkt
antiviralen Wirkstoffen (DAAs: direct-acting antivirals) und/oder neutralisierenden mono-
klonalen Antikorpern (mABs: monoclonal antibodies) als therapeutische Intervention in der
Erstlinie im Falle einer Infektion mit SARS-CoV-2 in einem Patientenkollektiv mit einer hohen
Privalenz fiir die genannten immunsupprimierenden Grunderkrankungen und/oder Therapien

in einer weiteren Arbeit betrachtet (vgl. Kapitel 1.8.2 und 2.5)?’.

1.4  COVID-19-Impfempfehlungen der Stindigen Impfkommission
(Stand: 23.01.2025)

Im Dezember 2023 hatten laut WHO 67% der Weltbevolkerung zumindest eine vollstdndige
Primérserie eines COVID-19-Impfstoffs und 32% zusétzlich mindestens eine Auffrischungs-
impfung erhalten. Im globalen Vergleich waren dabei deutliche regionale Unterschiede zu
beobachten®*. Geschitzt konnten weltweit 19,8 Millionen Todesfille, die mit COVID-19

assoziiert gewesen wiren, durch Impfungen verhindert werden®.

Eine Basisimmunitit gegen SARS-CoV-2 wird nach drei Antigenkontakten durch Impfungen
und/oder Infektionen erreicht. Dabei scheint eine hybride Immunitdt, die durch eine Kombi-
nation von natlirlicher Immunantwort nach einer Infektion und kiinstlicher Immunantwort
durch Impfung erreicht wird, einer Schutzwirkung durch drei Impfungen ohne Infektions-
ereignis tiberlegen zu sein®®3?. Auch bei alleinigen SARS-CoV-2-Infektionen ohne Impfung

wird von einer geringeren Schutzwirkung als durch eine hybride Immunitét ausgegangen®.

Die Expertlnnen der Stindigen Impfkommission (STIKO) in Deutschland empfehlen derzeit
allen Personen ab einem Alter von 18 Jahren eine Basisimmunitit gegen SARS-CoV-2 zu
erlangen, wobei zumindest ein Antigenkontakt durch Impfung erfolgen sollte. Fiir Patienten-
gruppen mit hohem Risiko fiir schwere klinische und/oder prolongierte virologische Verldufe
von COVID-19 (vgl. Kapitel 1.3) sowie deren unmittelbare Kontaktpersonen spricht sich die
STIKO bis auf Weiteres ab einem Alter von sechs Monaten zusétzlich fiir jdhrliche
Auffrischungsimpfungen im Herbst aus. Dafiir sollen Impfstoffe mit aktueller SARS-CoV-2-

Variantenanpassung geméB den Vorgaben der WHO verwendet werden®!.
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Bei PatientInnen mit ausgeprigter Immundefizienz kann laut STIKO eine serologische Unter-
suchung auf spezifische Immunglobuline G gegen das spike Protein von SARS-CoV-2
(SARS-CoV-2 anti-spike IgG) zur Evaluation der Impfansprechraten erfolgen*?. Es ist jedoch
kein Antikorpertiter definiert, bei dessen Erreichen von einem Schutz vor schweren Verldufen
von COVID-19 ausgegangen werden kann. Gegen den SARS-CoV-2-Wildtyp wurden initial
absolute Gesamttiter von 264,0 BUA/ml als effektiv diskutiert*’. Wir konnten zeigen, dass nach
Gabe von mABs die serologische Uberpriifung der SARS-CoV-2-Impfantwort bei PatientInnen
mit systemischer Immundefizienz falsch positiv sein kann, was entsprechend beachtet werden
muss*. AuBerdem wird durch Messungen von SARS-CoV-2 anti-spike IgG der prozentuale
Anteil neutralisierender Antikorper (NABs: neutralizing antibodies), also die Antikorper, die
SARS-CoV-2 tatséchlich spezifisch neutralisieren, noch nicht erfasst. Ein durch Antikorper
neutralisiertes Virus kann menschliche Zellen nicht mehr infizieren. Studien haben zwar eine
positive Korrelation zwischen dem Gesamttiter von SARS-CoV-2 anti-spike IgG und dem
Anteil der NABs belegt*, jedoch muss beriicksichtigt werden, welche Virusvarianten
tatsdchlich neutralisiert werden (vgl. Kapitel 1.7). Zusétzlich zur humoralen Immunantwort
miisste die zelluldire Immunantwort, in der Routinediagnostik beispielsweise tiber Messung

SARS-CoV-2-spezifischer Interferon-Gamma-Spiegel, gesondert erfasst werden.

Fiir individualisierte Impfempfehlungen fiir die heterogene Patientengruppe mit einem weiter-
hin bestehenden Risiko fiir schwere klinische und/oder prolongierte virologische Verldufe
(Kapitel 1.3) ist die aktuelle Studienlage zu begrenzt. In Abhidngigkeit des Grades der
Immunkompetenz ist von einer geringeren Immunogenitit der Impfungen und/oder einem
rascheren Schwinden der Immunitit iiber die Zeit bei diesen Patientlnnen auszugehen, wie es
beispielhaft fiir Patientinnen mit soliden Neoplasien gezeigt wurde***°. Dennoch ist der
klinische Nutzen einer Impfung gegen SARS-CoV-2 in der Subgruppe der PatientInnen mit
soliden Neoplasien trotz der reduzierten Immunantwort belegt. Es konnte fiir geimpfte
Patientlnnen eine Verringerung des Risikos von Durchbruchinfektionen, schwerer Verldufe
und méglicher Folgeschéden verglichen mit ungeimpften PatientInnen gezeigt werden>*>. Bei
PatientInnen mit Karzinomen unter Checkpoint-Inhibition konnte durch eine Impfung gegen
die Influenza sogar ein Uberlebensvorteil belegt werden®®. Differenzierte Daten zum Impf-
ansprechen bei einzelnen Tumorentititen fehlen bisher. In drei Arbeiten einer longitudinalen
SARS-CoV-2-Impfstudie, die in die vorliegende Habilitationsschrift eingegangen sind, lag der
Fokus deshalb auf PatientInnen mit gastrointestinalen Karzinomen (vgl. Kapitel 1.8.1, 2.1, 2.2

und 2.3)°°%!. Dabei konnen die Ergebnisse dieser Studien wiederum auf PatientInnen mit
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anderen soliden Krebserkrankungen iibertragbar sein. In Zusammenschau wird derzeit von
einer reduzierten Schutzwirkung bei Patientlnnen mit soliden Neoplasien im Vergleich zu
gleichaltrigen, immunkompetenten Personen ausgegangen, sodass die seitens der STIKO
empfohlenen jdhrlichen Auffrischungsimpfungen von den deutschen und amerikanischen
Leitlinien fiir PatientInnen mit himatologischen/onkologischen Neoplasien geteilt werden$%3,
Durch die Auffrischungsimpfungen wird die Basisimmunitit in diesen Patientengruppen auf-
rechterhalten und es wird auf neue Virusvarianten reagiert. Insbesondere bei Risikopatient-

Innen, die den Empfehlungen nicht folgen, sollten antivirale Therapien eingesetzt werden.

1.5  Antivirale Therapien von COVID-19

Drei direkt wirksame DAAs haben sich als besonders wirksam bei SARS-CoV-2-Infektionen
erwiesen: Das Nukleosidanalogon Remdesivir (RDV) hemmt die virale Replikation in der
Phase der Frithen Infektion bei ungeimpften und geimpften PatientInnen und konnte dadurch
Vorstellungen in der Notaufnahme, Hospitalisierungen und Todesfille effektiv verhindern®*5°,
Zusitzlich wurde im Verlauf der Pandemie die Wirksamkeit von RDV in der Pulmonalen Phase
bei COVID-19-Pneumonien mit low-flow Sauerstoffpflichtigkeit vor allem auch in Kombi-
nation mit dem immunmodulatorischen Dexamethason belegt®®®’. In der Friihen Phase der
Infektion war der Einsatz des geboosterten Proteaseinhibitors Nirmatrelvir/ Ritonavir (NIR/r)
als alternatives DAA vergleichbar effektivé®®®. Auch die Gabe von Molnupiravir (MOL), das
wie RDV die virale Replikation hemmt, wird in der Frithen Phase der Infektion auf Grundlage
der MOVe-Out Studie durch die WHO empfohlen’®”!. Fiir Europa hat die European Medicines
Agency (EMA) eine bedingte Zulassung im Februar 2023 nach Re-Evaluation der Datenlage
jedoch zuriickgenommen’?. Erginzend zu den Daten beziiglich der kombinierten Endpunkte
der Studien (Vorstellungen in der Notaufnahme, Hospitalisierungen und Todesfille) fehlen
fundierte Daten zum klinischen Verlauf unter antiviralen Monotherapien, die wir in unserer

obenen genannten Studie nun erhoben haben (vgl. Kapitel 1.3, 1.8.2 und 2.4)*3.

Zahlreiche mABs respektive mAB-Kombinationen mit Wirksamkeit gegen verschiedene
SARS-CoV-2-Varianten wurden in der Frithen Phase der Infektion therapeutisch und/oder als
Priaexpositionsprophylaxe eingesetzt. MABs neutralisieren das Virus und verringern somit die
Schwere der Erkrankung. Gerade fiir Hochrisikopatientlnnen, die nach Impfung keine
ausreichende Immunantwort ausgebildet hatten, waren diese Substanzen essenziell (vgl.
Kapitel 1.4). Durch virale Evolution, insbesondere durch Verdnderungen am spike Protein,
verloren alle Antikorper im Verlauf der Pandemie im Gegensatz zu den DAAs bisher

-12 -



sukzessive ihre Wirksamkeit’? (vgl. Kapitel 1.6). Aktuell haben mABs daher keine wesentliche
Bedeutung in der Therapie und/oder Prophylaxe von Infektionen mit SARS-CoV-2.

Grundsitzlich konnte ein Riickgang von Hospitalisierungen und der Mortalitét bei PatientInnen
mit systemischer Immundefizienz und entsprechend eingeschrinkter Immunantwort nach
Impfungen und/oder Infektionen mit SARS-CoV-2 unter antiviralen Monotherapien belegt
werden’*77. Das Problem des prolongierten SARS-CoV-2-Nachweises bei diesen PatientInnen
wurde durch antivirale Monotherapien jedoch nicht ausreichend geldst. Auf Grundlage von in

vitro- und Tiermodelldaten’® 82

wurden bei Hochrisikopatientlnnen mit systemischer Immun-
defizienz daher nicht nur Monotherapien, sondern auch Kombinationen der verschiedenen
genannten Substanzen therapeutisch eingesetzt, um schweren klinischen Verldufen und
insbesondere auch prolongierten Virusnachweisen zu entgegnen. In ersten Fallberichten und -
serien zum Einsatz antiviraler Kombinationstherapien bei COVID-19 bei Menschnen wurden
diese reaktiv eingesetzt, wenn es bereits zu einem prolongierten Verlauf der Infektion
gekommen war®~4, Kombinationstherapien sind derzeit in Deutschland nur mit RDV und
NIR/r sinnvoll méglich, da alle mABs wie dargestellt ihre Wirksamkeit verloren haben®. Fiir
individualisierte Therapieempfehlungen sind die Daten bisher aber zu limitiert, sodass eine
infektiologische Expertenmeinung eingeholt werden sollte. Es fehlen weiterhin groflere
Untersuchungen, ob durch den Einsatz antiviraler Kombinationstherapien bei PatientInnen mit

systemischer Immundefizienz in der Erstlinie die Rate prolongierter Virusnachweise hitte

reduziert werden kOnnen.

1.6  Virale Evolution in PatientInnen mit systemischer Immundefizienz

Die hohe Replikationsrate, pandemische Verbreitung und hohe Prévalenz von SARS-CoV-2
begiinstigen das Auftreten neuer Virusvarianten durch Mutationen im viralen Genom. Dabei
verdndern besonders Mutationen im Bereich des spike Proteins die Pathogenitdt und Konta-
giositit des Virus®. Zahlreiche Studien belegen, dass neue SARS-CoV-2-Varianten bevorzugt
in PatientInnen mit prolongiertem Virusnachweis bei systemischer Inmundefizienz entstanden
sind!826979%8  Dabei waren antivirale Monotherapien mit DAAs oder mABs bei diesen
PatientInnen insbesondere beziiglich der Viruselimination teils ineffektiv (vgl. Kapitel 1.5),
was zu einem weiteren Mutationsdruck fiihrte. Infolgedessen kam es auch zum Wirkverlust

aller mABs wie unter 1.5 dargestellt®-1%4,

Neue Virusvarianten haben erhebliche Auswirkungen sowohl auf die individuelle medizinische
Versorgung als auch die 6ffentliche Gesundheit, weil sie die Kontrolle epidemischer Ausbriiche
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erschweren. Immungeschwéchte PatientInnen als Treiber der viralen Evolution miissen bei der
Infektionskontrolle entsprechend beriicksichtigt werden. Der Einsatz antiviraler Monotherapien
bei PatientIlnnen mit systemischer Immundefizienz sollte kritisch abgewogen und Kombina-
tionstherapieregime als alternatives Konzept in Erwidgung gezogen werden. Aus unserer Sicht
war der Einsatz von Kombinationstherapien in der Erstlinie bei einem Hochrisikopatienten-
kollektiv mit systemischer Immundefizienz sinnvoll, um prolongierte Verldufe upfront zu
verhindern und somit konsekutiv den Mutationsdruck sowie mogliche Resistenzentwicklungen
potenziell zu verringern. Bei diesem Ansatz haben wir uns an den therapeutischen Prinzipien
anderer Infektionskrankheiten wie Infektionen mit dem human immunodeficiency virus (HIV)
oder der Tuberkulose orientiert und unsere Studie entsprechend konzipiert?’ (vgl. Kapitel 1.3,
1.8.2 und 2.5). Im Vergleich dazu erschien das Konzept des reaktiven Einsatzes antiviraler
Kombinationstherapien bei bereits eingetretenem prolongierten Virusnachweis®>® (vgl.

Kapitel 1.5) weniger iiberzeugend.

1.7 Klinischer Verlauf von Infektionen mit den Omikron-Varianten von

SARS-CoV-2

Neuere SARS-CoV-2-Virusvarianten einschlielich der Omikron-Varianten sind kontagidser
als der Wildtyp!®, die Mehrheit der Bevolkerung weist jedoch einen effektiven Immunschutz

nach Impfungen und/oder Infektionen auf!®6-1%%,

Dabei besteht trotz wildtypbasierter
Impfungen zusitzlich ein Basisschutz vor schweren Verldufen bei Erstinfektionen mit den
aktuell vorherrschenden Omikron-Varianten, was auf humorale und vornehmlich zelluldre
Kreuzreaktivitdten zuriickgefiihrt wird!!%-!'6, Dariiber hinaus kann der klinische Verlauf bei
Hochrisikopatientlnnen durch antivirale Medikamente glinstig beeinflusst werden (vgl.
Kapitel 1.5). Da Omikron-Varianten jedoch resistenter gegen die immunologische
Neutralisation nach wildtypbasierten Impfungen und/oder Infektionen mit pri-Omikron-
Varianten sind, werden weiterhin auch schwere Verlaufe von COVID-19 beobachtet, sodass
die Omikron-Varianten weiterhin mit einer erheblichen Morbiditdt und Mortalitit in

SLITD Tmmunologisch gegeniiber SASR-CoV-2 naive und auch

Verbindung gebracht werden
Patientlnnen mit systemischer Immundefizienz einschlieBlich Patientlnnen mit hdmato-
logischen und soliden Neoplasien und anzunehmender eingeschrinkter Immunantwort auf
SARS-CoV-2-Antigenkontakte sind weiterhin besonders gefdhrdet, einen schweren Verlauf

von COVID-19 durchzumachen!2%-123,
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1.8  Methodischer Ansatz
1.8.1 Prospektive, longitudinale SARS-CoV-2-Impfstudie

Drei Arbeiten der vorliegenden kumulativen Habilitationsschrift gehen aus einer prospektiven,
longitudinalen Beobachtungsstudie hervor. Ziel war es, die Impfantworten von PatientInnen
mit gastrointestinalen Karzinomen im Langzeitverlauf zu beurteilen und Faktoren zu
identifizieren, die die Impfantworten beeinflusst haben. PatientInnen, die in der Medizinischen
Klinik und Poliklinik I des Universititsklinikums Bonn mit einer aktiven Krebserkrankung
gastroonkologisch therapiert wurden, konnten in die Studie aufgenommen werden
(Referenzgruppe). PatientInnen in der Nachsorge, bei denen mindestens 12 Monate lang keine
Tumoraktivitit nachweisbar war und die seit mehr als 12 Monaten keine Erhaltungstherapie
bekommen hatten, wurden als Kontrollgruppe mit vergleichbaren Risikofaktoren fiir die
Karzinogenese, fiir schwere Verldufe von COVID-19 und/oder fiir eine gestdrte Immunantwort
auf Impfungen einbezogen. Initial wurde die humorale Immunantwort nach einer Primarimpf-
serie (in der Regel zwei Impfungen mit mRNA-basierten Impfstoffen gegen SARS-CoV-2)
ermittelt. Dabei wurden die totalen Spiegel des SARS-CoV-2 anti-spike IgGs als auch der
Anteil der NABs gemessen. Speziell bei Patientlnnen mit hepatobilidren Karzinomen fielen
dabei besonders eingeschrinkte humorale Impfantworten auf>. Nach erster, wildtypbasierter
Auffrischungsimpfung und/oder einer Infektion mit SARS-CoV-2, also nach Erreichen der
Basisimmunitidt gegen SARS-CoV-2, wurde im Weiteren daher bei Patientlnnen mit
hepatobilidren Karzinomen die Entwicklung der humoralen und zusdtzlich die zelluldre
Impfantwort analysiert. Neben der Immunogenitit wurden etwaige Durchbruchinfektionen
nach der Impfung sowie deren klinischen Verldufe dokumentiert und zur klinischen Bewertung
des Impfansprechens herangezogen®. In der finalen Analyse wurde erneut bei PatientInnen mit
unterschiedlichen gastrointestinalen Karzinomen untersucht, ob sich die Basisimmunitét ohne
weitere Antigenkontakte aufrechterhalten ldsst und wie gut die Patientlnnen vor schweren
Verldaufen mit neuen, also den Omikron-Varianten von SARS-CoV-2 geschiitzt sind. Ab-
schlieBend wurde der Effekt eines ersten Omikron-Antigenkontaktes auf die SARS-CoV-2-
Immunantwort untersucht®! (vgl. Kapitel 2.1, 2.2, 2.3).

1.8.2 Retrospektive Real-World Studies zu antiviralen Therapien von COVID-19

Zwei weitere Arbeiten der vorliegenden kumulativen Habilitationsschrift sind als Real-World

Studies durchgefiihrt worden. Randomisierte, kontrollierte Studien liefern Nachweise iiber
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therapeutische Wirksamkeit und Sicherheit einer definierten Intervention, die gegen ein
Placebo oder den Goldstandard verglichen wird. Dabei gibt es strenge Ein- und Ausschluss-
kriterien, wodurch ein Teil der Patientlnnen der Routineversorgung nicht in den Kohorten
reprisentiert ist. Eine Ubertragbarkeit der so erhobenen Daten ist nicht per se gegeben. Real-
World Studies betrachten die Intervention im Weiteren in der klinischen Praxis in einer
reprisentativeren Patientenpopulation. Kontrollgruppen sind dafiir teils schwer zu benennen
und konnen fehlen. Die erhobenen Daten sind nicht diametral zu den Daten randomisierter,
kontrollierter Studien zu betrachten, sondern sollten als vergleichende und ergéinzende Wirk-
samkeitsdaten und als eine externe Kontrolle verstanden werden, die fiir mehr klinische

Evidenz sorgen'?.

Real-World Daten werden auch zur Re-Evaluation sogenannter bedingter Marktzulassungen
genutzt. Die EMA hat die Moglichkeit diese zu erteilen, wenn im Sinne der Gffentlichen
Gesundheit hierdurch auf einen ungedeckten medizinischen Bedarf eingegangen wird. Dafiir
konnen die normalerweise erforderlichen klinischen Daten weniger umfangreich sein, wenn das
Risiko, das sich aus der Tatsache ergibt, dass noch zusitzliche Daten erforderlich wéren,
geringer eingeschitzt wird als der Nutzen einer bedingten Zulassung. In der Folge werden
weitere Daten analysiert und die Zulassung stetig reevaluiert'?®, Vergleichbare Verfahren nutzt
die amerikanische Food and Drug Administration (FDA) fiir sogenannte Notfallzulassungen!26.
Beide Behorden haben die Verfahren genutzt, um Impfungen und Therapeutika gegen

SARS-CoV-2 zeitnah zur Pandemiebekdmpfung zur Verfiigung zu stellen.

In einer ersten retrospektiven Kohortenstudie haben wir Monotherapien mit RDV oder der
mAB-Kombination Casirivimab/ Imdevimab (CVIV) zur Therapie von COVID-19 zwischen
Mairz 2020 und November 2021 in Bezug auf den weiteren klinischen Verlauf der Infektion
anhand der WHO-Ordinalskala bewertet. In die Studie wurden vornehmlich &ltere, multi-
morbide Patientlnnen mit einem hohen Risiko fiir einen schweren klinischen, aber einem
geringen Risiko fiir einen prolongierten virologischen Verlauf von COVID-19 mit Indikation
zu einer antiviralen Monotherapie aufgenommen®®. Die Medikamente wurden zunichst
insbesondere aufgrund der begrenzten Ressourcen als individuelle Therapieversuche und somit
nicht bei allen Patientlnnen eingesetzt. Entsprechend konnten Kontrollgruppen gebildet
werden, in die PatientInnen aufgenommen wurden, die bei vergleichbarer Krankheitsschwere
lediglich den Therapiestandard, d.h. eine symptomatische Therapie, erhalten hatten. Inverse
probability weighting wurde fliir das Matchen der Gruppen methodisch angewandt.

Beobachtungen in der Behandlungsgruppe, die der erwarteten Beobachtung in der
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Kontrollgruppe édhnlich waren, wurden mit Hilfe von propensity scores dadurch starker
gewichtet und umgekehrt. In der Folge war die Verwendung der gesamten Stichprobe moglich
und PatientInnen, fiir die keine passende Ubereinstimmung gefunden wurde, wurden nicht

ausgeschlossen'?” (vgl. Kapitel 2.4).

Fiir eine zweite retrospektive Beobachtungsstudie wurde zwischen Mérz 2022 und April 2023
der Erstlinieneinsatz von Kombinationstherapien aus DDAs und/oder mABs gegen COVID-19
hinsichtlich der zeitlichen Dauer des Virusnachweises und des klinischen Verlaufs analysiert.
In diese Kohorte wurden nun PatientInnen mit systemischer Immundefizienz und dem Risiko
von schweren klinischen und auch prolongierten virologischen Verldufen aufgenommen. Die
Studie wurde multizentrisch an den vier Standorten des Centre for Integrated Oncology
Aachen, Bonn, Cologne, Diisseldorf (CIO ABCD) durchgefiihrt. Zum Zeitpunkt der
Datenerfassung wurden Infektionen mit SARS-CoV-2 bei diesen Hochrisikopatientlnnen
regelhaft mit antiviralen Erstlinienkombinationstherapien in den Zentren behandelt. Einigen
PatientInnen diese Option vorzuenthalten, war ethisch nicht vertretbar, sodass keine Kontroll-
gruppe gebildet werden konnte. Insbesondere aufgrund vorherrschender anderer Virusvarianten
zu vorherigen Zeitpunkten wurde davon abgesehen, eine retrospektive Kontrollgruppe mit einer

zu groB} vermuteten Verzerrung zu konstruieren?’ (vgl. Kapitel 2.5).
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1.9  Ziele der vorliegenden Arbeit

Die kontinuierliche Forschung zur Pravention und Behandlung von SARS-CoV-2-Infektionen
und deren Langzeitfolgen sind bemerkenswerte Errungenschaften im Kampf gegen die
Pandemie. Durch die zunehmende Immunitit der Bevolkerung durch flachendeckende
Impfungen und/oder durchgemachte Infektionen sowie die Bereitstellung von Therapeutika
wurde gesamtgesellschaftlich ein Wendepunkt in der Pandemie erreicht. Beschrankungen des
taglichen Lebens konnten in der Folge sukzessive zuriickgenommen werden. Dennoch gibt es
weiterhin PatientInnen, die durch schwere klinische und/oder prolongierte virologische
Verldaufe von COVID-19 gefihrdet sind. Fiir diese heterogene Patientengruppe gibt es bisher
nur wenige Subgruppenanalysen, die individualisierte Konzepte der Impfprédvention und
antiviralen Therapie bei Infektionen mit SARS-CoV-2 erlauben wiirden und die auf vergleich-
bare und/oder iibergeordnete Gruppen iibertragbar sein konnten. Hierzu kann die vorliegende
kumulative Habilitationsschrift einen Beitrag leisten:

- Bei insgesamt begrenzten Daten zu Impfansprechraten von Patientlnnen mit soliden

63,128,129 werden differenzierte Daten zur humoralen und zellulidren

Tumorerkrankungen
Immunogenitdt sowie zu klinischen Parametern nach der SARS-CoV-2-Primir-
impfserie, nach der ersten wildtypbasierten Auffrischungsimpfung und nach einem
ersten Omikron-Antigenkontakt in der Subgruppe von PatientIlnnen mit gastrointesti-
nalen Tumorerkrankungen présentiert> !,

- Im Weiteren werden anhand der WHO-Ordinalskala klinische Aspekte herausgearbeitet,
die zur Therapieentscheidung und -bewertung antiviraler Monotherapien im Rahmen
der Routineversorgung von élteren, multimorbiden PatientInnen mit hohem Risiko fiir
einen schweren klinischen, aber geringem Risiko fiir einen prolongierten virologischen
Verlauf von COVID-19 herangezogen werden sollten, anstatt sich auf virologische
Marker zu fokussieren??.

- Abschliefend werden Sicherheit und Wirksamkeit antiviraler Kombinationstherapien
als Option in der Erstlinie fiir HochrisikopatientInnen mit systemischer Immundefizienz
und entsprechend zusitzlich hohem Risiko prolongierter Virusnachweise beziiglich des

klinischen Verlaufs und der Dauer des Virusnachweises bewertet?’.
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2 Ergebnisse

2.1 Longitudinale SARS-CoV-2-Impfstudie bei PatientInnen mit gastrointestinalen

Karzinomen — Effekt der Primirimpfserie

Monin, M.B.*, Gorny, J.G.*, Berger, M., Baier, L.I., Zhou, T., Mahn, R., Sadeghlar,
F., Mohring, C., Boesecke, C., van Bremen, K., Rieke, G.J., Schlabe, S., Breitschwerdt,
S., Marinova, M., Schmidt-Wolf, [.G.H., Strassburg, C.P., Eis-Hiibinger, A.-M.
Gonzalez-Carmona, M.A. (2023). Impaired immunogenicity after vaccination for
SARS-CoV-2 in patients with gastrointestinal cancer: does tumor entity matter? J
Gastrointest Oncol /4.

*geteilte Erstautorenschaft

In dieser ersten Arbeit der prospektiven, longitudinalen Impfstudie wurde zwischen Januar
2021 und April 2022 die humorale Immunantwort nach einer SARS-CoV-2-Primdrimpfserie
bei Patientlnnen mit verschiedenen gastrointestinalen Karzinomen untersucht. Ziel war es,
einen Titer zu ermitteln, der mit einem Schutz vor schweren Verlaufen von COVID-19

assoziiert war (vgl. Kapitel 1.8.1).

Insgesamt wurden 125 Patientlnnen in die Studie aufgenommen, von denen 85 ein aktives
gastrointestinales Karzinom unter Therapie hatten (Referenzgruppe). Vierzig PatientInnen
befanden sich nach gastrointestinaler Krebserkrankung seit mindestens 12 Monaten in der

Nachsorge (Kontrollgruppe); eine Erhaltungstherapie erfolgte bei diesen PatientInnen nicht.

Nach der Primérimpfserie waren die absoluten und relativen SARS-CoV-2 anti-spike 1gG-
Spiegel in der Referenzgruppe signifikant niedriger im Vergleich zur Kontrollgruppe. Dabei
war vor allem auch die Kapazitit zur Neutralisation des Wildtyps (beurteilt anhand des Anteils
an Surrogat-NABs [sNABs]) reduziert. Es bestand eine positive Korrelation zwischen dem
IgG-Gesamttiter und dem Anteil der SNABs mit einem Koeffizienten von 0,93. Zwischen
Woche vier und Woche 12 nach der zweiten Impfung sank die Hohe der Titer in beiden
Gruppen, wobei der Abfall in der Referenzgruppe — insbesondere beziiglich der sSNABs —
ausgeprigter war. Zwolf Wochen nach der zweiten Impfung lag der mittlere geschétzte
SARS-CoV-2 anti-spike IgG-Gesamttiter bei den Patientlnnen in der Kontrollgruppe bei
282,0 BAU/mL und der Anteil SNABs bei 85%. Dabei wiesen alle PatientInnen mit einem IgG-
Wert ab 482,0 BAU/ml einen sNAB-Anteil von >85% auf. Bei nur einer mild verlaufenden
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Infektion in der Kontrollgruppe wurde bei diesen Werten von einem klinischen Schutz vor
schweren Verldufen von COVID-19 nach der Primirimpfserie ausgegangen. Patientlnnen der
Referenzgruppe erreichten den Titer von 482,0 BAU/ml signifikant seltener. Die genannten
Unterschiede zwischen der Referenz- und der Kontrollgruppe waren besonders ausgeprégt bei
PatientInnen mit hepatozelluldren, pankreatikobilidren und/oder kolorektalen Karzinomen. In
einer ergdnzenden multivariablen Analyse konnten zusidtzlich eine systemische Immun-
defizienz und tumorspezifische Therapien als Faktoren identifiziert werden, die zu signifikant
niedrigeren Titern fiihrten.

Zum Zeitpunkt der Studie hatte nur ein kleiner Teil der Patientlnnen bereits eine erste
Auffrischungsimpfung erhalten. Es zeichnete sich bereits ab, dass die Hohe der Titer durch eine

dritte Impfung zwischen den Gruppen ausgeglichener sein wiirde.

Wir empfahlen fiir Patientlnnen mit gastrointestinalen Karzinomen individualisierte
Vorgehensweisen hinsichtlich weiterer Impfungen, antiviraler Therapien und/oder damals noch
verfligbarer passiver Immunisierungen und dabei insbesondere den Tumortyp (hepatozellulir,
pankreatikobilidr, kolorektal), tumorspezifische Therapien und eine etwaige Immundefizienz

zu beriicksichtigen.
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Background: SARS-CoV-2 immunogenicity in patients with gastrointestinal cancer (GI cancer) following
second and third vaccination was analyzed.

Methods: A total of 125 patients under active anticancer therapy or in follow-up care were included in this
prospective study. Seroprevalence of SARS-CoV-2 anti-spike and surrogate neutralization antibodies (NABs)
was measured.

Results: Four weeks after second vaccination, adequate titers of SARS-CoV-2 anti-spike immunoglobulin G
(IgG) [>282.0 binding antibody units (BAU)/mL] were found in 62.2% of patients under treatment versus 96.3%
of patients in follow-up care (P<0.01). Sufficient titers of SARS-CoV-2 surrogate NAB (>85.0%) were found in
32.7% of patients under treatment versus 70.6% in follow-up care (P<0.01). Titers of SARS-CoV-2 anti-spike
IgG were especially low in patients with colorectal cancer (CRC). For SARS-CoV-2 surrogate NAB, patients with
hepatocellular carcinoma (HCC) and with pancreaticobiliary cancer showed the lowest titers (P<0.01). SARS-
CoV-2 anti-spike IgG and SARS-CoV-2 surrogate NAB were associated with a correlation coefficient of 0.93.
Reaching a titer of SARS-CoV-2 anti-spike IgG >482.0 BAU/mL, protective levels of SARS-CoV-2 surrogate
NAB (>85.0%) could be assumed. Following booster vaccination, all patients reached effective antibody titers.
Conclusions: Patients with active GI cancer showed impaired immunogenicity after second SARS-CoV-2
vaccination which was overcome by booster vaccination. Our findings were tumor-related and pronounced
in patients with CRC and HCC. Waning immunity over time and antibody escape phenomena by variant of

concern Omicron must be considered in these especially vulnerable patients.
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Introduction

SARS-CoV-2 infected patients with cancer, especially
under active cancer treatment, are facing higher rates
of morbidity and mortality compared to healthy people
(1,2). Both, the American Society for Clinical Oncology
(ASCO) and the European Society for Medical Oncology
(ESMO) recommended to prioritize patients with cancer
in vaccination campaigns (3,4). However, actively treated
patients with cancer were excluded from trials analyzing
efficacy of SARS-CoV-2 vaccines (5-9).

First data concerning immunogenicity to SARS-CoV-2
revealed reduced response rates to vaccination in patients
with cancer. However, most of the studies focused on
patients with hematological cancer or included different
types of solid cancer without differentiating between tumor
types (10-19). For the time being, differentiated data on
patients with gastrointestinal (GI) cancer are sparse (20).
Antibody titers were compared to people in control groups
without any history of cancer who were considerably
healthier and younger. Finally, only a small number of
studies referred to neutralization antibodies (NABs) as
being decisive for immune protection from symptomatic
SARS-CoV-2 (12-19,21-23). No titer could be defined
as being linked to protection from severe coronavirus
disease 2019 (COVID-19). Especially liver dysfunction
due to primary hepatobiliary tumors or secondary hepatic
metastases from GI tumors as well as due to underlying
liver steatosis, fibrosis and/ or cirrhosis is associated
with immunodeficiency resulting in impaired immune

Highlight box

Key findings
* Impaired immunogenicity after second SARS-CoV-2 vaccination
was overcome by booster vaccination.

What is known and what is new?

® Impaired immunogenicity in patients with several solid cancer
types has already been described. Yet, differentiated data for
patients with gastrointestinal cancer are missing.

® Patients with gastrointestinal cancer showed impaired immune
responses follwing vaccination for SARS-CoV-2.

What is the implication, and what should change now?

* Booster vaccinations for SARS-CoV-2 should be recommended to
patients with gastrointestinal cancer.

® In patients with gastrointestinal cancer being infected with SARS-
CoV-2, antiviral therapy should be taken into consideration tp
prevent severe COVID-19.
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responses to well-known vaccines (24-28). Taking all these
information into consideration, a more detailed analysis of
immunogenicity in patients with GI tumors is necessary for
making recommendations concerning additional booster
vaccinations in these patients.

Thus, in the present study, we provide novel data on
response rates to basic and booster vaccination for SARS-
CoV-2 in patients with GI cancer under anticancer
treatment but also in follow-up care, offering robust
evidence for recommendations on antibody assessment,
individual booster vaccinations as well as on passive
immunization and/or antiviral therapy in individual patients
with GI cancer. We present this article in accordance with
the STROBE reporting checklist (available at https://jgo.
amegroups.com/article/view/10.21037/jgo-22-1065/rc).

Methods
Study design

This is a prospective, observational, longitudinal study on
the efficacy of vaccination for SARS-CoV-2 in patients with
GI cancer treated at the Department of Internal Medicine
I, gastroenterology oncology section at the University
Hospital Bonn between January 2021 and April 2022. We
focused on humoral immunogenicity for SARS-CoV-2 in
patients with GI cancer.

Total antibody titers as well as titers of surrogate NAB
were considered and titers probably linked to protection from
severe COVID-19 were defined for our cohort of patients.
Blood samples were drawn to analyze seroprevalence of
SARS-CoV-2 anti-spike antibodies 4, 12 and 24 weeks after
second vaccination for SARS-CoV-2. After 12 weeks, SARS-
CoV-2 surrogate NAB were additionally measured. Four
and 12 weeks after booster vaccination, we again assessed
antibody titers. During the study period, we screened for
infections with SARS-CoV-2. The study was performed in
accordance with the Declaration of Helsinki (as revised in
2013) and approved by the institutional review board of the
Medical Faculty of the University of Bonn (No. 341/17 and
023/22). Written informed consent was obtained from all
participating patients.

Patient characteristics and eligibility criteria

In descending order, patients with pancreaticobiliary
neoplasms [PBN: cholangiocarcinoma (CCC), papillary
carcinoma, gallbladder cancer (GBC), pancreas cancer],
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hepatocellular cancer (HCC), colorectal cancer (CRC),
neuroendocrine tumors (NETS), upper GI tract cancer
[esophageal, gastro-esophageal junction (GEJC), gastric
cancer], cancer of unknown primary (CUP) with most likely
GI origin as well as gastrointestinal stromal tumors (GISTs)
were included. Any kind of ongoing oncological treatment
(chemotherapy, targeted therapy, immune checkpoint
inhibition, local therapy, or combination of different
therapeutic strategies) was eligible for inclusion. Patients
being off treatment but having undergone oncological
treatment within the past 12 months were also included
in this group. Patients in follow-up care being at least 12
months without detectable tumor and having been off
treatment >12 months were included as control group.
These patients share comparable risk factors, both for
cancer pathogenesis as well as for severe COVID-19 and
for impaired immune responses to vaccinations. Relevant
clinical information, especially regarding COVID-19
infections, patients’ performance [Eastern Cooperative
Oncology Group (ECOG) score] and disease status (local,
tumor recurrence and metastatic), were obtained from
standardized medical records. Increased immunosuppression
was suspected in patients with a medical history of
autoimmune disease or organ transplantation with
concomitant therapy with corticosteroids, methotrexate
or calcineurin inhibitors as well as in patients with
uncontrolled human immunodeficiency virus (HIV)
infections (Table 1).

All vaccines for SARS-CoV-2 approved in Germany
could be administered (BNT162b2 by Pfizer BioNTech,
AZD1222 by AstraZeneca, mRNA-1273 by Moderna,
Ad26.COV2.S by Johnson & Johnson Janssen).

Assessment of SARS-CoV-2 antibodies
SARS-CoV-2 immunoglobulin G (IgG) II Quant

chemiluminescent microparticle immunoassay (Abbott
Laboratories, Chicago, USA) was used to quantify IgG
antibodies against SARS-CoV-2 spike receptor-binding
domain (SARS-CoV-2 anti-spike IgG). Values >7.1 binding
antibody units per milliliter (BAU/mL) were evaluated as
positive though no threshold for protection was defined.
In our study, mean estimated SARS-CoV-2 anti-spike IgG
was 282.0 BAU/mL in patients in follow-up care 12 weeks
after second vaccination. Titers >282.0 BAU/mL were thus
regarded as being associated with most likely protection
from severe COVID-19 in our cohort as only one patient of
this group had mild COVID-19 after two vaccinations.
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To identify the portion of SARS-CoV-2 NABs in
relation to all antibodies [%], a blocking enzyme-linked
immunosorbent assay (ELISA) detection tool (cPass™
SARS-CoV-2 Neutralization Antibody Detection Kit;
GenScript, New Jersey, USA) was used. This test detects
functional virus neutralization strongly correlating with
live-cell neutralization (29,30). We thus report on SARS-
CoV-2 surrogate NAB as we did not explicitly measure
live-cell neutralization. Reaching values >30% was defined
as positive with no threshold for protection. The mean
estimated SARS-CoV-2 surrogate NAB titer 12 weeks
after second vaccination was 84.81% in patients in follow-
up care in our cohort. Therefore, titers >85.0% were again
regarded as probably equivalent to protection from severe
COVID-19.

Elecsys anti-SARS-CoV-2 chemiluminescent
immunoassay (Roche) was used for qualitative detection
of SARS-CoV-2 anti-nucleocapsid IgG in patients having
undergone an infection with SARS-CoV-2 prior to or
despite vaccination.

Statistical analysis

Statistical analysis was carried out using R version 4.1.1
(R Core Team 2021: R: A Language and Environment
for Statistical Computing, R Foundation for Statistical
Computing, Vienna, Austria). Descriptive analyses included
the calculation of mean and interquartile range for
continuous variables and frequencies (absolute and relative)
for categorical variables. Association between levels of
SARS-CoV-2 anti-spike IgG and SARS-CoV-2 surrogate
NAB was analyzed using Spearman’s rank correlation
coefficient. Proportions of patients with effective SARS-
CoV-2 anti-spike IgG and/or effective SARS-CoV-2
surrogate NAB were compared by chi-square tests.
Difference in (log,, transformed) levels of SARS-CoV-2
anti-spike IgG in patients with and without effective SARS-
CoV-2 surrogate NAB was examined by #-test.

Univariate linear mixed regression models were used to
compare (log,, transformed) levels of SARS-CoV-2 anti-
spike IgG (including measurements at 4 and 12 weeks)
with respect to treatment status, tumor type, disease status,
intention of treatment and type of treatment. Analogously,
univariate linear regression models were applied to compare
levels of SARS-CoV-2 surrogate NAB (measurements at
12 weeks) with respect to the five discussed influencing
factors. Furthermore, multivariable regression analysis
was performed to examine a possible effect of age, sex,
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Table 1 Patient baseline characteristics

Patients Under treatment (N=85)  Off treatment >1 year (N=40) P
Age (years), median [IQR] 67 [61-75] 68 [60-72] 0.47
Sex, n (%) 0.12
Women 31(36.5) 21 (52.5)
Men 54 (63.5) 19 (47.5)
Tumor types, n (%) 0.02
PBN 21 (24.5) 5(12.5)
CCC 9 (10.5) 1(2.5)
GBC 1(1.0) 1(2.5)
Pancreas cancer 11 (13.0) 3(7.5)
HCC 20 (23.5) 7(17.5)
CRC 17 (20.0) 13 (32.5)
NET 13 (15.0) 1(2.5)
GEJC 9(11.0) 11 (27.5)
Gastric cancer 4 (5.0 6 (15.0)
Oesophageal cancer 5(6.0) 5(12.5)
Other 5 (6.0) 3(7.5)
CupP 3(4.0) 2(5.0)
GIST 2(2.0) 1(2.5)
Disease status, n (%) <0.01
Local 32 (37.5) 34 (85.0)
Tumor recurrence 10 (12.0) 0(0.0)
Metastatic 43 (50.5) 6 (15.0)
Intention of treatment, n (%)
Neoadjuvant 13 (15.0)
Adjuvant 12 (14.0)
Palliative 60 (71.0)
Type of treatment, n (%)
Chemotherapy® 32 (38.0)
Targeted therapy® 14 (16.0)
Immune checkpoint inhibition 4 (5.0
Local therapy® 12 (14.0)
Combined therapy® 23 (27.0)
Additional immunosuppression® 14 (16.5) 2 (5.0 0.09
Performance status (ECOG score), n (%) <0.01
0 36 (77.5) 31 (43.4)
1 39 (22.5) 9 (47.0)
2 8(9.6) 0(0.0)

Table 1 (continued)

© Journal of Gastrointestinal Oncology. All rights reserved. 7 Gastrointest Oncol 2023;14(3):1218-1234 | https://dx.doi.org/10.21037/jgo-22-1065

=24 -



1222

Table 1 (continued)
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Patients Under treatment (N=85)  Off treatment >1 year (N=40) P
Risk factors for severe COVID-19, n (%)
Age >65 years 66 (78.0) 29 (72.5) 0.65
BMI >30 kg/m? 6(7.0) 1(2.5) 0.43
History of smoking 21 (25.0) 13 (32.5) 0.39
Hypertension 49 (58.0) 19 (47.5) 0.34
Chronic respiratory disease 6 (7.0) 8 (20.0) 0.06
Cardiovascular disease 13 (15.0) 9 (22.5) 0.33
Chronic kidney disease 7 (8.0) 1(2.5) 0.43
Liver disease 23 (27.0) 5(12.5) 0.11
Neurological disorder 5(6.0) 2 (5.0 1.00
Organ transplant 3 (3.5 0(0.0) 0.55
Autoimmune disease 5 (6.0) 1(2.5) 0.66
Diabetes mellitus 21 (25.0) 5 (12.5) 0.16
History of SARS-CoV-2 infection prior to vaccination 4 (5.0) 1(2.5) 1.0
(self-report, serology or PCR testing), n (%)
History of SARS-CoV-2 infection after second vaccination, 4(5.0) 1(2.5) 1.0
(self-report, serology or PCR testing), n (%)
History of SARS-CoV-2 infection after booster vaccination, 3 (4.0 1(2.5) 1.0
(self-report, serology or PCR testing), n (%)
Vaccine, n (%) 0.86
BNT162b2 (Pfizer & BioNTech) 73 (86.0) 33 (82.5)
AZD1222 (AstraZeneca) 6 (7.0) 3(7.5)
mRNA-1273 (Moderna) 2(2.0) 2 (5.0
AZD1222 + BNT162b2/mRNA-1273 3 (4.0) 2(5.0)
Ad26.COV2.s (Johnson & Johnson, Janssen) 1(1.0) 0 (0.0)
Patients with SARS-CoV-2 anti-spike IgG =282.0 BAU/mL (effective titer)
4 weeks after second vaccination 62.2% (46/74) 96.3% (26/27) <0.01
12 weeks after second vaccination 39.3% (22/56) 60.0% (21/35) 0.09
4 weeks after booster vaccination 100.0% (27/27) 100.0% (17/17)
Patients with SARS-CoV-2 surrogate NAB >85.0% (effective titer)
12 weeks after vaccination 32.7% (17/52) 70.6% (24/34) <0.01

4 weeks after booster vaccination

100.0% (22/22) 100.0% (17/17)

Baseline characteristics were compared between treatment and control group using Student’s t-test for continuous variables and
Fisher’s exact tests for the categorical variables. ®, mostly with combinations of 5-fluorouracil, platinum derivates, gemcitabine, taxane
or irinotecan; °, including multikinase inhibitors such as sorafenib, lenvatinib, cabozantinib, EGFR (epidermal growth factor receptor)
antibodies or VEGF (vessel endothelial growth factor) antibodies; °, including transarterial embolization, radioembolization or endobiliary/
transcutaneous radiofrequency ablation and photodynamic therapy; ¢, chemotherapy + targeted therapy or chemotherapy + local therapy; °,
co-medication with corticosteroids, methotrexate or calcineurin inhibitor or HIV-infection. IQR, interquartile range; PBN, pancreaticobiliary
neoplasm; CCC, cholangiocellular cancer; GBC, gallbladder cancer; HCC, hepatocellular cancer; CRC, colorectal cancer; NET,
neuroendocrine tumor; GEJC, gastro-oesophageal-junction cancer; CUP, carcinoma of unknown primary; GIST, gastrointestinal stromal
tumor; ECOG, Eastern Cooperative Oncology Group; COVID-19, coronavirus disease 2019; BMI, body mass index; PCR, polymerase
chain reaction; BAU, binding antibody units; NAB, neutralization antibody.

© Journal of Gastrointestinal Oncology. All rights reserved.
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additional immunosuppression and history of SARS CoV-2
infection on SARS-CoV-2 antibodies, respectively.

Results
Patient baseline characteristics

A total of 125 patients with GI cancer were included, of
whom 68.0% (N=85) were under treatment and 32.0%
(N=40) in follow-up care. In patients under treatment,
the most common tumor type was of the pancreato-
hepatobiliary type (PBN with 24.5% and HCC with 23.5%)
followed by CRC (20.0%). Related to the prognosis of
the different GI cancers, patients in follow-up care mainly
suffered from CRC (32.5%) followed by GEJC (27.5%)
leading to a different distribution of tumor types between
the groups (P=0.02). As expected, patients under treatment
had more frequently a metastatic disease status than patients
in the control group (50.5% wvs. 15.0%; P<0.01). Patients
in both groups had a low ECOG score between 0 and 2.
No further significant differences between the groups were
observed (Tuble 1).

Seropositivity for SARS-CoV-2 anti-spike IgG

Mean antibody concentrations of SARS-CoV-2 anti-spike
IgG were significantly lower in patients of the treatment
group [2.47 log,, BAU/mL; 95% confidence interval (CI):
2.29 to 2.64; P<0.01] than in patients in follow-up care
(3.06 log,y BAU/mL; 95% CI: 2.79 to 3.32) four weeks
after second vaccination (Tuzble 2 and Figure I). SARS-
CoV-2 anti-spike IgG titers already decreased at week 12
after second vaccination in patients under active treatment
(2.11 log,y BAU/mL; 95% CI: 1.92 to 2.29; P=0.08), but
also in patients in follow-up care (2.45 log,, BAU/mL; 95%
CI: 2.20 to 2.71; P<0.01). The differences in mean antibody
titers between treatment and control group decreased at
week 12 compared to week four after second vaccination,
independent of tumor type, disease status, type of treatment
or intention of treatment, but was especially pronounced in
patients with CRC (2.18 log,, BAU/mL; 95% CI: 1.74 to
2.61; P=0.01) (Tible 2 and Figure I).

In self-report and/or polymerase chain reaction (PCR)
testing, 1 infection with SARS-CoV-2 in patients in
follow-up care (2.5%) versus 4 infections in patients in
the treatment group (5.0%) were documented after two
vaccinations (7able 1). Effective titers of SARS-CoV-2
anti-spike IgG probably linked to protection from severe
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COVID-19 were thus defined by values >2.45 log,, BAU/mL,
i.e., 2282.0 BAU/mL, the mean estimated titer in patients in
follow-up care 12 weeks after second vaccination. A total of
62.2% (N=46/74) of patients reached effective titers despite
active GI cancer and anticancer treatment 4 weeks after
second vaccination. This response rate was significantly
reduced compared to patients in follow-up care, who showed
effective titers in 96.3% of patients (N=26/27; P<0.01)
(Table 1). Compared to the titers after 4 weeks, 12 weeks
after second vaccination adequate response rates concerning
SARS-CoV-2 anti-spike IgG (2282.0 BAU/mL) were
significantly reduced to 39.3% (N=22/56; P=0.02) of
patients under treatment versus to 60.0% (N=21/35;
P<0.01) of patients in follow-up care. The difference
between the groups decreased and was non-significant at
this point of time (P=0.09) (Table I).

Seropositivity for SARS-CoV-2 surrogate NABs

Additionally, we focused on SARS-CoV-2 surrogate NAB
12 weeks after second vaccination. Mean titers differed
significantly between patients under treatment (61.38%;
95% CI: 53.29% to 69.48%; P<0.01) and patients in follow-
up care (84.81%; 95% CI: 74.80% to 94.83%). Impairment
was most obvious in patients with HCC (55.31%; 95%
CI: 40.20% to 70.42%; P<0.01) and PBN (56.63%; 95%
CI: 40.99% to 72.27%; P<0.01). Patients under immune
checkpoint inhibition had non-significantly higher SARS-
CoV-2 surrogate NAB titers (95.65%; 95% CI: 55.01% to
136.29%; P=0.61) (Tible 2 and Figure 2).

Again, the mean estimated titer of patients in follow-
up care 12 weeks after second vaccination (>85.0%) was
defined as effective. Titers of SARS-CoV-2 surrogate NAB
>85.0% were found in 32.7% (IN=17/52) of patients under
treatment versus 70.6% (N=24/34) in patients of the control
group, marking a significant difference (P<0.01) (7zble I).

Impact of immunosuppression, age, sex, and overcome
COVID-19 on SARS-CoV-2 immunogenicity after second
vaccination

In a multivariate analysis, we focused on co-factors
potentially influencing immunogenicity after vaccination
for SARS-CoV-2.

In situations of additional immunosuppression, titers of
SARS-CoV-2 anti-spike IgG (-0.62 log,, BAU/mL; 95%
CI: -1.01 to -0.23; P<0.01) and of SARS-CoV-2 surrogate
NAB (-35.49%; 95% CI: -52.59 to -18.38; P<0.01)
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Table 2 Titers of SARS-CoV-2 anti-spike IgG and SARS-CoV-2 surrogate NAB following vaccination

SARS-CoV-2 anti-spike IgG SARS-CoV-2 surrogate NAB
4 weeks 12 weeks 12 weeks
(|og|f:t|i3r/2§/emu 9%5%Cl P (Iogf:gr;ztfmu 95%Cl P ESt(i:/Z')ate 95%Cl P

Treatment

Off treatment >1 year (Ref.) 3.06 2.79-3.32 2.45 2.20-2.71 <0.01 84.81  74.80-94.83

Under treatment 2.47 2.29-2.64 <0.01 2.1 1.92-2.29 0.08 61.38  53.29-69.48 <0.01
Tumor type

Off treatment >1 year 3.06 2.79-3.32 2.45 2.20-2.71 <0.01 84.81 74.80-94.83

PBN? 2.50 2.14-2.85 0.02 2.16 1.78-2.54 0.12 56.63 40.99-72.27 <0.01

CRC 2.18 1.78-2.57 <0.01 2.18 1.74-2.61 0.01 60.36 39.67-81.05 0.04

GEJC® 2.44 1.89-2.89 0.04 2.18 1.53-2.84 0.26 88.30 59.04-117.56 0.83

HCC 2.52 2.15-2.88 0.02 2.05 1.67-2.43 0.47 55.31 40.20-70.42 <0.01

NET 2.60 2.15-3.06 0.10 2.07 1.59-2.55 0.75 65.70  45.01-86.39 0.11

Other® 2.82 2.11-3.53 0.55 2.12 1.38-2.86 0.73 69.30 35.51-103.09 0.39
Disease status

Local (Ref.) 2.80 2.59-3.01 2.30 2.09-2.51 74.81  65.89-83.74

Metastatic 2.58 2.35-2.81 0.16 2.18 1.93-2.42 047 68.13 57.02-79.24 0.36

Tumor recurrence 1.85 1.30-2.39 <0.01 1.86 1.32-2.41  0.05 53.21 29.83-76.60 0.09
Type of treatment

Off treatment >1 year (Ref.) 3.06 2.79-3.32 2.45 2.20-2.71 <0.01 84.81 74.80-94.83

Chemotherapy 2.42 2.14-2.71 <0.01 2.02 1.71-2.33 0.25 60.22 47.03-73.40 <0.01

Immunotherapy 2.77 1.99-3.56 0.51 2.35 1.42-3.29 0.64 95.65 55.01-136.29 0.61

Targeted therapy 2.63 2.20-3.07 0.11 2.34 1.88-2.79 0.17 76.88  56.56-97.19 0.49

Local therapy 2.54 2.05-3.03 0.07 1.84 1.32-2.37 0.74 49.33  27.61-71.05 <0.01

Combined therapy® 2.37 2.03-2.70 <0.01 2.13 1.78-2.48 0.04 56.02  41.65-70.39 <0.01
Intention of treatment

Off treatment >1 year (Ref.) 3.06 2.79-3.32 2.45 2.20-2.71 <0.01 84.81 74.80-94.83

Neoadjuvant 2.00 1.5656-2.45 <0.01 1.72 1.25-2.19 0.15 58.37 38.72-78.01 0.02

Adjuvant 2.41 1.95-2.88 0.02 2.38 1.87-2.89 0.03 54.60  28.24-80.96 0.04

Palliative 2.58 2.37-2.78 0.01 2.15 1.93-2.37 0.22 62.99 58.43-72.55 <0.01

Shown are the results of linear mixed model analysis for the SARS-CoV-2 anti-spike IgG and linear model analysis for the SARS-
CoV-2 surrogate NAB. Results are reported by mean estimates, 95% confidence intervals and associated P values. ? pancreas cancer,
cholangiocellular cancer, gallbladder cancer; b gastric cancer, oesophageal cancer; °, gastrointestinal stromal tumor, carcinoma of
unknown primary; ° chemotherapy + targeted therapy or chemotherapy + local therapy. IgG, immunoglobulin G; NAB, neutralization
antibody; Ref., reference; PBN, pancreaticobiliary neoplasm; CRC, colorectal cancer; GEJC, gastro-oesophageal-junction cancer; HCC,
hepatocellular cancer; NET, neuroendocrine tumor; BAU, binding antibody units.
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Figure 1 SARS-CoV-2 anti-spike IgG titers. Log;, SARS-CoV-2 anti-spike IgG titer of patients off treatment >1 year and patients under treatment

at week 4, 12, 24 following second vaccination and at week 4 and week 12 after booster vaccination (A), impact of tumor types (B). Length of box

represents the interquartile range, horizontal line shows the mean log,, SARS-CoV-2 anti-spike IgG titer, the whiskers denote the area which

contains 95% of the data. PBN = pancreas cancer, cholangiocellular cancer, gallbladder cancer; GEJC = gastric cancer, oesophageal cancer; Other

= gastrointestinal stromal tumor, carcinoma of unknown primary, combined therapy = chemotherapy + targeted therapy or chemotherapy + local

therapy. IgG, immunoglobulin G; BAU, binding antibody units; PBN, pancreaticobiliary neoplasms; CRC, colorectal cancer; GEJC, gastro-

oesophageal-junction cancer; HCC, hepatocellular cancer; NET, neuroendocrine tumor.
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Figure 2 SARS-CoV-2 surrogate NAB titers and association between log;, SARS-CoV-2 anti-spike IgG titers and SARS-CoV-2 surrogate
NAB titers. SARS-CoV-2 surrogate NAB titers of patients off treatment >1 year and patients under treatment at week 12 following second
vaccination and week four after booster vaccination (A), impact of tumor types (B), association between log,, SARS-CoV-2 anti-spike IgG
titer and SARS-CoV-2 surrogate NAB titer with coefficient of 0.93 (C). Length of box represents the interquartile range, horizontal line
shows the mean SARS-CoV-2 surrogate NAB titer, the whiskers denote the area which contains 95% of the data; horizontal dashed line
corresponds to a proportion of 85.0% SARS-CoV-2 surrogate NAB; vertical dashed line corresponds to the log,, equivalent of 482.0 BAU/mL
(corresponding to 2.68 log,, BAU/mL) being linked to effective titers of SARS-CoV-2 surrogate NAB (=85.0%). PBN = pancreas cancer,
cholangiocellular cancer, gallbladder cancer; GEJC = gastric cancer, oesophageal cancer; Other = gastrointestinal stromal tumor, carcinoma
of unknown primary, combined therapy = chemotherapy + targeted therapy or chemotherapy + local therapy. NAB, neutralization antibody;
PBN, pancreaticobiliary neoplasms; CRC, colorectal cancer; GEJC, gastro-oesophageal-junction cancer; HCC, hepatocellular cancer; NET,

neuroendocrine tumor; IgG, immunoglobulin G.

were significantly lower. Active tumor treatment was an and SARS-CoV-2 surrogate NAB titers (-17.88%; 95% CI:
independent factor for reduced immunogenicity and led to -30.59 to -5.16; P<0.01) (7iable 3 and Figure 3).
additionally significantly decreased SARS-CoV-2 anti-spike With increasing age and in male sex, there were minor,

(-0.52 log,, BAU/mL; 95% CI: -0.84 to -0.20; P<0.01) non-significant decreases in antibody titers. Infection with
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Table 3 Suspected factors influencing immunogenicity for SARS-CoV-2
SARS-CoV-2 anti-spike IgG SARS-CoV-2 surrogate NAB

Effect (log,, BAU/mL) 95% ClI P Effect (%) 95% ClI P
Intercept (Ref.) 3.36 2.53 t0 4.20 - 95.31 56.14 to 134.47 -
Under treatment -0.52 -0.84 to -0.20 <0.01 -17.88 -30.59 to -5.16 <0.01
Additional immunosuppression® -0.62 -1.01t0 -0.23 <0.01 -35.49 -52.59 to -18.38 <0.01
Age -0.01 -0.02 to 0.01 0.51 -0.12 -0.70to 0.47 0.69
Sex (male) -0.03 -0.30t0 0.24 0.84 -1.80 -14.04 t0 10.44 0.77
History of SARS-CoV-2 infection 0.51 -0.17t0 1.18 0.15 10.80 -29.30 to 50.91 0.59
Time effect 12 weeks -0.60 -0.82 t0 -0.38 <0.01 - - -
Treatment + time effect 12 weeks 0.25 -0.02 to 0.52 0.07 - - -

Shown are the results of multivariable linear mixed model analysis for the SARS-CoV-2 anti-spike IgG and multivariable linear model
analysis for SARS-CoV-2 surrogate NAB. Results are reported by point estimates, 95% confidence intervals and associated P values.
co-medication with corticosteroids, methotrexate or calcineurin inhibitor, or HIV-infection. Ref., reference; IgG, immunoglobulin G; BAU,
binding antibody units; NAB, neutralization antibody; Cl, confidence interval; HIV, human immunodeficiency virus.

SARS-CoV-2 prior to vaccination led to a slight increase
in SARS-CoV-2 anti-spike IgG as well as SARS-CoV-2
surrogate NAB (1uble 3).

Vaccination failure

Ineffective vaccination response rates were considered when
levels of SARS-CoV-2 anti-spike IgG were <282.0 BAU/mL
and/or of SARS-CoV-2 surrogate NAB <85.0% at week 12
after second vaccination.

Overall, 59.6% (N=31/52) of patients in the treatment
group versus 29.4% (N=10/34) of patients in follow-up
care failed to reach levels of SARS-CoV-2 anti-spike IgG
>282.0 BAU/mL and of SARS-CoV-2 surrogate NAB
>85.0% at week 12 after second vaccination (P=0.01).
In our cohort, we discussed this constellation as total
vaccination failure.

Ineffective levels of SARS-CoV-2 surrogate NAB
(<85.0%) significantly differed between patients in the
treatment group (67.3%; N=35/52) and patients in the
control group (29.4%; N=10/34; P<0.01) 12 weeks after
second vaccination. Concerning ineffective levels of SARS-
CoV-2 anti-spike IgG (<282.0 BAU/mL), this difference
was minor and non-significant at the same time-point:
ineffective levels were found in 60.7% (N=34/56) in
patients under active treatment versus in 40.0% (N=14/35)
in patients in follow-up care (P=0.09). Isolated insufficient
levels of SARS-CoV-2 surrogate NAB but sufficient levels
of SARS-CoV-2 anti-spike IgG (IN=4/86) or vice versa
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(N=4/86) were discussed as partial vaccination failure.

In view of the association between total and NABs with
a coefficient of 0.93 (Figure 2), reaching titers of SARS-
CoV-2 anti-spike IgG >482.0 BAU/mL (corresponding
to 2.68 log;, BAU/mL), effective levels of SARS-CoV-2
surrogate NAB (=85.0%) could be taken for granted
probably indicating full protection from severe COVID-19
by vaccination in our cohort of patients (Figure 2). This
could be found in 29.1% of patients in both groups
(N=25/86).

Effect of booster vaccination on SARS-Col’-2 anti-spike
IgG and surrogate NABs

Finally, we assessed the effect of booster vaccination. Prior
to booster vaccination, titers of SARS-CoV-2 anti-spike
IgG further decreased in all patients (24 weeks after second
vaccination) (Figure I). Four weeks after booster vaccination,
titers of SARS-CoV-2 anti-spike IgG significantly
increased, both, in patients under active treatment
(3.33 log,y BAU/mL; 95% CI: 3.10 to 3.56; P<0.01)
and in patients in follow-up care (3.50 log,, BAU/mL;
95% CI: 3.22 to 3.79; P<0.01) compared to patients
under active treatment and to patients in follow-up-care
12 weeks after second vaccination, respectively (Figure I).
Correspondingly, titers of SARS-CoV-2 surrogate NAB
also increased in all patients (Figure 2). There was no
significant difference between mean titers of patients under
active treatment, independent of tumor type, and patients in
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antibody; HIV, human immunodeficiency virus.

follow-up care after booster vaccination (Figure I). Effective all patients. Patients with additional immunosuppression
titers of SARS-CoV-2 anti-spike IgG (>282.0 BAU/mL) still showed significantly reduced titers of SARS-CoV-2
and of SARS-CoV-2 surrogate NAB (=85%) were found in anti-spike IgG (-0.39 log,, BAU/mL; 95% CI: 0.18 to
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~2.22, P=0.03).

Titers of SARS-CoV-2 anti-spike IgG were again found
to decrease 12 weeks after booster vaccination in patients
under treatment (3.19 log,, BAU/mL; 95% CI: 2.91
to 3.46; P=0.55) as well as in patients in follow-up care
(3.23 log;y BAU/mL; 95% CI: 2.88 to 3.58; P=0.63)
compared to titers four weeks after booster vaccination.

Infections with SARS-CoV-2 (including B1.1.529.2)
were found in three patients with active GI cancer and one
patient in follow-up care.

Adverse side effects

In self-report, injection-side pain (17.0%, N=21/125),
erythema (6.0%, N=7/125) and swelling (6.0%, N=7/125)
were the most common local side effects in all patients of
our cohort. Regarding systemic side effects, fatigue (17.0%,
N=21/125) was stated most frequently.

A case of grade IV pneumonitis after therapy with
immune checkpoint inhibitor atezolizumab (programmed
death-ligand 1 antibody) in a patient with HCC was
discussed as possibly increased toxicity of anticancer therapy
following SARS-CoV-2 vaccination. Moreover, a cutaneous
reaction under panitumumab possibly related to the
vaccination was documented in a patient with CRC.

Discussion

In the present study, we showed that two vaccinations
for SARS-CoV-2 in patients with active GI cancer under
therapy was safe but induced significantly lower efficient
response rates and higher rates of vaccination failure
compared to patients in follow-up care being at least
one year off any anticancer therapy. As impairment was
particularly pronounced in patients with CRC, HCC and/or
PBN, an association with the tumor type must be discussed.
First booster vaccination improved antibody titers and
balanced the differences between the groups. Since titers
decreased again already 12 weeks after booster vaccination,
earlier further booster vaccinations may be individually
recommended in patients with GI cancer after antibody
assessment.

No antibody titer associated with protection from severe
COVID-19 was defined so far which would be decisive
for recommendations concerning antiviral therapy, passive
immunization and/or individual booster vaccinations. Titers
of SARS-CoV-2 anti-spike IgG >264.0 BAU/mL were
described as effective against B1.1.7 (alpha) previously (31).
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Since there was only one case of mild infection with SARS-
CoV-2 in our cohort after second vaccination in patients in
follow-up care, we could assume that mean titers of SARS-
CoV-2 anti-spike IgG (>282.0 BAU/mL) and of SARS-
CoV-2 surrogate NAB (>85.0%) were possibly effective to
prevent severe COVID-19. This was also true after booster
vaccination indicating even protection from B1.1.529.2 (i.e.,
omicron BA.2).

In our cohort of patients, we could demonstrate a stable
association between titers of SARS-CoV-2 surrogate NAB
and SARS-CoV-2 anti-spike IgG with a strong correlation
coefficient of 0.93. Correlations in that range with values
of up to 0.91 were described (32,33). By reaching a titer of
SARS-CoV-2 anti-spike IgG >482.0 BAU/mL, protective
levels of SARS-CoV-2 surrogate NAB (>85.0%) could be
assumed, indicating full protection by vaccination in our
cohort.

Contrary to published studies so far, we analyzed a
cohort of patients with active GI cancer and patients
in follow-up care without current anticancer therapy.
Unexpectedly, only 62.2% of patients with GI cancer under
active anticancer treatment compared to 96.3% of patients
in follow-up care (P<0.01) reached effective titers of SARS-
CoV-2 anti-spike IgG (>282.0 BAU/mL) four weeks after
second vaccination in our cohort. Thus, we could identify
active GI cancer and anticancer therapy as high-risk factors
for reduced response to SARS-CoV-2 vaccination since
patients in follow-up care achieved significantly higher
titers for SARS-CoV-2 anti-spike IgG almost similar to
that found in healthy people.

Consistent with several studies including patients
with different kind of solid tumors, mean antibody titers
of SARS-CoV-2 anti-spike IgG were also significantly
lower in the treatment group. However, the proportion of
patients with solid cancer with positive antibody responses
was comparatively higher than in our cohort and ranged
from 84.1% to 95.0% of cases versus 100% in participants
of healthy control groups (10-12,14-16). Interestingly,
our patients seemed to resemble more patients with
hematological cancer who also showed low positive
response rates of only 60.0% after two vaccinations than
patients with solid tumors (13,15).

Similar to our findings, titers decreased overtime which
we could be proved in both groups of patients highlighting
the necessity of booster vaccination. However, we observed
a more pronounced decreasing in the group of patients with
active GI cancer under treatment. Other cohorts including
all solid cancer still had positive response rates of 79.0%

7 Gastrointest Oncol 2023;14(3):1218-1234 | https://dx.doi.org/10.21037/jgo-22-1065



1230 Monin et al. SARS-CoV-2 vaccination in gastrointestinal cancer patients

compared to 84.0% in healthy participants (P=0.32) in a
follow up of 6 months after second vaccination (34).

Regarding levels of surrogate NAB, we found a more
pronounced impairment in patients with active GI cancer
compared to patients in follow-up care. Twelve weeks after
second vaccination, only 32.7% of patients under treatment
versus 70.6% of patients in follow-up care reached
protective levels of SARS-CoV-2 surrogate NAB (>85.0%),
empathizing again a clinically relevant impairment in
patients with active GI cancer. Data of SARS-CoV-2
surrogate NAB in patients with cancer are rare and
therefore difficult to compare. Rates of positive levels of
SARS-CoV-2 surrogate NAB ranged from 81.3% to 69.0%
in patients with solid cancer without distinguishing between
tumor types and without a definition concerning protective
levels (12,21). Interestingly, patients with hematological
malignancies showed worse rates, down to 41.0% in
patients with chronic lymphatic leukemia (CLL) or B-cell-
non-Hodgkin-lymphoma (B-NHL), which was similar to
our findings (17,19).

Finally, rates of total vaccination failure (SARS-CoV-2
anti-spike IgG <282.0 BAU/mL and SARS-CoV-2 surrogate
NAB <85.0%) were significantly higher in patients with GI
cancer under active treatment (59.6%) than in follow-up
patients with a past medical history of GI cancer (29.4%).
Studies focusing only on SARS-CoV-2 anti-spike IgG
found positive levels between 81.0% and 95.5% in patients
with solid tumors (11,13). Patients with CLL or B-NHL
had even lower rates with only 52% and 49%, respectively
(17-19). Comparing hematological and solid cancers,
vaccination response rates differed significantly (13). Again,
our cohort with only GI-cancer seemed to resemble patients
with hematological malignancies, more than patients with
other solid tumors.

Partial vaccination failure (isolated insufficient levels of
SARS-CoV-2 surrogate NAB but sufficient levels of SARS-
CoV-2 ant-spike IgG or vice versa) was rare in our cohort
but must also be taken into consideration indicating a
considerable discrepancy in real effectiveness of vaccination.
Although the exact form of association is yet unclear,
both, SARS-CoV-2 anti-spike IgG as well as SARS-CoV-2
surrogate NAB are crucial for protection from infection or
severe COVID-19 (22,35-38).

In order to understand, why our cohort of patients with
active GI cancer showed unexpectedly highly impaired
immunogenicity to vaccination for SARS-CoV-2 compared
to data in patients with solid tumors in general published
to date, we further analyzed our patients regarding tumor
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entity, therapy and further risk factors. Interestingly, our
cohort of patients included a comparatively high proportion
of patients with primary pancreatico-hepato-biliary tumors:
23.5% of cases were HCC and 24.5% PBN, followed by
20% CRC. Studies proving impaired immunogenicity after
vaccination for SARS-CoV-2 in patients with solid cancer
only included up to 25% patients suffering from GI cancer
(11,12). Moreover, for the time being, no differentiated
analyses regarding different GI tumor types separately
were performed in these studies so far. However, the
differentiated analysis presented here evidently explained
our results, since SARS-CoV-2 anti-spike IgG were lowest
in CRC and SARS-CoV-2 surrogate NAB were lowest in
patients with HCC and PBN. Especially, hepato-pancreato-
biliary tumors as well as secondary hepatic metastases
from GI cancers are well known to impair host immunity,
somewhat explaining the results concerning impaired
SARS-CoV-2 immunogenicity (24,25). Furthermore,
underlying liver cirrhosis/ fibrosis especially in patients with
HCC and in part with CCC is linked to immunodeficiency
(26). In general, the capacity to develop adequate response
rates to vaccinations in patients with liver dysfunction is
reduced as shown for hepatitis B and/ or pneumococcal
vaccines previously (27,28). Finally, an under-release of
cytokines must be taken into account in patients with CRC
as shown previously (39).

Regarding the effects of anticancer therapy, we found
that patients under immune checkpoint inhibition seemed
to form higher SARS-CoV-2 surrogate NAB titers
compared to patients under cytostatic chemotherapy as
shown previously (12). Compared to therapy regimes of
other solid tumor types (for instance breast or lung cancer),
use of immune checkpoint inhibitors is less common in
patients with GI cancer also partly explaining the more
pronounced impairment of SARS-CoV-2 immunogenicity
in patients with GI cancer.

Considering the high proportion of patients with HCC,
PBN and CRC under anticancer and the reduced use of
immunotherapy, impaired COVID-19 immunogenicity in
patients with active GI cancer seems obviously to be tumor-
related. Of note, no impact of the disease status (local,
metastatic, recurrent) on immune responses was observed.
Regarding risk for impaired COVID-19 immunogenicity,
GI tumor types could be classified as a solid borderline
tumor group with similarities to hematological malignancies
most likely explained by an underlying immunodeficiency.
Further studies in other cohort of patients to confirm these
findings and further particularities of these patients should
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be studied next.

Furthermore, additional immunosuppression was found
to worsen SARS-CoV-2 immunogenicity with significantly
lower titers of SARS-CoV-2 anti-spike IgG and SARS-
CoV-2 surrogate NAB. This reduction was more evident
in patients under active tumor treatment and was in
line with other studies in cancer patients (10,12,14,16).
Contrary, infection with SARS-CoV-2 prior to vaccination
appeared to increase immunogenicity after SARS-CoV-2
vaccination since these patients showed similar increase
in total and in surrogate NAB compared to patients
in follow-up care. Other studies also demonstrated a
favorable effect of a past medical history of COVID-19
on antibody titers in healthy persons as well as in patients
with cancer (12,40,41).

Regarding age and sex, no significant influence on
antibody titers could be observed. Data on the impact of
age and sex are inconsistent as some showed no evidence
for an effect (10), while others demonstrated a better
immune response in female patients and patients under
the age of 65 (12,17).

According to our data, booster vaccination can
overcome differences between patients under active
treatment and in follow-up care, since all patients
reached effective levels of SARS-CoV-2 anti-spike IgG
(>282.0 BAU/mL) and NAB (>85.0%). This is in line with
clinical observations that rates of confirmed COVID-19 or
severe COVID-19 were significantly reduced after booster
vaccination (42). Moreover, the immunogenic potential of
booster vaccination could be confirmed, even for patients
with cancer having been seronegative after first and
second vaccination (43,44). In patients with solid cancer,
NAB against omicron was detectable in 90% of patients
after booster vaccination (45). Especially for patients with
hepatobiliary carcinoma, booster vaccinations are thus
already recommended (20). Of note, data on the effect of
booster vaccination in patients with cancer are sparse for
the time being. However, as we found that titers of SARS-
CoV-2 anti-spike IgG again decreased 12 weeks after
booster vaccination, earlier further booster vaccinations
should be taken into consideration individually in patients
with GI cancer after antibody assessment.

The present study has some limitations. Consequent
follow-up of all patients was not possible as some patients
died, and some patients had a reduced performance status
while continuing their medical treatment in the department
of palliative care. While presenting extensive data on
humoral immunogenicity for SARS-CoV-2, data on cellular
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immune response are missing.

The strengths of our study is a more conservative analysis
than previous studies since we not only regarded positive
response rates to vaccination but defined titers being linked
to protection. However, this makes it difficult to compare
our data with other studies due to different cut-off values
for antibody testing (sole test positivity versus reaching
individually defined effective titers), different time points
for antibody testing and heterogeneous distribution of
tumor entities in other studies. This might have contributed
to the overall worse response rates in patients with GI-
cancer under active treatment compared to patients with
other solid tumors in the same situation.

Conclusions

In summary, we showed that patients with GI cancer under
anticancer therapy reached unexpectedly worse response
rates to vaccination for SARS-CoV-2 than comparable
patients in follow-up care. Impairment was particularly
pronounced for patients with HCC, PBN and CRC. Thus,
we claim that effects are tumor-related due to underlying
immunodeficiency. However, we could define levels of
SARS-CoV-2 anti-spike IgG (>282.0 BAU/mL) as well
as of SARS-CoV-2 surrogate NAB (>85.0%) having been
associated with protection from severe COVID-19 marking
a landmark for clinicians as well as for future studies.
Booster vaccination finally led to effective antibody titers in
all tested patients. Considering waning immunity as well as
antibody escape phenomena of variant of concern Omicron
(46,47), follow-up analyses putting emphasis on long-term
immunogenicity following vaccination with Omicron-
adapted vaccines into account.
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2.2 Longitudinale SARS-CoV-2-Impfstudie bei PatientInnen mit gastrointestinalen

Karzinomen — Effekt der ersten Auffrischungsimpfung

Monin, M.B.*, Baier, L.I.*, Gorny, J.G., Berger, M., Zhou, T., Mahn, R., Sadeghlar,
F., Mohring, C., Boesecke, C., van Bremen, K., Rockstroh, J.K., Strassburg, C.P., Eis-
Hiibinger, A.-M., Schmid, M., Gonzalez-Carmona, M.A. (2023). Deficient Immune
Response following SARS-CoV-2 Vaccination in Patients with Hepatobiliary
Carcinoma: A Forgotten, Vulnerable Group of Patients. Liver Cancer /2.

*geteilte Erstautorenschaft

Nachdem vor allem PatientInnen mit hepatobilidren Karzinomen besonders niedrige humorale
Titer nach der Primdrimpfserie gegen SARS-CoV-2 aufwiesen, standen diese Patientlnnen im
Fokus der Folgearbeit. Dabei wurden zwischen Januar 2021 und Juli 2022 der Effekt einer
ersten wildtypbasierten Auffrischungsimpfung und damit die Basisimmunitit analysiert. Neu
wurden ergidnzend die zelluldre Immunantwort und neben der Immunogenitét insbesondere

auch der klinische Verlauf etwaiger Durchbruchinfektionen betrachtet (vgl. Kapitel 1.8.1).

Von 101 in die Studie aufgenommenen PatientInnen hatten 59 PatientInnen ein hepatobilidres
Karzinom unter tumorspezifischer Therapie (Referenzgruppe). In der Kontrollgruppe hatten
von 42 Patientlnnen mit gastrointestinalen Karzinomen 12 Patientlnnen ein hepatobilidres
Karzinom ohne Hinweis auf Tumoraktivitit und ohne Indikation einer fortlaufenden Erhal-

tungstherapie.

Die signifikant niedrigeren humoralen Impftiter bei Patientlnnen der Referenzgruppe im
Vergleich zu PatientInnen der Kontrollgruppe nach einer Primédrimpfserie gegen SARS-CoV-2
(vgl. Kapitel 2.1) lieBen sich in dieser Kohorte bestétigen. In einer multivariablen Analyse
waren eine chemotherapeutische Behandlung, eine systemische Immundefizienz und/oder ein
Diabetes mellitus mit signifikant niedrigeren Titern assoziiert. Im zeitlichen Intervall fielen die
Titer in beiden Gruppen weiter ab, wobei dies in der Referenzgruppe ausgeprigter war. Durch
eine Auffrischungsimpfung, die zwei Drittel der PatientIlnnen zu diesem Zeitpunkt erhalten
hatten, konnten die Titer stabilisiert werden. Dabei war die Hohe der Titer zwischen der
Referenz- und der Kontrollgruppe ausgeglichen. Aullerdem konnte bei allen Patientlnnen, die
nach zwei Impfungen noch keinen Titer aufgewiesen hatten, eine Serokonversion
nachgewiesen werden. Auch in Bezug auf die zellulire Immunantwort ergab sich nach der

SARS-CoV-2-Auffrischungsimpfung kein Unterschied zwischen der Referenz- und der
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Kontrollgruppe. Insgesamt kam es zu wenigen, mild verlaufenden Durchbruchinfektionen mit
SARS-CoV-2 nach der Auffrischungsimpfung in unserer Kohorte (n=3).

Ein erneuter Abfall der Spiegel von SARS-CoV-2 anti-spike IgG bei allen in die Studie aufge-
nommenen PatientInnen im zeitlichen Intervall war deutlich geringer als nach der Primérimpf-

serie. Diese Entwicklung galt es im Weiteren aber zu reevaluieren (vgl. Kapitel 2.3).

PatientInnen mit hepatobilidren Karzinomen sollten entsprechend motiviert werden, die
Impfempfehlungen, insbesondere auch die Auffrischungsimpfung, umzusetzen. Hierdurch ist
eine effektive Basisimmunitidt gegen SARS-CoV-2 zu erzielen. Speziell Patientlnnen, bei
denen die Impfempfehlungen der STIKO und der Fachgesellschaften nicht umgesetzt worden
sind, sollten weiterhin antivirale Therapien angeboten werden. Die insgesamt geringe Zahl und
die milden Verldufe von Durchbruchinfektionen mit SARS-CoV-2 werteten wir als klinisches
Korrelat einer effektiven Immunantwort. Offen blieb die Frage, ob die Basisimmunitit ohne
erneuten, variantenadaptierten SARS-CoV-2-Antigenkontakt aufrechterhalten werden kann
und ob die Basisimmunitdt auch einen effektiven Schutz gegen neue, speziell die Omikron-

Varianten von SARS-CoV-2 wiirde bieten kénnen.
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Abstract

Introduction: Data on immune response rates following
vaccination for severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2) in patients with hepatobiliary
carcinoma (HBC) are rare. However, impaired immunoge-
nicity must be expected due to the combination of
chronic liver diseases (CLDs) with malignancy and anti-
cancer treatment. Methods: In this prospective, longitu-
dinal study, 101 patients were included, of whom 59 were
patients with HBC under anticancer treatment. A cohort of
patients with a past medical history of gastrointestinal
cancer, of whom 28.6% had HBC without detectable active
tumor disease having been off therapy for at least 12

months, served as control. Levels of SARS-CoV-2 anti-spike
IgG, surrogate neutralization antibodies (sNABs), and cel-
lular immune responses were compared. In uni- and
multivariable subgroup analyses, risk factors for impaired
immunogenicity were regarded. Data on rates and clinical
courses of SARS-CoV-2 infections were documented.
Results: In patients with HBC under active treatment,
levels of SARS-CoV-2 anti-spike 1gG were significantly
lower (2.55 log;o BAU/mL; 95% Cl: 2.33-2.76; p < 0.01)
than in patients in follow-up care (3.02 log;o BAU/mL; 95%
Cl: 2.80-3.25) 4 weeks after two vaccinations. Antibody
levels decreased over time, and differences between the
groups diminished. However, titers of SARS-CoV-2 sNAB
were for a longer time significantly lower in patients with
HBC under treatment (64.19%; 95% Cl: 55.90-72.48; p <
0.01) than in patients in follow-up care (84.13%; 95% Cl:
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76.95-91.31). Underlying CLD and/or liver cirrhosis Child-
Pugh A or B (less than 8 points) did not seem to further
impair immunogenicity. Conversely, chemotherapy and
additional immunosuppression were found to signifi-
cantly reduce antibody levels. After a third booster vac-
cination for SARS-CoV-2, levels of total and neutralization
antibodies were equalized between the groups. More-
over, cellular response rates were balanced. Clinically,
infection rates with SARS-CoV-2 were low, and no severe
courses were observed. Conclusion: Patients with active
HBC showed significantly impaired immune response
rates to basic vaccinations for SARS-CoV-2, especially
under chemotherapy, independent of underlying cirrhotic
or non-cirrhotic CLD. Although booster vaccinations bal-
anced differences, waning immunity was observed over
time and should be monitored for further recommenda-
tions. Our data help clinicians decide on individual addi-
tional booster vaccinations and/or passive immunization
or antiviral treatment in patients with HBC getting in-

fected with SARS-CoV-2. © 2023 The Authorf(s).
Published by S. Karger AG, Basel

Introduction

In October 2022, over 600 million cases of coronavirus
disease-2019 (COVID-19) caused by the newly identified
severe acute respiratory syndrome coronavirus-2 (SARS-
CoV-2) were confirmed. By that time, more than 12.5
billion SARS-CoV-2 vaccine doses had been adminis-
tered [1]. While for all persons - regardless of any
comorbidities — three vaccinations were recommended
[2], immunocompromised patients were encouraged to
receive at least four vaccine doses. Most recently, im-
munization with vaccines adapted to the SARS-CoV-2
variant of concern (VOC), Omicron, has additionally
been recommended for people aged 12 years or older [3].

Patients with chronic liver disease (CLD) are facing
higher rates of SARS-CoV-2-associated morbidity and
mortality [4, 5]. However, studies on response rates to
well-known vaccines in patients with CLD have revealed
impaired immune responses and faster antibody decline
over time [6-9]. These effects were especially pronounced in
cases of decompensated liver cirrhosis or in patients under-
going immunosuppressive therapy due to autoimmune
hepatitis [10]. As expected, poor response rates to vacci-
nations for SARS-CoV-2 have also been found in almost a
quarter of patients with CLD in published studies to date
[11, 12]. Unfortunately, the group of patients with hep-
atobiliary carcinoma (HBC), i.e., hepatocellular carcinoma

340 Liver Cancer 2023;12:339-355
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(HCCQ), cholangiocarcinoma (CCC), and gallbladder cancer
(GBC), is underrepresented in these cohorts, leading to
incomplete data concerning these patients [13, 14]. One
would assume a pronounced impairment of immune re-
sponses. First, these patients are frequently confronted with
underlying CLD, which is associated with immunodefi-
ciency, resulting in reduced immune responses to vaccines
as detailed above [13, 15]. Second, in patients with hem-
atologic and in patients with different solid cancer types,
immunogenicity after vaccination for SARS-CoV-2 was
worse than in healthy people [16-18], especially under
active anticancer treatment [19]. Taking these facts into
consideration, patients with HBC were expected to be at
high risk for severe COVID-19 due to impaired immune
response rates to vaccination for SARS-CoV-2. The ques-
tion remains whether malignancy per se, anticancer treat-
ment, underlying liver pathologies, or a combination of
these factors mainly contribute to this impairment. Here, we
present prospective data on humoral and cellular response
rates as well as on clinical efficacy and safety in a large
cohort of patients with HBC under active anticancer treat-
ment to further clarify the mentioned dubieties concerning
immunogenicity following basic and booster vaccination for
SARS-CoV-2.

Patients and Methods

Study Design

This prospective, longitudinal, observational study explores
humoral and cellular immune response rates to SARS-CoV-2
vaccinations in a cohort of patients with HBC and gastrointestinal
(GI) cancer treated at the Department of Internal Medicine I,
Gastroenterology Oncology Section at the University Hospital of
Bonn, Germany, between January 2021 and July 2022. Blood
samples were drawn 4, 12, and 24 weeks after the second (basic
vaccination) and third vaccination (first booster vaccination) for
SARS-CoV-2. Seroprevalence of SARS-CoV-2 anti-spike antibod-
ies (IgG) was analyzed at all time points, while SARS-CoV-2
surrogate neutralization antibodies (sNABs) were measured
12 weeks after the basic and 4 and 24 weeks after the first booster
vaccination. To determine cellular immune response rates, a
SARS-CoV-2 interferon gamma release assay (IGRA) was per-
formed 4 and 24 weeks after the third vaccination. In addition, all
patients who reported having received a second booster vaccina-
tion had their blood drawn again 4 weeks thereafter to re-measure
humoral and cellular response rates.

The study was performed in accordance with the Declaration of
Helsinki and approved by the Institutional Review Board of the
Medical Faculty of the University of Bonn (Nos. 341/17 and 023/
22). Written informed consent was obtained from all participating
patients.

Patient Characteristics and Eligibility Criteria
Patients with HBC (HCC, CCC, or GBC) under any active
anticancer treatment or having finished their anticancer treatment

Monin et al.
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within the last 12 months without detectable cancer disease for the
time being were eligible to be included. Those patients who were
under best supportive care continuing their treatment in the
department of palliative care were not included. Patients with a
past medical history of GI cancer without detectable cancer disease
for at least 12 months prior to inclusion were included as control
group. Additionally, these patients did not receive oncologic
treatment during the study period and in the last 12 months prior
to inclusion to avoid any effects of active cancer disease and/or of
anticancer therapy. Of note, at least 28.6% of the patients in this
follow-up group had a past medical history of HBC. The control
group features the following additional advantages and is therefore
especially matchable. First, patients shared comparable risk fac-
tors, both for cancer pathogenesis and for severe COVID-19
(shown in Table 1). Second, all patients were treated in the
same center according to standardized procedures. Basic vacci-
nation with one of the SARS-CoV-2 vaccines authorized by the
European Medicines Agency was obligatory for inclusion. Patients
who refused to receive booster vaccinations were not excluded.

Relevant clinical data regarding risk factors for severe COVID-
19, increased immunosuppression (suspected in patients with
long-term immunosuppressive medication and chronic HIV in-
fection with impaired immune status), as well as underlying
cirrhotic and non-cirrhotic liver diseases (alcoholic liver disease,
non-alcoholic fatty liver disease, chronic viral hepatitis, autoim-
mune hepatitis, primary sclerosing cholangitis, hemochromatosis,
Budd-Chiari syndrome) were acquired from standardized medical
records. Of note, only patients with liver cirrhosis Child-Pugh A or
B (score <8) were included as patients with decompensated liver
cirrhosis are not eligible for anticancer treatment. Finally, clinical
data on side effects potentially associated with the vaccinations as
well as on the course of infections with SARS-CoV-2 despite
vaccinations were collected.

Assessment of Humoral and Cellular Response Rates

To quantify antibodies against SARS-CoV-2 spike receptor-
binding domain (SARS-CoV-2 anti-spike IgG), SARS-CoV-2 IgG
II Quant chemiluminescent microparticle immunoassay (Abbott)
was used. SARS-CoV-2 sNABs in relation to all antibodies [%]
were identified using a blocking ELISA detection tool (cPass™
SARS-CoV-2 Neutralization Antibody Detection Kit; GenScript).
This test detects functional virus neutralization strongly correlat-
ing with live-cell neutralization [20, 21]. Of note, its relevance
concerning current SARS-CoV-2 (VOCs) is limited as neutraliza-
tion of the SARS-CoV-2 wild type is identified by this test.

Cellular immune response rates, ie., SARS-CoV-2 spike-
protein-specific T-cell response, were determined by a standard-
ized IGRA (EUROIMMUN Quan-T-Cell SARS-CoV-2 and
EUROIMMUN Quan-T-Cell ELISA). For qualitative detection
of SARS-CoV-2 anti-nucleocapsid IgG in patients having been
infected with SARS-CoV-2, Elecsys Anti-SARS-CoV-2 electro-
chemiluminescence immunoassay (Roche) was used. All assays
were performed according to the manufacturer’s instructions.

Statistical Analysis

Statistical analysis was carried out using R version 4.1.1 (R Core
Team 2021: R: a language and environment for statistical comput-
ing, R Foundation for Statistical Computing, Vienna, Austria).
Descriptive analyses included the calculation of medians and
interquartile ranges for continuous variables and frequencies
(absolute and relative) for categorical variables. The association

Deficient Immune Response following
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between levels of SARS-CoV-2 anti-spike IgG and SARS-CoV-2
surrogate NAB was analyzed using Spearman’s rank correlation
coefficient.

Univariate linear mixed effects models were used to compare
(logo transformed) levels of SARS-CoV-2 anti-spike IgG (at all
points of time) with respect to treatment status, tumor type (HCC
or CCC), and type of treatment, with time treated as factor
variable. Each model contains main effects, interaction terms
between risk factor and time, as well as a patient-specific random
intercept. To compare antibody levels between the different points
of time in each group and between the two groups at each point of
time, we performed an additional post hoc pairwise comparison
based on these mixed effects models. Moreover, (log;o trans-
formed) levels of SARS-CoV-2 anti-spike IgG were compared
with respect to underlying CLD and a compensated liver cirrhosis
in the group of patients with HBC under anticancer treatment
using univariate linear mixed effects models. Analogously, SARS-
CoV-2 surrogate NAB (measurements at 12 weeks after basic as
well as 4 and 24 weeks after the first booster vaccination) was
compared with respect to the discussed influencing factors. Also,
applying univariate linear mixed effects regression, levels of SARS-
CoV-2 IGRA (measurements four and 24 weeks after the third
vaccination) were compared with respect to treatment status.

Furthermore, multivariable regression analyses (for SARS-
CoV-2 anti-spike IgG and SARS-CoV-2 surrogate NAB) were
performed to examine a possible effect of age, sex, history of SARS-
CoV-2 infection, additional immunosuppression, and diabetes
mellitus (DM), respectively. p values <0.05 were regarded as
statistically significant. Bonferroni-Holm adjustments were ap-
plied as appropriate.

Results

Baseline Characteristics

In this study, 101 patients were included: 58.4% (n =
59) suffered from active HBC and were under anticancer
treatment, while 41.6% (n = 42) had a past medical
history of GI cancer being in follow-up care. There
were 64.4% patients with HCC (n = 38) and 35.6%
patients with CCC/GBC (n = 21) under anticancer treat-
ment. In the follow-up care group, 16.7% of patients had
HCC (n = 7), 11.9% had CCC/GBC (n = 5), and 71.4%
had other GI cancer types (n = 30) (p < 0.01). The
different distribution of tumor types as well as higher
rates of immunosuppression and CLD in patients with
active HBC was related to the different prognosis and
pathogenesis of the tumor types. Overall, the groups were
well matchable as summarized in Table 1.

Humoral Response Rates, Clinical Efficacy, and Safety

after Second Vaccination

Four weeks after the second vaccination for SARS-
CoV-2, titers of SARS-CoV-2 anti-spike IgG were sig-
nificantly lower in patients with HBC under active
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Table 1. Baseline characteristics

Under treatment Off treatment >1 year p value
(n =59) (n =42)
Age, years
Median 67 (40-84) 65 (31-85) 0.59
IQR
Sex
Female 32.2% (19) 47.6% (20) 0.15
Male 67.8% (40) 52.4% (22)
Tumor type
Hepatobiliary cancers 100% (59) 28.6% (12) <0.01
HCC 64.4% (38) 16.7% (7)
CCC/GBC 35.6% (21) 11.9% (5)
Gl cancers* - 71.4% (30)
Type of treatment
Local therapy 39% (23) -
Targeted therapy and/or immune 28.8% (17) -
checkpoint inhibition
Chemotherapy 27.1% (16) -
Off treatment <1 year** 5.1% (3) - <0.01
Underlying liver disease 69.5% (41) 19% (8)
Cirrhotic (Child-Pugh A or B, score <8) 63.4% (26) 62.5% (5)
ALD 38.5% (10) 40% (2)
NAFLD 38.5% (10) 60% (3)
Hepatitis B/C 15.4% (4) -
Hemochromatosis 3.8% (1) -
Autoimmune 3.8% (1) -
Non-cirrhotic 36.6% (15) 37.5% (3)
NAFLD 46.7% (7) 33.3% (1)
Hepatitis B/C 20% (3) 33.3% (1)
PSC 13.3% (2) -
Hemochromatosis 13.3% (2) -
Budd-Chiari syndrome - 33.3% (1)
ALD 6.7% (1) -
Additional immunosuppression 16.9% (10) 2.4% (1) 0.02
Co-medication with corticosteroids 50% (5) 100% (1)
Calcineurin inhibitors 30% (3) -
Co-medication with azathioprine 10% (1) -
HIV infection (T helper cells <400/uL) 10% (1) -
Risk factors for severe COVID-19
Age >65 years 67.8% (40) 73.8% (31) 0.65
BMI >30 kg/m? 23.7% (14) 7.1% (3) 0.03
History of smoking 33.9% (20) 31% (13) 0.53
Hypertension 61% (36) 50% (21) 0.31
Chronic respiratory disease 13.6% (8) 19% (8) 0.58
Cardiovascular disease 20.3% (12) 26.2% (11) 0.63
Chronic kidney disease 13.6% (8) 2.4% (1) 0.07
CLD 69.5% (41) 19% (8) <0.01
Neurological disorder 5.1% (3) 4.8% (2) 1
Autoimmune disease 11.9% (7) 24% (1) 0.13
DM 33.9% (20) 14.3% (6) 0.03
SARS-CoV-2 infection before initial vaccination *** 3.4% (2) 2.4% (1) 1
Clinical outcome after vaccination
SARS-CoV-2 infection after second vaccination *** 5.1% (3) 2.4% (1) 0.64
SARS-CoV-2 infection after third vaccination *** 6.8% (4) 9.5% (4) 0.71
342 Liver Cancer 2023;12:339-355 Monin et al.
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Table 1 (continued)

Under treatment Off treatment >1 year p value
(n =59) (n =42)
Vaccine

Initial vaccine 0.79
BNT162b2 (Pfizer & BioNTech) 86.4% (51) 83.4% (35)
AZD1222 (AstraZeneca) 11.9% (7) 9.5% (4)
mRNA-1273 (Moderna) 1.7% (1) 7.1% (2)

Third vaccine 0.21
BNT162b2 (Pfizer & BioNTech) 87.2% (34) 75% (21)
mRNA-1273 (Moderna) 12.8% (5) 25% (7)

Fourth vaccine 1
BNT162b2 (Pfizer & BioNTech) 91.7% (11) 100% (7)
mRNA-1273 (Moderna) 8.3% (1) -

Vaccine side effects****

Initial vaccination
Local side effects 13.6% (8) 28.6% (12)
Systemic side effects 16.9% (10) 33.3% (14)

Third vaccination
Local side effects 10.2% (4) 7.1% (2)
Systemic side effects 17.9% (7) 17.9% (5)

Fourth vaccination
Local side effects 16.7% (2) -
Systemic side effects 25% (3) 33.3% (2)

Baseline characteristics were compared between treatment and control group using Student’s t test for age and Fisher's exact tests
for the categorical variables. CCC, cholangiocellular cancer; GBC, gallbladder cancer; HCC, hepatocellular carcinoma; Gl cancers,
gastrointestinal cancers; CRC, colorectal carcinoma; CUP, cancer of unknown primary; GIST, gastrointestinal stromal tumor; NET,
neuroendocrine tumor; NAFLD, non-alcoholic fatty liver disease; ALD, alcoholic liver disease; PSC, primary sclerosing cholangitis; IQR,
interquartile range. * Gastrointestinal% (Gl) cancers — pancreatic cancer, duodenal cancer, gastric and esophageal cancer, CRC, CUP,
GIST, NET. ** Patients who received oncological treatment within the last 12 months currently under no anticancer treatment and
without detectable tumor. *** SARS-CoV-2 anti-nucleocapsid IgG positive. **** Local side effects: erythema or swelling of injection
side, local pain, lymph node swelling; systemic side effects: fever, nausea/vomiting, diarrhea, headaches, allergic reactions.

treatment (2.55 log;o BAU/mL; 95% CI: 2.33-2.76; p <
0.01) than in patients in follow-up care (3.02 log;o BAU/
mL; 95% CI: 2.80-3.25). Over time, a decrease in mean
antibody levels was observed, which was pronounced in
patients under treatment (shown in Tables 24, 3A; Fig. 1a).
At week 12 after the second vaccination, differences between
the groups were minor and not significant (p = 0.20, shown
in Tables 2A, 3B; Fig. 1a). However, levels of SARS-CoV-2
SNAB determined at week 12 after the second vaccination
were still significantly lower in patients with active HBC
under treatment (64.19%; 95% CI: 55.90-72.48; p < 0.01)
compared to patients in follow-up care (84.13%; 95% CI:
76.95-91.31) (shown in Tables 2C and 3B; Fig. 1b). Of note,
10.6% (n = 6) of patients with active HBC and 4.8% (n = 2)
of patients in follow-up care failed to develop any SARS-
CoV-2 antibody titer after the basic vaccination. Levels of
total and neutralization antibodies were associated with a
correlation coefficient of 0.93 at week 12 after the second
vaccination (shown in Fig. 1c).

Deficient Immune Response following
SARS-CoV-2 Vaccination in HBC Patients
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From a clinical point of view, infections with SARS-
CoV-2 after the second vaccination (either self-reported
or validated by PCR test) were found in 5.1% (n = 3) of
patients with active HBC under treatment and 2.4% (n =
1) of patients in follow-up care, all with a mild course and
most of them with SARS-CoV-2 VOC B1.617.2 (Delta).
No severe adverse side effects related to the vaccinations
were reported (shown in Table 1).

Humoral Response Rates, Clinical Efficacy, and Safety

after Booster Vaccinations

A total of 66.1% (n = 39) of patients with active HBC
under treatment and 66.7% (n = 28) of patients in follow-
up care received a third vaccination 6 months after the
second vaccination (shown in Table 1). Prior to that,
mean levels of SARS-CoV-2 anti-spike IgG were re-
measured (24 weeks after the second immunization),
revealing a further decline of antibody levels in patients
with active HBC (1.95 log;o BAU/mL; 95% CI: 1.71-2.19;
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Table 2. Titers of SARS-CoV-2 antibodies

A SARS-CoV-2 anti-spike 1gG following second vaccination

Time after 4 weeks 12 weeks 24 weeks
vaccination
estimate 95% CI  p value estimate 95% CI  pvalue estimate 95% CI  pvalue
[logio BAU/mL] [logio BAU/mL] [logio BAU/mL]
Treatment
Off treatment >1 3.02 2.80-3.25 248 2.27-2.68 <0.001 2.07 1.85-2.29 <0.001
year*
Under treatment 2.55 2.33-276 0.003 2.18 1.99-238 0.29 1.95 1.71-2.19 0.06
Tumor type
Off treatment >1 3.02 2.80-3.25 248 2.27-2.68 <0.001 2.07 1.85-2.29 <0.001
year*
HCC 2.58 2.31-2.84 0.01 2.17 1.93-240 0.46 2.05 1.75-2.36 0.05
CCC/GBC 2.51 2.13-2.89 0.02 2.26 1.92-2.59 0.24 1.79 1.41-2.16 0.39

B SARS-CoV-2 anti-spike 1gG following third vaccination

Time after 4 weeks 12 weeks 24 weeks
vaccination
estimate 95% CI  p-value estimate 95% Cl  p-value estimate 95% CI  p-value
[logqo BAU/mI] [log;o BAU/mMI] [logio BAU/mI]
Treatment
Off treatment > 1 3.53 3.25-3.80 3.22 292-3.53 0.24 3.18 2.89-348 0.33
year*
Under treatment 3.47 3.23-3.71 0.05 343 3.13-3.72 <0.01 342 3.09-3.75 <0.001
Tumor type
Off treatment > 1 3.53 3.25-3.80 3.22 292-3.53 0.24 3.18 2.89-348 0.32
year*
HCC 3.56 3.27-3.85 0.04 3.67 3.27-4.06 <0.01 346 3.08-3.84 <0.001
CCC/GBC 3.28 2.86-3.70 0.37 3.09 2.64-3.54 0.24 3.23 247-399 0.22

C SARS-CoV-2 neutralization antibodies following second and third vaccinations

Time after 12 weeks after second vaccination 4 weeks after third vaccination 24 weeks after third vaccination
vaccination
estimate [%] 95% ClI p value estimate [%] 95% Cl p-value estimate [%] 95% Cl p value
Treatment
Off 84.13 76.95-91.31 99.36 89.20-100.00 0.02 91.18 79.92-100.00 0.3
treatment > 1
year*
Under 64.19 55.90-72.48 <0.001 98.54 89.22-100.00 0.03 94.91 81.37-100.00 0.03
treatment
Tumor type
Off 84.13 76.95-91.31 99.36 89.20-100.00 0.02 91.18 79.92-100.00 0.3
treatment > 1
year*
HCC 61.77 52.15-71.39 <0.001 99.39 88.07-100.00 0.03 98.49 83.06-100.00 0.01
CCC/GBC 7145 54.79-88.11 0.17 96.68 80.02-100.00 0.46 82.40 53.54-100.00 0.83

Cl, confidence interval; CCC, cholangiocellular carcinoma; HCC, hepatocellular carcinoma; GBC, gallbladder cancer. The results of
linear mixed model analysis for the SARS-CoV-2 anti-spike IgG and neutralization antibodies are shown. Results are reported by mean
estimates, 95% confidence intervals, and associated p values. p values refer to the comparison to patients off treatment >1 year
4 weeks after second vaccination. * Patients with a history of Gl cancer in follow-up care being at least 1 year off therapy.
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Table 3. Time and group effect on antibody levels

A Comparisons between different points of time for patients under treatment and patients off treatment >1 year

Regarded points of time

SARS-CoV-2 anti-spike IgG

under treatment (p value)

off treatment >1 year (p value)

<0.01
<0.01
<0.01
1.0
1.0
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
0.80
0.46
1.0

NBEBPWWWNNNN= = =2 a2 -

0.02
<0.01
<0.01
<0.01
<0.01
0.58
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
1.0
1.0
1.0

B Comparison between patients under treatment and patients off treatment >1 year at each point of time

Point of time

1 2 3 4 5 6
Comparison patients under treatment versus patients off treatment 0.02 0.20 1.0 1.0 1.0 1.0
>1 year (p value) for SARS-CoV-2 anti-spike 1gG
Comparison patients under treatment versus patients off treatment / <0.01 / 1.0 / 1.0

>1 year (p value) for SARS-CoV-2 neutralization antibodies

The results of a post hoc pairwise comparison based on the mixed regression model reported in Table 2 A-C are shown. The
numbers are referred to the different points of time as follows: 1-3 = 4, 12, and 24 weeks after second vaccination, respectively;

4-6 = 4, 12, and 24 weeks after third vaccination, respectively.

p < 0.01) and patients in follow-up care (2.07 log;o BAU/
mL; 95% CI: 1.85-2.29; p = 0.06) compared to levels
4 weeks after the second vaccination (shown in Table 2A;
Fig. 1a).

Four weeks after the first booster vaccination, pre-
dicted mean antibody levels of SARS-CoV-2 anti-spike
IgG showed a significant increase in patients with HBC
under treatment (3.47 log,o BAU/mL; 95% CI: 3.23-3.71;
p = 0.05) and in patients in follow-up care (3.53 log;,
BAU/mL; 95% CI: 3.25-3.80; p < 0.01) compared to
patients in follow-up care at week four after the second
vaccination. Titers between the groups were almost equal
(shown in Table 2B; Fig. la). This effect could also be
observed for SARS-CoV-2 sNAB in both groups (98.54%;
95% CI: 89.22-100.0; p = 0.04 and 99.36%; 95% CI:
89.20-100.0; p = 0.02) (shown in Table 2C; Fig. 1b).
Importantly, all of the patients who did not develop

Deficient Immune Response following
SARS-CoV-2 Vaccination in HBC Patients
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SARS-CoV-2 antibody titers following the basic vacci-
nation (n = 8) showed a positive immune response after
the first booster vaccination.

However, levels of total as well as neutralization anti-
bodies decreased again in patients with HBC under treat-
ment and in patients in follow-up care over time (shown in
Tables 2B, 2C; Fig. 1a, b). In comparison to the decrease of
antibody levels after the first two vaccinations, the decrease
after the third vaccination was less pronounced (shown in
Tables 2B, C, 3A, B; Fig. 1a, b). Despite official recom-
mendations and our reinforcement, only 20.4% (n = 12) of
patients under treatment and 16.7% (n = 7) of patients in
follow-up care opted to receive a fourth vaccination
(shown in Table 1). In patients with active HBC under
treatment as well as in patients in follow-up care, this
second booster vaccination stabilized and, again, improved
antibody levels of total (3.75 log;o BAU/mL; 95% CIL
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Fig. 1. Comparison of SARS-CoV-
2 antibody titer between patients
with HBC undergoing active anti-
cancer treatment and patients 01

SARS-CoV-2 surrogate NAB [%]

being off treatment >1 vyear.
a logl0 SARS-CoV-2 anti-spike
IgG titer at weeks 4, 12, and 24
after the second and third vacci-
nations, respectively. b SARS-
CoV-2 surrogate neutralization
antibody titer at week 12 after
the second and at weeks 4 and
24 after the third vaccination,
respectively. ¢ Association be-
tween logl0 SARS-CoV-2 anti-
spike IgG and SARS-CoV-2
surrogate NAB titer with a corre-
lation coefficient of 0.93. Lower
and upper ends correspond to the
25% and 75% quartiles, respec-
tively; length of boxes represents
interquartile range; horizontal
line shows median logl0 SARS-
CoV-2 anti-spike and SARS-
CoV-2 surrogate neutralization
antibody titer. BAU, binding
antibody units; NABs, neutraliza-
tion antibodies; HBC, hepatobili-
ary cancer.
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2.86-4.17 and 3.60 log;o BAU/mL; 95% CI: 2.93-4.10) as
well as of neutralization antibodies (99.14%; 95% CI:
97.00-99.70 and 98.88%; 95% CI: 98.40-99.60).

Up until May 2022, infections with SARS-CoV-2 were
found in 8 patients of our cohort - all with a mild course.
Infections with VOCs BA.1 and BA.2 (Omicron) were
documented in 1.7% (n = 1) of patients with active HBC
under treatment and 4.8% (n = 2) of patients in follow-up
care despite booster vaccination. With VOCs BA.4 and
BA.5 (Omicron), 2 patients in follow-up care (4.8%) and
3 patients under anticancer treatment (5.1%) were in-
fected (shown in Table 1). The third and fourth vacci-
nations in our cohort of patients were also well tolerated
with only mild side effects (shown in Table 1).

Cellular Response Rates after Booster Vaccination

In addition, we examined cellular response rates in
both groups after the third vaccination for SARS-CoV-2.
Levels of SARS-CoV-2-stimulated interferon gamma re-
lease were balanced with similar titers in patients with
HBC under treatment (1,372.39 mlIU/L; 95% CI:
940.69-1,804.08) and in patients in follow-up care
(1,248.34 mIU/L; 95% CI: 843.20-1,653.49; p = 0.68)
4 weeks after the third vaccination. At week 24 after
the third vaccination, levels of patients in follow-up care
were stable (1,341.70 mIU/L; 95% CI: 852.87-1,830.53),
while those of patients with HBC under anticancer treat-
ment decreased distinctly (921.98 mlIU/L; 95% CI:
349.14-1,494.83) (shown in Table 4).

Subgroups Analyses and Factors Influencing Humoral

Immune Response Rates

In the group of patients with active HBC, we analyzed
factors potentially impairing immune response rates.
Neither underlying CLD nor liver cirrhosis was found
to be associated with significantly reduced antibody levels
(shown in Fig. 2). Concerning tumor types, no significant
differences between patients with HCC and patients with
CCC/GBC could be determined at any point of time
(shown in Table 2; Fig. 3 A, B). Of note, in the control
group, time-averaged mean predicted total (2.74 log;,
BAU/mL; 95% CI: 2.41-3.07 vs. 2.77 log;o BAU/mL; 95%
CL: 2.57-2.97; p = 0.89) and neutralization SARS-CoV-2
antibody levels (84.91%; 95% CI: 72.87-88.53 vs. 91.17%;
95% CI: 84.29-98.04; p = 0.38) did not differ between
patients with a past medical history of HBC and patients
with a past medical history of other GI cancer types. In
patients under treatment, chemotherapy significantly
reduced levels of total (-0.50 log;o BAU/mL; 95% CI:
-0.85 to —0.15; p < 0.01) as well as of neutralization
antibodies (-15.23%; 95% CI: —28.50 to —1.96; p = 0.03).

Deficient Immune Response following
SARS-CoV-2 Vaccination in HBC Patients
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By contrast, the potential impact of local, targeted, or
immune checkpoint therapy was insignificant and minor
(shown in Fig. 3¢, d).

In a multivariable analysis, we again regarded factors
potentially influencing humoral response rates to vacci-
nations for SARS-CoV-2. Additional immunosuppres-
sion was associated with significantly reduced levels of
total 0.70 log;o BAU/mL; 95% CI: -1.06 to —0.34; p <
0.01) and neutralization antibodies (26.99%; 95% CI:
—42.51 to —11.45; p < 0.01). Of note, immunosuppression
was only suspected in patients under co-medication with
corticosteroids, calcineurin inhibitors, or azathioprine
and/or in patients with an underlying HIV infection
and T helper cells <400/uL (shown in Table 1). Thus,
in the present model, immunosuppression was not linked
to chemotherapy, identifying immunosuppression as an
independent risk factor for impaired response rates.
Conversely, chemotherapy itself significantly impaired
levels of SARS-CoV-2 anti-spike IgG (-0.79 log;,
BAU/mL; 95% CI: —-1.28 to —0.29; p < 0.01), while its
impact on neutralization antibodies was less pronounced
(-16.94%; 95% CI: —35.97 to +2.09; p = 0.08). Vice versa,
DM as comorbidity reduced levels of neutralization anti-
bodies significantly (-16.75%; 95% CI: —29.06 to —4.45;
p < 0.01) with an inferior impact on levels of total
antibodies (-0.29 log;, BAU/mL; 95% CI: -0.55
to —0.02; p = 0.04). Being off treatment <1 year without
detectable tumor activity and/or a past medical history of
COVID-19 prior to vaccinations were linked to distinctly
higher levels of total and neutralization antibodies by
trend. Other therapy regimes (immune checkpoint ther-
apy, targeted therapy, local therapy), age, sex, CLD, and/
or compensated liver cirrhosis (i.e., Child-Pugh A or B)
showed no substantial impact on antibody levels (shown
in Fig. 4a, b).

Regarding levels of total and neutralization antibodies
after the first booster vaccination, negative effects of
additional immunosuppression, chemotherapy, and/or
DM were minor and insignificant. Moreover, the positive
impacts of infections with SARS-CoV-2 on antibody
levels and/or of finishing anticancer treatment within
1 year diminished (shown in Fig. 4c, d).

Discussion

In a large cohort of patients with GI cancer, we showed
that patients with active HBC under anticancer treatment
are facing significantly impaired immune responses to
basic vaccination for SARS-CoV-2 without safety con-
cerns. Although response rates could eventually be
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Table 4. Cellular response rates after
SARS-CoV-2 vaccination

Estimate, mIU/mL 95% ClI p value
Four weeks after third vaccination
Treatment
Off treatment >1 year * 1,248.34 843.20-1,653.49 <0.001
Under treatment 1,372.39 940.69-1,804.08 0.68

24 weeks after third vaccination

Treatment

Off treatment >1 year *
Under treatment

1,341.70
921.98

852.87-1,830.53 0.7
349.14-1,494.83 0.18

The results of linear mixed model analysis for the SARS-CoV-2 IGRA are shown.
Results are reported by mean estimates, 95% confidence intervals, and associated p
values. p values refer to the comparison to patients off treatment >1 year 4 weeks after
second vaccination. IGRA, interferon gamma release assay; mlU/mL, milli-international
units per milliliter; Cl, confidence interval. *Patients with a history of Gl cancer in
follow-up care being at least 1 year off therapy.

improved by booster vaccinations in our cohort of pa-
tients to levels similar to those in patients without active
cancer disease in follow-up care, waning immunity over
time was again observed and should be taken into con-
sideration for further recommendations.

Patients with CLD and with solid cancer have been
shown to develop worse immune responses to basic
vaccination for SARS-CoV-2 than healthy people [13,
16]. Unfortunately, differentiated data on patients with
active HBC are missing to date. These patients have been
suspected to be especially vulnerable during the ongoing
COVID-19 pandemic due to the underlying combination
of CLD and malignant disease. Thus, in this study, we
focused on immune response rates to vaccination for
SARS-COV-2 in a relatively large cohort of patients with
active HBC receiving anticancer treatment (being or
having been under local therapy, chemotherapy, targeted
therapy, or immune checkpoint inhibition within the last
12 months). Patients with a past medical history of GI
cancer having been at least 1 year without detectable
tumor disease and without anticancer treatment were
included as control group. Within the control group,
there was a proportion of 28.6% of patients with a past
medical history of HBC. All patients were well matched as
detailed above, particularly as they shared comparable
risk factors for cancer development and for severe CO-
VID-19 which could not be found in a cohort of healthy
people.

As expected, the present data reveal that patients with
active HBC are especially challenged by significantly
reduced levels of total and neutralization SARS-CoV-2
antibodies when compared to patients with a past medical
history of GI cancer in follow-up care. Levels of total and
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neutralization antibodies were strongly associated (cor-
relation coefficient of 0.93) as described before [22].
However, while differences in total antibodies diminished
over time, significant differences in neutralization anti-
bodies persisted marking a discrepancy in real effective-
ness. Previous studies on response rates to vaccinations
for seasonal influenza, hepatitis A or B, and Streptococcus
pneumoniae in patients with CLD revealed impaired
immunogenicity compared to healthy controls [6-9].
Recently, these effects could be shown in patients with
CLD after having received SARS-CoV-2 vaccines [11, 12].

HBC per se as well as underlying CLD and liver fibrosis/
cirrhosis in most patients are associated with augmented
immunodeficiency [23, 24], resulting in worse immune
responses to vaccines. In order to further dissect the
influence of additional underlying hepatological condi-
tions, subgroup analyses were performed. Interestingly,
neither underlying CLD nor liver cirrhosis was associated
with significantly reduced levels of total and neutralizing
antibodies, in our cohort of patients with active HBC.
These results were also confirmed in a multivariable
analysis. Concerning liver cirrhosis, only patients with
compensated liver cirrhosis (Child-Pugh A or B) were
included in our cohort, explaining in part the missing
effect of cirrhosis on levels of SARS-CoV-2 anti-spike IgG.
In general, patients with CLD had positive SARS-CoV-
2 anti-spike IgG levels after basic vaccination in >85.0% of
cases [25]. The positive titers found in 89.4% of cases after
basic vaccination in our cohort of patients are in line with
these data. Previously, it has been shown that compensated
liver cirrhosis did not impair immune response rates to
vaccinations for SARS-CoV-2 in patients with CLD other
than HBC [12] which is confirmed here for patients with
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Fig. 2. Comparison of SARS-
CoV-2 antibody titer of patients
with HBC with and without
underlying liver diseases and
compensated liver cirrhosis, re-
spectively. a logl0 SARS-CoV-
2 anti-spike IgG titer of patients
undergoing active anticancer
treatment with and without an
underlying liver disease. b log10
SARS-CoV-2 anti-spike IgG titer
of patients undergoing active
anticancer treatment with and
without underlying compensated
liver cirrhosis. ¢ SARS-CoV-2
surrogate neutralization antibody
titer of patients undergoing active
anticancer treatment with and
without an underlying liver dis-
ease. d SARS-CoV-2 surrogate
neutralization antibody titer of
patients undergoing active anti-
cancer treatment with and without
an underlying compensated liver
cirrhosis. Lower and upper ends
correspond to the 25% and 75%
quartiles, respectively; length of
boxes represents interquartile
range; horizontal line shows me-
dian logl0 SARS-CoV-2 anti-
spike and SARS-CoV-2 surrogate
neutralization  antibody titer.
Compensated liver cirrhosis was
defined as liver cirrhosis Child
Pugh A or B with a score less
than 8. BAU, binding antibody
units; NABs, neutralization anti-
bodies; HBC, hepatobiliary cancer.
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Fig. 3. Comparison of SARS-CoV-2 anti-
body titer between patients with HCC
and CCC undergoing different types of
anticancer treatment and patients being
off treatment >1 year. a logl0 SARS-
CoV-2 anti-spike IgG titer at weeks 4,
12, and 24 after second and third vacci-
nations, respectively. b SARS-CoV-2
neutralization antibody titer at week 12
after second vaccination and at weeks 4
and 24 after third vaccination, respec-
tively. ¢ Comparison of logl0 SARS-
CoV-2 anti-spike IgG titer of patients
with HBC undergoing different types
of anticancer treatment. d Comparison
of SARS-CoV-2 neutralization antibody
titer of patients with HBC undergoing
different types of anticancer treatment.
Lower and upper ends correspond to the
25% and 75% quartiles, respectively;
length of boxes represents interquartile
range; horizontal line shows median
logl0  SARS-CoV-2 anti-spike and
SARS-CoV-2 surrogate neutralization
antibody titer. BAU, binding antibody
units; NABs, neutralization antibodies;
HCC, hepatocellular cancer; CCC, chol-
angiocellular cancer; HBC, hepatobiliary
cancer.
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Fig. 4. Effects of suspected factors influencing immunogenicity for
SARS-CoV-2 antibody titer. a Effects on logl0 SARS-CoV-2 anti-
spike IgG titer after second vaccination. b Effects on SARS-CoV-2
surrogate neutralization antibody titer after the second vaccina-
tion. ¢ Effects on log10 SARS-CoV-2 anti-spike IgG titer after the
third vaccination. d Effects on SARS-CoV-2 surrogate neutraliza-
tion antibody titer after third vaccination. The results of multi-
variable linear mixed effects analysis for the logl0 SARS-CoV-
2 anti-spike IgG and SARS-CoV-2 neutralization antibodies are
shown. Forest plots are showing point estimates and 95% Cls.
Compensated liver cirrhosis was defined as liver cirrhosis Child-
Pugh A or B with a score less than 8. CI, confidence interval.

Deficient Immune Response following
SARS-CoV-2 Vaccination in HBC Patients

-52-

Risk factor

Off treatment < 1y

Chemotherapy

Immunocheckpoint / targeted therapy
Local therapy

Age

Gender

COVID-19 before vaccination
Immunosuppression

Diabetes mellitus

Compensated liver cirrhosis

Chronic liver disease

a

Risk factor

Off treatment < 1y
Chemotherapy

Immunocheckpoint / targeted therapy
Local therapy

Age

Gender

COVID-19 before vaccination
Immunosuppression

Diabetes mellitus

Compensated liver cirrhosis

Chronic liver disease

b

Risk factor

Off treatment < 1y
Chemotherapy
Immunocheckpoint / targeted therapy
Local therapy

Age

Gender

COVID-19 before vaccination
COVID-19 after 2nd vaccination
Immunosuppression

Diabetes mellitus

Compensated liver cirrhosis

Chronic liver disease

[4

Risk factor

Off treatment < 1y
Chemotherapy
Immunocheckpoint / targeted therapy
Local therapy

Age

Gender

COVID-19 before vaccination
COVID-19 after 2nd vaccination
Immunosuppression

Diabetes mellitus

Compensated liver cirrhosis

Chronic liver disease

d

1.303 (0.107 to 2.499)
-0.788 (-1.283 10 -0.294)
-0.132 (-0.583 to 0.319)

0.043 (-0.429to 0.514)
-0.012 (-0.022 to -0.003)
-0.056 (-0.264 to 0.152)

0.278 (-0.293 to 0.950)
-0.702 (-1.063 10 -0.340)
-0.285 (-0.552 10 -0.019)

0.128 (-0.216 to 0.473)

-0.241 (-0.558 to 0.076)

7.879 (-23.324 10 39.082)
-16.939 (-35.965to 2.087)
-14.250 (-32.514 o 4.013)
-3.404 (-21.522t0 14.715)

-0.128 (-0.537to 0.282)

-0979 (-9314t0 7.357)
21,006 (-10.491 to 52.503)

-26.978 (-42.505 to -11.452)
-16.754 (-29.059 to - 4.450)
6.414 (- 9.477 to 22.305)

-5.167 (-21.319 10 10.985)

0.238 (-0.563 to 1.038)
-0.221(-0.916 to 0.474)
0,392 (-0.143 to 0.928)
0,332 (-0.184 to 0.828)
-0.008 (-0.023 to 0.007)
0.167 (-0.133 to 0.467)
0.361 (-0.760 to 1.482)
0.004 (-0.530 to 0.538)
-0.048 (-0.605 to 0.510)
-0.150 (-0.549 to 0.249)
-0.095 (-0.530 to 0.340)
-0.231 (-0.659 to 0.197)

-25-15-05 05 15 25

6.536 (- 8.696 to 21.769)
3.507 (-9.941 to 16.954)
7.413(-2.059to 16.886)
6.434 (- 3.483 10 16.350)
0,080 (-0.220to 0.379)
-0613(-6.838t 5611)
-2.798 (-22.455 10 16.859)
-0.818(-10.677 to 9.042)
-1.382(-11.723t0 8.959)
-8.125(-16.484 1o 0.235)
5.883 (- 3.25110 15.018)

-4.375(-12922t10 4.173)

T Trrr—— T
-25-15-05 05 15 25

-
—-—
.-

Estimate + 95% CI

——
[ e e —

-850 25 0 25 50
Estimate + 95% CI

Estimate + 95% CI

50 25 0 25 S0
Estimate + 95% CI

Liver Cancer 2023;12:339-355
DOI: 10.1159/000529608

351

%202 Aep 1z uo 1sanb Aq ypd'809625000/99%200¥/6€E/ /T L /Pd-8loilE/ol|/Wwoo aB.1ex//:dRy Wwouy papeojumoq



HBC. However, immunogenicity after vaccination for
hepatitis A and B was especially impaired in cases of
decompensated liver cirrhosis correlating with clearly
reduced liver synthesis [10]. One would thus also assume
worse levels of SARS-CoV-2 antibodies in patients with
HBC in situations of decompensated liver conditions,
which were not included as these patients are mostly
not eligible for anticancer treatment.

Although no significant differences between solid tu-
mor types could be demonstrated to date [26], differ-
entiated data for several tumor types are still missing. In
our own preliminary analysis on efficacy of SARS-CoV-2
vaccinations in patients with GI cancer, we could identify
patients with active HBC (n = 39) as especially facing
impaired immunogenicity compared to patients with
other types of active GI cancer and to patients in
follow-up care [27]. Separating HCC from CCC, there
were no differences in antibody levels between the 2
groups of patients with HBC in our cohort. Moreover,
patients with a past medical history of HBC did not show
worse immune responses than patients with a past med-
ical history of other GI cancers. While, as far as studies are
comparable, the finding of positive antibody titers in
89.4% of patients with active HBC after basic vaccination
in our cohort of patients is worse than in other solid
cancer patients (95.0%), it is better than in patients with
hematological malignancy (60.0%) [28]. By contrast,
96.2% of patients in follow-up care showed better positive
antibody titers, resembling response rates of healthy
people. We therefore conclude for our cohort of patients
that those with undetectable cancer and without any
treatment for at least 12 months are well protected
from severe COVID-19.

Moreover, anticancer treatment in general was iden-
tified as an outstanding risk factor for significantly re-
duced levels of SARS-CoV-2 antibodies as shown before
by Lee LY et al. [19]. In detail, patients, especially those
under chemotherapy, were facing reduced antibody lev-
els, while antibody levels of patients under local or
targeted/immunological therapy were not substantially
impaired in our cohort of patients. Chemotherapy has
previously been identified as an outstanding risk factor
for lower antibody levels [29].

According to our multivariable analysis, additional
immunosuppression could be identified as a main risk
factor for impaired immunogenicity following SARS-
CoV-2 vaccination. This is in line with data in patients
on immunosuppressive medication following liver trans-
plantation [11, 30]. Of note, this immunosuppression was
not linked to anticancer treatment, especially not to
chemotherapy.  Interestingly, chemotherapy was
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confirmed as another risk factor which mainly impaired
levels of total antibodies with a lesser impact on neutral-
ization antibodies. Moreover, DM as comorbidity showed
similar negative effects on SARS-CoV-2 immunogenicity,
especially on levels of sSNAB. The effects of chemotherapy
as well as of DM can be at least partly explained by the
underlying immunodeficiency associated with both
conditions [31].

A past medical history of COVID-19 was linked to
higher levels of total and neutralization antibodies by
trend following basic vaccination for SARS-CoV-2. This
has previously been revealed for patients with cancer [26]
and could here be confirmed for patients with HBC.
Natural infections have been shown to possess higher
immunogenic potential than vaccinations [32]. More-
over, hybrid immunity, i.e, vaccination after having
undergone COVID-19, showed best immune responses
compared to natural as well as immunity by vaccination
[33]. Higher SARS-CoV-2 antibody levels were also
observed in patients who finished their anticancer treat-
ment within 1 year. The formally positive effect of
finishing anticancer treatment within 1 year and of a
past medical history of COVID-19 on antibody levels in
our cohort of patients are though limited in its meaning as
only very few patients showed these features.

Differences between antibody levels have eventually
been overcome by a third vaccination. Correspondingly,
only rare infections with BA.1 and BA.2 were observed in
both groups of patients thereafter, highlighting the clin-
ical importance of booster vaccinations, especially for
patients at high risk of impaired SARS-CoV-2 immuno-
genicity. Moreover, cellular response rates were balanced
between the groups after the first booster vaccination. It
has been shown that the course of COVID-19 was less
severe after booster vaccination [34]. In patients with
solid as well as blood cancer having been seronegative
after the first and the second vaccination for SARS-CoV-
2, seropositivity could be traced after the first booster
vaccination [35]. This was also true for patients under
immunosuppressive treatment after liver transplantation
[36] and could also be observed in 8 patients of our
cohort. Contrary to our reinforced recommendations,
only about two-thirds of patients in our cohort received
a third vaccination. Of note, this is in line with the general
German booster vaccination rate of 61.95% [1], prompt-
ing more intense awareness campaigns, especially for
vulnerable groups, such as patients with active HBC.

Despite vaccination, infections with new VOCs
(BA.4 and BA.5) were found to increase in our cohort
of patients up to about 5.0%, in line with observations
of antibody escape of these VOCs from vaccines [37,
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38]. Fortunately, no severe courses of COVID-19 were
observed. This indicates that the decrease of antibody
levels over time was not critical and that the maintained
neutralizing capacity still was sufficient to prevent
severe COVID-19 from a clinical point of view. Waning
immunity over time was confirmed by data from the
UK [39], which we also observed in our cohort of
patients, making them a vulnerable group concerning
infections with SARS-CoV-2. Of note, levels of cellular
response were especially diminished in patients with
active HBC and must be further monitored. Fortu-
nately, decrease of antibody levels was less pronounced
after the third vaccination compared to the same time
points after the second vaccination stressing the need
for booster vaccinations. However, it is difficult to
define a titer effectively preventing infections with
SARS-COV-2 and/or a severe course of COVID-19.
Titers >264.0 BAU/mL were described as being most
likely linked to protection from infections with VOC
B1.1.7 (alpha) before [40]. Taking the mentioned es-
cape phenomena of new VOCs with increasing infec-
tion rates into consideration, for the authors of this
study, it is thus speculative to name titers being prob-
ably linked to protection for the time being.

The mentioned negative effects of additional immu-
nosuppression, anticancer treatment, particularly of che-
motherapy, and DM on immune responses were over-
come by the first booster vaccination. Improved immune
responses following the third vaccination for SARS-CoV-
2 could already be shown for immunocompromised
patients, particularly for patients with past medical his-
tory of liver transplantation [41, 42].

The overall low rates of infections in our patient cohort
reflect that chronically ill patients do stick to hygienic and
social distancing rules. As clinical benefits of a fourth
vaccine dose have recently been documented [43, 44], which
was therefore recommended for immunocompromised
patients in the meantime [3], we encouraged our patients
to obtain a fourth vaccine for SARS-CoV-2. However, only
less than a quarter of the patients in our cohort received a
second booster vaccination, resulting in improved and
stabilized antibody levels. At least, this vaccination rate is
markedly higher than that in the general German popula-
tion with a vaccination rate of 8.7% [45].

To the best of our knowledge, this is the first report
focusing on immune responses to vaccination for SARS-
CoV-2 in a large cohort of patients with HBC and with
emphasis on underlying hepatological conditions as well
as oncological therapy regimes. Due to the limited life
expectancy of most of the patients with active HBC,
follow-up of all patients was difficult as some patients
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died and others experienced reduced performance status
while continuing their medical treatment in the depart-
ment of palliative care. Patients under best supportive
care were not included. Data on cellular immune re-
sponse were only evaluated after the first booster vacci-
nation, while data after the second vaccination and thus a
longitudinal analysis of this parameter are missing.

In conclusion, patients with HBC are facing significantly
impaired immune responses to basic vaccinations for
SARS-CoV-2. This seemed to be more related to the
malignant disease in general, to therapy regimes (especially
chemotherapy), and to any additional immunocomprom-
ising circumstances (therapy related or comorbidities) than
to underlying cirrhotic or non-cirrhotic CLD or compen-
sated cirrhosis. The currently recommended booster vac-
cinations effectively overcame discrepancies in effectiveness
of vaccination with low infection rates and/or mostly mild
courses of COVID-19 thereafter. Patients should be en-
couraged to receive at least three, better still four, vacci-
nations according to our data due to waning immunity.
Continued monitoring including antibody assessment of
the vulnerable group of patients with HBC may help decide
on individual extra booster vaccinations, passive immuni-
zation, and/or antiviral treatment for patients with active
HBC. In future studies, the effects of booster vaccinations on
long-term SARS-CoV-2 immunogenicity should be ana-
lyzed putting emphasis on new SARS-CoV-2 VOCs, VOC-
adapted vaccines, and potential escape phenomena of
VOC:s from vaccines.
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2.3  Longitudinale SARS-CoV-2-Impfstudie bei PatientInnen mit gastrointestinalen

Karzinomen — Effekt eines ersten Antigenkontaktes mit Omikron-Varianten von

SARS-CoV-2

Gonzalez-Carmona, M.A.*, Schmitz, A.M.*, Berger, M., Baier, L.I., Gorny, J.G.,
Sadeghlar, F., Anhalt, T., Zhou, X., Zhou, T., Mahn, R., Mohring, C., Linnemann, T.,
Schmid, M., Strassburg, C.P. Boesecke, C., Rockstroh, J.K., Eis-Hiibinger, A.-M.,
Monin, M.B. (2024). Longitudinal Study of SARS-CoV-2 Vaccinations and
Infections in Patients with Gastrointestinal Cancer: Stabilizing Immune Responses and
Neutralizing Emerging Variants with Variant-Adapted Antigen Exposures. Int J Mol
Sci 25, 13613.

*geteilte Erstautorenschaft

In der finalen Arbeit der longitudinalen SARS-CoV-2-Impfstudie wurde zunéchst die
Entwicklung der Basisimmunantwort gegen SARS-CoV-2 im zeitlichen Verlauf ohne weiteren
stattgehabten Antigenkontakt bei Patientlnnen mit verschiedenen gastrointestinalen Karzino-
men betrachtet. Dabei erfolgte speziell eine Subanalyse zur kreuzreaktiven Neutralisation der
Omikron-Varianten durch pra-Omikron-Antigenkontakte. AbschlieBend wurde der Effekt eines
ersten Omikron-Antigenkontaktes auf die Gesamtimmunantwort untersucht (vgl.

Kapitel 1.8.1).

Von 168 in die Studie aufgenommenen Patientlnnen hatten 109 ein aktives gastrointestinales
Karzinom unter Therapie. Weitere 59 PatientInnen hatten ein gastrointestinales Karzinom in
der Vorgeschichte, wobei es seit mindestens 12 Monaten keinen Hinweis auf Tumoraktivitit

gab und auch keine fortlaufende Erhaltungstherapie notwendig war.

Im September 2022 zeigten sich die Spiegel von SARS-CoV-2 anti-spike IgG nach aus-
schlieBlich pra-Omikron-Antigenkontakten noch ausgeglichen zwischen den Patientengruppen.
Dabei war die Kapazitét zur kreuzreaktiven Neutralisation der Omikron-Varianten mit 71,48%
signifikant niedriger als die Kapazitit zur Neutralisation des Wildtyps von SARS-CoV-2
(93,24%; p<0,01). Gleichzeitig wiesen bereits 83,3% aller PatientInnen eine effektive zelluldre
SARS-CoV-2-Immunantwort auf. Bei Ausbleiben eines erneuten SARS-CoV-2-Antigen-
kontaktes fiel insgesamt jedoch ein Abfall der humoralen Immunantwort im Vergleich zu den

in Kapitel 2.2 dargestellten Daten auf.
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Ein erster Omikron-Antigenkontakt erfolgte bei 70,5% der PatientInnen iiber Infektionen mit
einer der Omikron-Varianten von SARS-CoV-2. Dabei waren die Krankheitsverldufe iiber-
wiegend mild. Bei nur 29,5% der Patientlnnen wurde die empfohlene Impfung mit einem
Omikron-adaptierten Impfstoff durchgefiihrt. Im September 2023 zeigten sich nach einem
ersten stattgehabten Antigenkontakt mit einer Omikron-Variante von SARS-CoV-2 signifikant
angestiegene Spiegel von SARS-CoV-2 anti-spike IgG. Auch war insbesondere die Kapazitit
zur Neutralisation der Omikron-Varianten von SARS-CoV-2 signifikant verbessert
(93,86%; p<0,01). Im Vergleich war ein erster Omikron-Antigenkontakt bei PatientInnen mit
aktiven gastrointestinalen Karzinomen unter Therapie, insbesondere mit pankreatikobilidren
Karzinomen, mit systemischer Immundefizienz und/oder unter Chemotherapie signifikant

weniger immunogen.

Gemal diesen Daten konnte eine erste Auffrischungsimpfung die humorale Immunantwort bei
PatientInnen mit gastrointestinalen Karzinomen wie in Kapitel 2.2. schon vermutet nur
tempordr stabilisieren. Aus klinischer Sicht ergab sich bei milden Verldufen von Infektionen
mit neuen SARS-CoV-2-Varianten, wie hier exemplarisch fiir die Omikron-Varianten gezeigt,
dennoch das Bild einer effizienten Basisimmunitit. Zu beriicksichtigen ist aber, dass ein
Erstkontakt mit einer der neuen Omikron-Varianten des Virus in Subgruppen von PatientInnen
weniger immunogen war. Somit stiitzen unsere Daten die aktuellen Empfehlungen der STIKO
zu jahrlichen Auffrischungsimpfungen bei PatientInnen mit soliden Karzinomen*!, der wir uns

fiir PatientInnen mit gastrointestinalen Karzinomen explizit anschlossen.
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Abstract: This longitudinal study examined how active gastrointestinal (GI) cancer types affect im-
mune responses to SARS-CoV-2, focusing on the ability to neutralize the Omicron variants. Patients
with GI cancer (1 = 168) were categorized into those with hepatocellular carcinoma, hepatic metastatic
GI cancer, non-hepatic metastatic GI cancer, and two control groups of patients with and without
underlying liver diseases. Humoral and cellular immune responses were evaluated before and after
Omicron antigen exposures. In the pre-Omicron era, humoral SARS-CoV-2 immunity decreased after
three antigen contacts without further antigen exposure. While Omicron neutralization was signifi-
cantly lower than wildtype neutralization (p < 0.01), Omicron infections were yet mild to moderate.
Additional Omicron exposures improved IgG levels (p < 0.01) and Omicron neutralization (p < 0.01).
However, this effect was significantly less intense in patients with active GI cancer, particularly
in patients with pancreaticobiliary neoplasms (PBN; p = 0.04), with underlying immunodeficiency
(p = 0.05), and/or under conventional chemotherapy (p = 0.05). Pre-Omicron SARS-CoV-2 immunity
prevented severe clinical courses of infections with Omicron variants in patients with GI cancer.
However, in patients with PBN, with underlying immunodeficiency, and/or under conventional
chemotherapy initial contacts with Omicron antigens triggered only reduced immune responses.
Thus, subgroups could be identified for whom booster vaccinations are of special clinical significance.

Keywords: SARS-CoV-2; immune responses; gastrointestinal cancer; metastases; hepatocellular
cancer; waning immunity; booster antigen contacts; omicron neutralization
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1. Introduction

Coronavirus disease 2019 (COVID-19) is currently classified as less dangerous than at
the beginning of the pandemic [1]. Newer variants of severe acute respiratory syndrome
coronavirus type 2 (SARS-CoV-2), in particular the currently predominant Omicron variants,
are more transmissible than the wildtype [2]. However, the course of the infections is usually
milder, as the average immunity has increased significantly due to vaccinations and/or
infections [3-5]. Additionally, antiviral drugs improved the clinical outcome of high-risk
patients [6-9]. Nevertheless, the Omicron variants are more resistant to neutralization
by vaccines targeting the wildtype [10,11], and thus, remain associated with significant
morbidity and mortality worldwide [12]. Patients with immunodeficiency, especially
those with hematological neoplasms, and presumably impaired immune responses to
SARS-CoV-2 antigen exposures, are still at particular risk of severe courses of COVID-19 in
the event of infection with an Omicron variant [13,14].

Differentiated data on immune responses in subgroups of patients with solid neo-
plasms are scarce, and recommendations are often based on a transfer of data from pa-
tients with hematological neoplasms [15-18]. However, immune responses appeared to
be more effective in patients with solid neoplasms than in patients with hematological
neoplasms [19]. In a longitudinal study, we previously demonstrated that immune re-
sponses in the subgroup of patients with active gastrointestinal (GI) cancer, especially those
with hepatocellular carcinoma (HCC), were less effective than in patients in follow-up
care with a past medical history of GI cancer after basic SARS-CoV-2 immunization [20].
Impaired immune responses were closely related to the malignant disease itself, chemother-
apeutic treatment regimens, and /or additional immunodeficiency rather than to any un-
derlying liver dysfunction [20]. Although the differences were largely mitigated by a first
pre-Omicron booster antigen exposure, a decline in titers was observed over time [21,22],
which was confirmed by another study in patients with GI cancer [23].

The focus of our study so far has been on the ability to neutralize wildtype SARS-CoV-2,
without considering emerging variants, i.e., currently the Omicron variants. Recent studies
have shown that there was a weaker cross-reactive B- and T-cell response against Omicron
variants following vaccination against wildtype SARS-CoV-2 in both healthy controls and
oncological patients [24-30]. However, there is still insufficient knowledge about the ability
to neutralize the Omicron variants in patients with GI cancer, and recommendations of
national and international medical societies for these patients are largely based on pre-
Omicron data [15-18].

As part of our longitudinal cohort study, we present new data on long-term immune
responses in patients with HCC and other GI cancers. We additionally analyzed the ability
to neutralize the Omicron variants before their emergence and after a first Omicron antigen
exposure by variant-matched vaccination and/or infections. Thereby, we studied the impact
of the cancer type, of the type of oncological treatment, in particular chemotherapeutic
treatment, of any underlying liver disease, and of underlying immunodeficiency.

2. Results
2.1. Patients” Characteristics

A total of 168 patients were enrolled in this cohort study (Table 2). In total, 39 (23.2%)
patients had HCC (group 1), 26 (15.5%) patients had hepatic metastatic GI cancer (group 2),
and 44 (26.2%) patients had non-hepatic metastatic GI cancer (group 3). CRC and PBN were
the most represented non-hepatocellular GI cancer types. The control group consisted of
59 (35.1%) patients in follow-up care for GI cancer without active cancerous disease and not
under maintenance therapy. Of these control patients, 37 (62.7%) did not have underlying
liver diseases (control 1), while 22 (37.3%) did (control 2). The most common liver diseases
among them were metabolic dysfunction associated steatotic liver disease and alcoholic
liver disease.
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SARS-CoV-2 anti-spike IgG [log1o BAU/MI]

SARS-CoV-2 Omicron surrogate NAB [%]

2.2. Pre-Omicron Immune Responses

By September 2022, all patients had comparable relative levels of SARS-CoV-2 anti-
spike IgG after a mean of 3.45 (2-5) SARS-CoV-2 antigen exposures (vaccinations against
the wildtype and/or infections with pre-Omicron variants), with no significant differences
compared to patients in follow-up care without any underlying liver disease (control 1:
3.24 log1go BAU/mL; 95% CI: 3.02-3.46; Figure 1a; Table 1a). Additionally, the capacities to
neutralize wildtype SARS-CoV-2 (control 1: 93.24%; 95% CI: 87.86-98.63; Figure 1b; Table 1a)
and/or the Omicron variants (control 1: 71.48%; 95% CI: 62.78-80.18; Figure 1c; Table 1a)
were balanced among all groups of patients. Yet, the capacity to neutralize the Omicron
variant was significantly lower than that of the wildtype in all patients of our cohort
regardless of cancer activity, cancer type, and/or any underlying liver disease (p < 0.01;
Figure 1d). The assumed effective titer of SARS-CoV-2 anti-spike IgG of 847.0 BAU/mL
was achieved by 68.35% (n = 108/158) of all patients (Table 3). A specific subgroup of
patients who did not achieve this titer could not been identified. In 83.3% (1 = 50/60) of
cases, a qualitative cellular immune response was detectable with no significant differences
between the subgroups (Table 3, Interferon-Gamma Releasing Assay).

\ e (b) L
g i
£
2
2
2
s
g
)
E
o
3
2
Q
2 o
g
H
: o
- - R T e e e & & % & & &
fEra o @ e
ﬁg’ 2 B s 100 ‘Em
o i b
g
2 :
Ed .
% 2 .
. 1
R E
£y
H
i 4
3
2
38
3
:
s
2] =
T e & T e e e & Wsemee P

Figure 1. Humoral immune responses to pre-Omicron and Omicron SARS-CoV-2 antigen exposures.
Balanced levels of SARS-CoV-2 anti-spike IgG (a) in all patients in the pre-Omicron era. Moreover,
the capacities to neutralize the wildtype (b) as well as the Omicron variants (c) of SARS-CoV-2 were
comparable in all patients. However, neutralization of the wildtype was significantly higher than that of
the Omicron variants (d). Following Omicron antigen exposures, both levels of SARS-CoV-2 anti-spike
IgG (a) as well as the capacity to neutralize the Omicron variants (c) increased significantly. Abbreviations:
C1: control 1 (patients in follow-up care without underlying liver disease); C2: control 2 (patients in
follow-up care with underlying liver disease); G1: group 1 (patients with hepatocellular carcinoma);
G2: group 2 (patients with hepatic metastic gastrointestinal cancer); G3: group 3 (patients with non-
hepatic metastic gastrointestinal cancer); IgG: immunoglobulin G; sNABs: surrogate neutralization

anti-bodies.
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Table 1. Titers of SARS-CoV-2 anti-spike IgG and wildtype- and Omicron-neutralization.

SARS-CoV-2 Anti-Spike IgG [logip BAU/mL] Wildtype sNAB [%] Omicron sNAB [%]
Timepoint Pre-Omicron (1) Omicron (2) Pre-Omicron (1) Pre-Omicron (1) Omicron (2)
Estimate  95% CI 4 Estimate  95% CI P Estimate 95% CI P Estimate 95% CI P Estimate 95% CI 4

(a) Group

comparison

(intercept:

liver-healthy

control group)

Control 1 (Ref.) 3.24 3.02-3.46 3.96 3.58-4.34 <0.01 93.24 87.86-98.63 71.48 62.78-80.18 93.86 78.21-100.0  <0.01
Control 2 3.26 297-3.55 091 3.52 3.18-3.86  0.09 97.52 90.14-100.0 0.36 68.00 55.60-80.41 0.65 87.41 73.39-100.0 0.80
Group 1 317 296-3.38  0.64 3.50 3.13-3.88  0.17 95.57 90.35-100.0 0.54 64.78 56.31-73.25 0.28 79.10 63.51-94.68 0.50
Group 2 322 297-348 093 3.49 3.10-3.89  0.12 95.47 88.98-100.0 0.60 76.75 66.45-87.05 0.44 90.15 73.63-100.0 0.47
Group 3 3.16 296-3.36  0.61 3.26 297-3.55  0.01 90.08 84.61-95.55 0.42 63.75 55.39-72.11 0.21 70.70 58.27-83.12 0.16

(b) Group

comparison

(intercept:

control group

with underlying

liver disease)

Control 2 (Ref.) 3.26 2.95-3.57 3.52 3.16-3.88  0.18 97.52 89.98-100.0 67.84 55.12-80.55 87.93 73.72-100.0 0.01
Group 1 317 294-339  0.64 3.50 3.10-3.89 081 95.57 90.24-100.0 0.68 64.81 56.08-73.54 0.70 79.26 63.82-94.70 0.61
Group 2 322 295-349  0.87 3.49 3.07-3.90  1.00 95.47 88.84-100.0 0.69 76.83 66.22-87.43 0.29 88.63 72.18-100.0 0.48
Group 3 3.16 294-338  0.62 3.26 295-357 0.51 90.08 84.49-95.67 0.12 63.76 55.14-72.38 0.60 70.92 58.52-83.33 0.20

(c) Cancer type

No cancerous
activity >1 year 324 3.07-3.42 371 346-3.96 <0.01 94.73 90.47-98.99 70.29 63.13-77.45 90.96 80.69-100.0  <0.01
(Ref.)
HCC 317 296-3.37  0.57 3.50 3.13-3.87  0.57 95.57 90.46-100.0 0.80 64.80 56.27-73.34 0.33 79.21 63.93-94.50 0.52
GEJC 290 241-3.38 0.19 343 2.82-4.03  0.85 74.30 59.40-89.20 0.01 66.98 45.74-88.23 0.77 100.0 74.15-100.0 0.35
PBN 3.52 3.21-3.83 0.12 3.34 2.89-3.79  0.02 98.93 90.67-100.0 0.37 71.89 59.00-84.78 0.83 64.68 46.03-83.33 0.02
Int. ]. Mol. Sci. 2024, 25, 13613 50f18
Table 1. Cont.
SARS-CoV-2 Anti-Spike IgG [log;o BAU/mL] Wildtype sNAB [%] Omicron sNAB [%]
Timepoint Pre-Omicron (1) Omicron (2) Pre-Omicron (1) Pre-Omicron (1) Omicron (2)
Estimate  95% CI 4 Estimate  95% CI r Estimate 95% CI 4 Estimate 95% CI r Estimate 95% CI r
CRC 3.05 2.78-333  0.25 3.46 3.02-3.90 0.81 93.47 86.45-100.0 0.76 68.32 57.47-79.17 0.76 81.40 63.14-99.67 0.49
NET 329 296-3.62  0.82 3.35 2.86-3.83 0.15 93.23 84.97-100.0 0.75 73.55 59.64-87.46 0.68 85.38 65.37-100.0 0.46
Other * 271 214-328  0.08 2.64 1.80-348 0.24 82.99 69.66-96.31 0.10 50.83 24.81-76.84 0.16 45.62 10.70-80.55 0.18

(d) Type of

treatment

Offtreatment> 530y 30734 371 345397 <001 9473 90.22-9924 7034 63.09-77.59 9031  79.69-1000  <0.01

1 year (Ref.)
Chemotherapy 3.25 295-3.55  0.99 3.10 2.56-3.64  0.05 94.93 86.78-100.0 0.97 67.22 55.21-79.24 0.66 60.52 37.90-83.14 0.05

Immune
Checkpoint 3.09 2.62-355 0.53 3.87 3.014.72 049 98.34 84.22-100.0 0.63 63.74 45.17-82.30 0.51 93.64 58.11-100.0 0.62

inhibitors

Targeted
therapy 3.19 2.77-3.60  0.80 3.45 2.75-4.16  0.61 96.91 86.93-100.0 0.69 64.18 46.67-81.68 0.52 73.57 44.41-100.0 0.53
Local therapy 3.16 2.88-3.43  0.60 3.65 322410 091 90.56 83.50-97.62 0.33 64.54 52.79-76.28 0.41 91.96 74.03-100.0 0.51
CS‘T::;;CI 3.07 2.84-331 025 3.13 2.76-3.50  0.09 91.97 85.78-98.16 0.48 65.41 56.00-74.83 0.41 67.19 51.20-83.19 0.09

The results of linear mixed model analysis for the SARS-CoV-2 anti-spike IgG and neutralization antibodies for wildtype SARS-CoV-2 and the Omicron variants are shown. Results
are reported by mean estimates, 95% confidence intervals, and associated p-values. Here, p-values refer to the comparison to the shown reference/intercept. Control 1 (patients in
follow-up care without underlying liver disease), Control 2 (patients in follow-up care with underlying liver disease), Group 1 (patients with hepatocellular carcinoma), Group 2 (patients
with hepatic metastatic gastrointestinal cancer), and Group 3 (patients with non-hepatic ic cancer). * duodenal cancer, gastrointestinal stromal tumor, cancer of unknown
primary. Abbreviations: CI: confidence interval; HCC: hepatocellular carcinoma; GI: gastrointestinal cancer; GEJN: gastroesophageal junction cancer; IgG: immunoglobulin G; PBN:
pancreaticobiliary neoplasms; CRC: colorectal cancer; NET: neuroendocrine tumor; ref: reference; sSNAB: surrogate neutralizing antibody.
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2.3. Impact of an Omicron Antigen Exposure

Omicron antigen contacts occurred mainly through infections (1 = 67; 70.5%) but
also through variant-adapted vaccines (1 = 28; 29.5%). The course of infections was
predominantly mild, with 97.0% (n = 65/67) of cases remained in the outpatient setting.
Only two patients required hospitalization, and none needed intensive care (score 4-5
on the WHO Clinical Progression Scale; Table 3). Following any additional Omicron
antigen contact, total SARS-CoV-2 anti-spike IgG levels (control 1: 3.96 log;p BAU/mL;
95% CI: 3.58-4.34; p < 0.01; Figure 1a; Table 1a) and the capacity to neutralize Omicron
(control 1: 93.86%; CI: 78.21-100.0; p < 0.01; Figure 1c; Table 1a) increased significantly until
September 2023. There was neither a qualitative nor a quantitative difference in the humoral
immune responses between patients who had undergone an infection and those who were
vaccinated. Only patients with non-hepatic metastatic GI cancer had a significantly weaker
booster response for SARS-CoV-2 anti-spike IgG levels (group 3: 3.26 logjo BAU/mL; 95%
CI: 2.97-3.55; p = 0.01; Figure 1a; Table 1a) compared to patients in follow-up care without
an underlying liver disease. They also achieved the assumed effective titer of SARS-CoV-2
anti-spike IgG of 847.0 BAU/mL less frequently (70.59%; n = 12/17) than all other patients
(81.36%; n = 48/59; p = 0.08) in the Omicron era.

A significant booster effect of Omicron antigen contacts on the cellular immune re-
sponse was not observed in our cohort of patients.

2.4. Impact of Cancer Types and Underlying Liver Diseases on Immune Responses

Patients with GEJC showed a significantly lower capacity to neutralize wildtype
SARS-CoV-2 (74.30%; 95% CI 59.40-89.20; p = 0.01; Figure 2b; Table 1c) compared to liver-
healthy patients without cancer activity (94.73%; 95% CI: 90.47-98.99) in the pre-Omicron
era. Following an additional Omicron antigen contact, immune responses significantly
improved in most patients with cancer activity including those with GEJC (Figure 2a,c;
Table 1c). Only patients with PBN showed significantly reduced levels of SARS-CoV-2 anti-
spike IgG (3.34 log1o BAU/mL; 95% CI: 2.89-3.79; p = 0.02; Figure 2a; Table 1c) as well as a
significantly lower capacity to neutralize the Omicron variants (64.68%; 95% CI: 46.03-83.33;
p = 0.02; Figure 2c; Table 1c) compared to liver-healthy patients without cancer activity
(SARS-CoV-2 anti-spike IgG: 3.71 log19 BAU/mL; 95% CI: 3.46-3.96; Omicron sNAB: 90.96%;
CI: 80.69-100.0).

Regarding different types of oncological treatment (chemotherapy, targeted therapy,
immune-checkpoint inhibitors, local therapies, and combined therapies), no regimen was
associated with a significantly impaired immune response in the pre-Omicron era (Table 1d).
However, following an Omicron antigen contact, total levels of SARS-CoV-2 anti-spike IgG
(p = 0.05) and the capacity to neutralize the Omicron variants (p = 0.05) were significantly
lower in patients receiving conventional chemotherapy. This was not true for patients
receiving targeted therapy, immune checkpoint inhibitors, local therapies, or combination
therapies (Table 1d).

Compared to patients with underlying liver diseases (control 2), no differences concern-
ing levels of SARS-CoV-2 anti-spike IgG (3.26 logjg BAU/mL; 95% CI: 2.95-3.57; Table 1b)
or the capacities to neutralize the wildtype (97.52%; 95% CI: 89.98-100.0; Table 1b) and/or
the Omicron variants of SARS-CoV-2 (67.84%; 95% CI: 55.12-80.55; Table 1b) were observed
between the groups in the pre-Omicron era. Following an additional Omicron antigen
exposure, a significantly increased capacity to neutralize the Omicron variants was re-
vealed (control 2: 87.93%; 95% CI: 73.72-100.0; p = 0.01; Table 1b). In contrast, there was no
booster effect on the levels of SARS-CoV-2 anti-spike IgG (control 2: 3.52 log10 BAU/mL;
95% CI: 3.16-3.88; p = 0.18; Table 1b).
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Figure 2. Impact of the type of cancer on humoral immune responses to pre-Omicron and Omicron
SARS-CoV-2 antigen exposures. Balanced levels of SARS-CoV-2 anti-spike IgG (a) in all patients in
the pre-Omicron era. Moreover, the capacity to neutralize the wildtype and/or the Omicron variants
were comparable (b,c). Following Omicron antigen exposures, both levels of SARS-CoV-2 anti-spike
IgG (a) as well as the capacity to neutralize the Omicron variants (c) increased significantly in all
Ppatients except for those with pancreaticobiliary cancer. “Other” included duodenal carcinoma,
gastrointestinal stroma tumors, and cancer of unknown primary with most likely GI origin. Ab-
breviations: CRC: colorectal cancer; GEJC: gastroesophageal junction cancer HCC: hepatocellular
carcinoma; IgG immunoglobulin; NET: neuroendocrine tumors; PBN: pancreaticobiliary neoplasms;
sNABs: surrogate neutralization antibodies.

2.5. Multivariable Analysis of Factors Influencing Immune Responses

After Omicron antigen contacts, any active cancerous disease under oncological treat-
ment was associated with significantly lower SARS-CoV-2 anti-spike IgG levels (p = 0.04)
and a lower capacity to neutralize Omicron variants (p = 0.03) in a multivariable analysis.
In contrast, any underlying liver disease or any type of oncological treatment showed no
significant effects on the immune response (Figure 3a,c). The ability to neutralize Omicron
variants was additionally impaired in patients with underlying relevant immunodeficiency
(p = 0.05; Figure 3c), which was also true for the ability to neutralize wildtype SARS-CoV-2
in the pre-Omicron era (p = 0.01; Figure 3b). Considering different cancer types, it was
confirmed that the capacity to neutralize Omicron variants was significantly impaired in
patients with PBN (p = 0.04).
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Figure 3. Multivariable analyses on factors potentially influencing immune responses to SARS-CoV-2
antigen exposures. (a) Effects on levels of SARS-CoV-2 anti-spike IgG. (b) Effects on the capacity
to neutralize the wildtype of SARS-CoV-2. (c) Effects on the capacity to neutralize the Omicron
variants of SARS-CoV-2. Any active cancerous disease under oncological treatment was associated
with significantly lower SARS-CoV-2 anti-spike IgG levels (p = 0.04; (a)) and a lower capacity to
neutralize the Omicron variants (p = 0.03; (c)). The ability to neutralize either the wildtype or the
Omicron variants of SARS-CoV-2 was significantly impaired in patients with underlying relevant
immunodeficiency (p = 0.01; (b) and p = 0.05; (c)). Considering different tumor types, it was confirmed
that the capacity to neutralize the Omicron variant was significantly impaired in patients with
PBN (p = 0.04).

3. Discussion

Patients with active GI cancer showed impaired immune responses after initial antigen
contact with an Omicron variant of SARS-CoV-2 and especially a reduced ability to neu-
tralize the Omicron variants. This was particularly pronounced in patients with systemic
immunodeficiency and in patients with PBN (univariable and multivariable analysis) and
to a lesser extent also in patients undergoing conventional chemotherapy (univariable
analysis only).

Investigating longer-term immune responses and especially capacities to cross-reactively
neutralize new variants of SARS-CoV-2 (i.e., Omicron in this case) in high-risk patients
during the pre-Omicron era is crucial to understand their ability to maintain protective
immunity and to evaluate their vulnerability to emerging variants. We found that humoral
immune responses were lower than 24 weeks after the first pre-Omicron booster [22], but
still balanced in September 2022 in all patients after a mean of 3.45 pre-Omicron antigen
exposures. However, 93.24% neutralization of the wildtype was still ensured. Without any
Omicron antigen contact having taken place before, a significantly lower cross-reactive
neutralization of Omicron variants of 71.48% was observed for all patients of our cohort.
Several studies have shown that Omicron neutralization improved after at least three
pre-Omicron antigen contacts [31-34]. Nevertheless, cross-reactivity with Omicron variants
after antigen contacts with pre-Omicron variants of SARS-CoV-2 were reported to be up
to 8-fold lower [30]. Of note, in a cohort of cancer patients, of whom 58% suffered from
solid cancer, a much better Omicron neutralization of 90% after three pre-Omicron antigen
contacts was described [29], classifying patients with GI cancer as particularly vulnerable.

In a minority of only 16.7% of all study participants (n = 28/168), Omicron antigen
exposures occurred through variant-adapted vaccination, as recommended by national
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and international guidelines for this patient group [15-18]. In line with the higher con-
tagiousness compared to other variants of SARS-CoV-2 [2], most patients of our cohort
were exposed to the Omicron variants through infections (39.9%; n = 67/168). In contrast,
infections with pre-Omicron variants were significantly lower, at 5.1% in patients with
active GI cancer and 2.4% in patients in follow-up care [22]. Consistent data from the
pre-Omicron era indicated that overall clinical efficacy, with an 80-90% prevention rate of
symptomatic courses of COVID-19 cases, can be assumed even in patients with hematolog-
ical neoplasms [35]. Importantly, infections with the Omicron variants were generally mild
in our cohort, with most patients being managed as outpatients, suggesting that exposures
to pre-Omicron SARS-CoV-2 antigens provide substantial protection against infections with
the Omicron variants from a clinical perspective. An efficient cellular immune response fol-
lowing an average of three exposures to pre-Omicron SARS-CoV-2 antigens was observed
in over 83.3% of our patients, which likely contributed to the mild clinical outcomes. T-cell
recognition appears to be relatively well-preserved against most SARS-CoV-2 variants,
including Omicron, which is crucial for preventing severe COVID-19 [23-27].

After a continued steady decline in total levels of SARS-CoV-2 anti-spike IgG com-
pared to our previous analyses [21,22], these levels increased significantly and were, thus,
stabilized after an additional Omicron antigen exposure. Compared to the group of patients
in follow up care with underlying liver disease (control 2), the titers were not stabilized
by an Omicron antigen contact. This discrepancy may be attributed to an impaired liver
function, since antibody titers in patients with cirrhosis have been shown to decrease more
rapidly over time compared to healthy controls [36-38], suggesting a lower booster effect
in this population.

Even more importantly, the capacity to specifically neutralize the Omicron variants
increased significantly in all patients except those with non-hepatic metastatic GI cancer,
particularly in patients with PBN. Interestingly, patients with GEJC showed significantly
reduced neutralization of the wildtype prior to an Omicron antigen contact, which was
not revealed in our previous studies [21,22]. Additionally, patients with underlying im-
munodeficiency were consistently less able to neutralize SARS-CoV-2 variants throughout
the entire survey period as described for comparable patients with myelodysplastic syn-
dromes and/or acute myeloid leukemia [39]. Following the basic vaccination against
SARS-CoV-2, neutralization of the wildtype was also significantly reduced, especially in
patients with PBN, as well as those with HCC and/or CRC [20]. Compensation by a third
antigen exposure with pre-Omicron variants [21,22] was evidently not sustainable in the
long term. Regarding various types of treatment, systemic conventional chemotherapy
with cytostatic drugs was especially associated with a significantly poorer neutralization
of the Omicron variants. Chemotherapy regimens are particularly used in patients with
PBN and/or GEJC, suggesting an association. In patients with active GI cancer, those
who received conventional chemotherapy appeared to respond less favorably to the vac-
cination and must, therefore, be considered particularly at risk. Among patients with
solid tumors, especially older individuals and those undergoing chemotherapy showed
a faster decline in humoral immune responses compared to cellular immune responses
after vaccination against various pathogens, including SARS-CoV-2 [40-42]. This decline
was particularly pronounced in patients with hematological neoplasms and those receiving
immunosuppressive therapies [43,44], but also in patients with GI cancer [23].

The strength of our study is that, to the best of our knowledge, it is the only longitudi-
nal, albeit monocentric, prospective study of SARS-CoV-2 vaccination in the subgroup of
patients with GI cancer, covering the period from January 2021 to September 2023. Thereby,
we provide short-term and long-term data on immune responses to different variants of
SARS-CoV-2. While the data are robust, we experienced a relatively high loss to follow-up
due to the high COVID-19-independent, cancer-associated mortality in the cohort. Addi-
tionally, patients who were under best supportive care and/or had decompensated liver
cirrhosis were excluded a priori, which relativizes some observations, especially in patients
with impaired liver function. Subgroup analyses of the different GI cancerous entities were
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not possible due to the small group sizes. Furthermore, we did not assess Omicron-specific
cellular immune responses, as we assumed T-cell responses would be relatively stable over
time regardless of the variant.

4. Patients and Methods
4.1. Study Design

This is the final report of our prospective, longitudinal cohort study in patients with
GI cancer treated at the Department of Internal Medicine I, Gastroenterology Oncology
Section at the University Hospital of Bonn, Germany. The timeline since the start of the
observation period in January 2021 and design of the study are shown in Figure 4.

IIIIIIIIIIIIHHMEMEEIIIIIIIIIIII‘PIIIIIIJEEHEIIIII‘P

Infections with pre-Omicron Variants Infections with Omicron Variants

\ Start of wildtype-based vaccination in Germany ‘ Start of Omicron-adapted vaccination in Germany

01/2021

Short-term effects of two wildtype-based Effects of a first, wildtype-based
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4,12 and 24 weeks after basic 4,12 and 24 weeks after first
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doi: 10.21037/jg0-22-1065
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Longer-term effects of pre-Omicron Short-term effects of a first,
booster contacts Omicron booster contact

36 weeks after afirst, 410 8 weeks after
pre-Omicron booster first Omicron booster

booster vaccination

SARS-CoV-2 anti-spike IgG SARS-CoV-2 anti-spike IgG
wildtype sNABs

Omicron sNABs Omicron sNABs

IGRA IGRA

SARS-CoV-2 anti-spike IgG
wildtype sNABs
IGRA

doi: 10.1136/gutjn-2022-328169
dok: 10.1159/000529608

time

January 2021

September 2023

Figure 4. Study design. From the beginning of the second calendar week in 2022, Omicron was
the predominant variant of SARS-CoV-2 in Germany, though the infection rate was initially very
low in our cohort. Omicron-adapted vaccines became available in October 2022, and the number of
Omicron infections significantly increased in our cohort at the same time. Based on this knowledge,
we defined a pre-Omicron and an Omicron era. In three previous studies, we evaluated short-term
effects of the basic immunization (4, 12, and 24 weeks after two wildtype-based vaccinations against
SARS-CoV-2; first blue box), followed by analyses on the effects of a first wildtype-based booster
vaccination (4, 12, and 24 weeks after a third wildtype-based booster vaccination; second blue box),
as described elsewhere [19-21]. In the present analysis, we focused on the ability to neutralize
the Omicron variants of SARS-CoV-2 (orange box). Thereby, we firstly investigated longer-term
effects of pre-Omicron antigen booster contacts considering both wildtype-based vaccinations and/or
infections with pre-Omicron variants. The patients of our cohort had a mean of 3.45 (2-5) pre-
Omicron antigen contacts at this point of time. A second analysis focused on short-term effects of a
first Omicron antigen booster contact by Omicron-adapted vaccination or infection with an Omicron
variant (four to eight weeks after this Omicron contact). Abbreviations: IgG: immunglobulin G; IGRA:
Interferon-Gamma Releasing Assay; sNABs: surrogate neutralizing antibodies.

During the initial phase, short-term immune responses to basic SARS-CoV-2 immu-
nization, defined as two mRNA-based vaccinations against the wildtype of SARS-CoV-2,
were evaluated until April 2022 [20]. In subsequent follow-up studies, effects of a first
wildtype-based booster vaccination were investigated up to July 2022 [21,22].

For the current analysis, we focused on the effect of a first Omicron antigen contact.
Therefore, we initially evaluated longer-term effects of pre-Omicron booster antigen con-
tacts (36 weeks after first pre-Omicron booster) until September 2023 (pre-Omicron era). At
this point, the patients had a mean of 3.45 (2-5) pre-Omicron antigen contacts. Vaccinations
with mRNA-based vaccines against the wildtype and/or infections with pre-Omicron vari-
ants were categorized as contacts with a SARS-CoV-2 antigen. For the latter, both PCR- and
antigen-confirmed infections as well as silent infections with detection of SARS-CoV-2 anti-
nucleocapsid IgG were considered (Table 2). Variant determinations were completed for
patients with PCR-confirmed infections to exclude patients with early Omicron infections.
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In cases with antigen-confirmed infections, the currently locally predominant variant was
assumed. The analysis included levels of SARS-CoV-2 anti-spike immunoglobulins (IgG),
the capacities to neutralize wildtype and cross-reactively Omicron-variants of SARS-CoV-2,
and the cellular immune response.

Table 2. SARS-CoV-2-associated immunological and clinical characteristics.

Control 1 Control 2 Group 1 Group 2 Group 3
(n=37) (n=22) (n =39) (n =26) (n=44)
Number of vaccinations
2 5.4% ) 4.5% 1) 5.1% ) 3.8% 1) 6.8% (3)
3 43.2% (16) 40.9% ©) 61.5% (24) 26.9% @) 43.2% (19)
>4 51.4% (19) 54.6% (12) 33.4% (13) 69.2% (18) 50.0% (22)

SARS-CoV-2 anti-spike IgG
> 847.0 BAU/mL
(pre-Omicron)

No
Yes
IGRA count (pre-Omicron)
Positive
Negative
Not analyzed
Infected with a
pre-Omicron variant
No
Yes
Infected with an
Omicron-variant
No
Yes
Omicron-adapted
vaccination
No
Yes
Clinical course of
Omicron infections
(WHO clinical
progression Scale)
Scale 1-3
(non-hospitalized)
Scale > 4 (hospitalized)

37.8%  (14)
622%  (23)

31.8% @)
68.2%  (15)

385%  (15)
615%  (24)

30.8% 8)
69.2%  (18)

364% (16
63.6%  (28)

5.4% @
21.6% (8)
730%  (27)

40.9% ©)
45% @
545%  (12)

333%  (13)
7.7% 3)
59.0%  (23)

34.6% ©)
3.8% 1)
615%  (16)

250% (1)
6.8% ®3)
68.2%  (30)

784%  (29)
21.6% ®)

909% (20
9.1% @)

89.7%  (35)
10.3% @)

885%  (23)
11.5% @)

795%  (35)
20.5% ©)

703%  (26)
297%  (11)

40.9% ©)
59.1%  (13)

692%  (27)
308%  (12)

57.7%  (15)
423%  (11)

545%  (24)
455%  (20)

81.1%  (30)
18.9% @)

682%  (15) 100% (39)
31.8% @) -

731%  (19)
26.9% %)

84.1%  (37)
15.9% @)

100% (11) 100% (13) 100% (12) 90.9% (10) 95.0% (19)

9.1% Q) 5.0% Q)

Comparison between Control 1 (patients in follow-up care without underlying liver disease), Control 2 (patients
in follow-up care with underlying liver disease), Group 1 (patients with hepatocellular carcinoma), Group 2
(patients with hepatic metastatic gastrointestinal cancer), and Group 3 (patients with non-hepatic metastatic
cancer). Abbreviations: IgG: immunoglobulin G; IGRA: Interferon-Gamma Releasing Assay; SARS-CoV-2: severe
acute respiratory syndrome coronavirus type 2; WHO: World Health Organization.

From the beginning of the second calendar week in 2022, Omicron became the predom-
inant variant of SARS-CoV-2 in Germany [45], which it still is today. Since October 2022,
infection rates increased significantly in our cohort, for which we, therefore, assumed infec-
tions with the Omicron variant (Table 3). As most patients remained in the outpatient set-
ting, variant determination was no longer performed. In addition, we assumed silent infec-
tions with an Omicron variant in patients who developed seroconversion for SARS-CoV-2
anti-nucleocapsid IgG for the first time from October 2022. Omicron-adapted vaccines also
became available at that time. From October 2022 to September 2023, SARS-CoV-2 immune
responses were re-evaluated 4 to 12 weeks after a first Omicron antigen booster via variant-
adapted vaccination and/or infection (Omicron era). The period for titer measurement was
extended because SARS-CoV-2 was less present in the public eye and patients were less
motivated to report for additional study visits. SARS-CoV-2 anti-spike immunoglobulins
(IgG), the capacities to neutralize Omicron-variants of SARS-CoV-2, and the cellular im-
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mune response were remeasured, thereby presenting short-term data on the effect of an
Omicron-based booster on the long-term immune response.

Table 3. Baseline characteristics.

Control 1 Control 2 Group 1 Group 2 Group 3
(n=37) (n=22) (n =39) (n =26) (n=44)
Age [years]
Mean (range) 65 (33-85) 69 (44-84) 69 (49-85) 67 (48-87) 67 (45-89)
Sex
Male 45.9% 17) 45.5% (10) 74.4% (29) 61.5% (16) 70.5% (31)
Female 54.1% (20) 54.5% (12) 25.6% (10) 38.5% (10) 29.5% (13)
Cancer types
HCC 10.8% (4) 22.7% 5) 100% 39) - -
GEJC 18.9% @) 9.1% 2 - - 18.2% ()]
Esophageal cancer 2.7% 1) 9.1% ) - - 11.4% (5)
Gastric cancer 16.2% (6) - - - 6.8% ®)
PBN 13.5% ®) 13.6% 3) - 15.4% 4) 34.1% (15)
Pancreatic cancer 10.8% (4) - - 7.7% (2) 18.2% 8)
BTC 2.7% @) 13.6% 3) - 7.7% ) 15.9% )
CRC 27.0% (10) 40.9% ) - 38.5% (10) 29.5% (13)
NET 18.9% @) 4.5% )] - 42.3% (11) 9.1% 4
Other 10.8% 4) 9.1% @3] - 3.8% (1) 9.1% 4)
Duodenal cancer 2.7% 1) - - - 6.8% 3)
GIST 5.4% 2) 4.5% 1 - 3.8% (1) 2.3% 1)
CUP 2.7% 1) 4.5% (0)] - - -
Type of treatment
Chemotherapy * - - - 23.1% 6) 31.8% (14)
Immune checkpoint o o o
inhibitors ** - - 7.7% 3) 7.7% ) 6.8% 3)
Targeted therapy *** - - 10.3% 4) 3.8% (1) 11.4% 5)
Local therapy **** - - 41.0% (16) 3.8% 1) 15.9% 7)
Combined therapy ***** - - 38.5% (15) 26.9% (7) 25.0% (11)
Other ****** - - 2.6% @ 34.6% ) 9.1% 4
Immunodeficiency #
No 91.9% (34) 95.5% (21) 87.2% (34) 88.5% (23) 97.7% (43)
Yes 8.1% 3) 4.5% 1 12.8% ®) 11.5% ©)] 2.3% 1
Underlying Chronic
liver disease
No 100% 37) - 15.4% 6) 80.8% (21) 77.3% (34)
Yes - 100% (22) 84.6% (33) 19.2% (5) 22.7% (10)
Cirrhotic - 13.6% 3) 78.8% (26) 40.0% ) -
Non-cirrhotic - 86.4% (19) 21.2% ) 60.0% 3) 100% (10)
Etiology of liver diseases
ASH - 13.6% 3) 36.4% (12) 60.0% 3) 30.0% 3)
Autoimmune hepatitis - - 3.0% 1) - -
Budd-Chiari-Syndrome - 4.5% 1) - - -
Chemotherapy-induced o
hepatopathy ) 45% @ ) ) )
Post-resection o o
liver dysfunction ) 45% @ ) ) 100% @
Hemochromatosis - - 6.1% 2) - -
Hepatitis A - 4.5% 1) - -
Hepatitis B - 9.1% 2 9.1% 3) - 10.0% 1
Hepatitis C - 9.1% ) 9.1% 3) - 10.0% 1
Idiopathic - 4.5% )] 6.1% 2 - -
MASLD - 40.9% ) 30.3% (10) 40.0% (2) 40.0% 4)
PSC - 4.5% 1 - - -
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Table 3. Cont.
Control 1 Control 2 Group 1 Group 2 Group 3
(n=237) (n=22) (n=39) (n =26) (n=44)

Blood Transfusion received
No
Yes
Lethal outcome due to
underlying cancer
No
Yes

100% B7) 955%  (21)  769%  (30)  923%  (24)  864%  (38)
- 4.5% 1) 23.1% ) 7.7% V) 13.6% 6)

100% 37) 100% (2)  769%  (30)  885%  (23)  795%  (35)
- - 23.1% ) 11.5% @) 20.5% ©)

Comparison between Control 1 (patients in follow-up care without underlying liver disease), Control 2 (patients in
follow-up care with underlying liver disease), Group 1 (patients with hepatocellular carcinoma), Group 2 (patients
with hepatic metastatic gastrointestinal cancer), and Group 3 (patients with non-hepatic metastatic cancer).
* Capecitabine, Cisplatin, Docetaxel, 5-Fluorouracil, Gemcitabine, Irinotecan, Oxaliplatin, Paclitaxel, Tipiracil,
Trifluridine. ** Atezolizumab, Nivolumab, Pembrolizumab. *** Bevacizumab, Cabozantinib, Imatinib, Lenvatinib,
Panitumumab, Sorafenib. **** Microwave Ablation, Radiotherapy, Selective Internal Radiation Therapy, surgical
resection, Transarterial Chemoembolization. ***** immune checkpoint inhibitors + targeted therapy, immune
checkpoint inhibitors + local therapy, immune checkpoint inhibitors + chemotherapy, chemotherapy + local
therapy, chemotherapy + targeted therapy. ****** somatostatin analogues, therapies in the context of clinical
studies. # Immunosuppression was assumed in patients with HIV infection and CD4*-cell count < 200 cells/uL
and/or under therapy with Calcineurin-Inhibitors or glucocorticoids > 10 mg/day. Abbreviations: ASH: alcoholic
steatohepatitis; BTC: biliary tract cancer, i.e., cholangiocellular cancer and gallbladder cancer; CRC: colorectal
cancer; CUP: cancer of unknown primary; GEJC: gastroesophageal junction cancer; GIST: gastrointestinal stromal
tumor; HCC: hepatocellular carcinoma; IGRA: Interferon-Gamma Release Assay; MASLD: metabolic dysfunction-
associated steatotic liver disease; NET: neuroendocrine tumor; PBN: pancreaticobiliary neoplasms; PSC: primary
sclerosing cholangitis.

The study was conducted in accordance with the Declaration of Helsinki, approved
by the Institutional Review Board of the Medical Faculty of the University of Bonn
(Nos. 341/17 and 023/22). All patients signed an informed consent form, were informed
about clinically relevant results of their immunological test results and received individual
advice on further vaccinations and/or strategies in the event of infection with SARS-CoV-2.

4.2. Patients’ Characteristics and Eligibility Criteria

All patients with active cancer underwent oncologic treatment at the time of study
evaluation. Patients with HCC had previously shown particularly poor immune responses
to SARS-CoV-2 antigen contacts [20-22,46]. In addition, liver metastases and/or under-
lying liver disease were considered to investigate the influence of morphological and/or
functional changes in the liver on immune responses. Therefore, the following groups were
defined: patients with HCC (group 1), patients with hepatic metastatic GI cancer (group 2),
and patients with non-hepatic metastatic GI cancer (group 3). The latter included cases
without any metastases under neoadjuvant or adjuvant therapy and cases with metastases
at sites other than the liver. GI cancer other than HCC included gastroesophageal junction
cancer (GEJC: gastric cancer, esophageal cancer), pancreaticobiliary neoplasms (PBN: pan-
creatic cancer and biliary tract cancer), colorectal cancer (CRC), neuroendocrine tumors,
and other cancers (duodenal cancer, gastrointestinal stroma tumors, and cancer of unknown
primary with most likely GI origin). Patients in follow-up care with a past medical history
of GI cancer without active cancerous disease and not under maintenance therapy for at
least 12 months prior to inclusion were involved as control groups. In these patients, a
distinction was made as to whether underlying liver diseases were absent (control 1) or
present (control 2).

Standardized medical records were used from the Hospital Information System Orbis
(version 08044202.01000.DACHL, DH Healthcare GmbH, Bonn, Germany) to document
other possible factors influencing the immune response to exposure to the SARS-CoV-2
antigen (Tables 1 and 2). Those included the location of the cancer, types of oncological treat-
ment (systemic therapies including chemotherapy, targeted therapy, immune-checkpoint
inhibitors, as well as combined local and systemic therapies), underlying immunodeficiency
(suspected in patients with long-term immunosuppressive medication and chronic HIV
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infection with CD4*-cell count < 200/ pL), underlying liver diseases, history of SARS-CoV-2
infection, age, and sex. Data on the course of infections with an Omicron variant were
considered using the World Health Organization (WHO) Clinical Progression Scale [47-49],
by which patients were categorized into a non-hospitalized (score 1-3) and a hospitalized
cohort (score > 4) for the present analysis.

Patients under best supportive care and/or with decompensated liver function (Child-Pugh
B/C score > 8) who were not eligible for cancer treatment were excluded from the study.
Moreover, patients who had completed their treatment within the 12 months prior to
recruitment were not considered. For the analysis during the Omicron era, those patients
without any additional Omicron antigen exposure were excluded.

4.3. Assessment of Humoral and Cellular Response Rates

Quantification of SARS-CoV-2 anti-spike IgG levels, as well as of the capacity to
neutralize the wildtype virus and analysis of the cellular immune response, was performed
as previously described [20-22]. The capacity to neutralize the Omicron variants of SARS-
CoV-2 was determined using cPassTM SARS-CoV-2 Neutralization Antibody Detection
Kit Omicron Variant (GenScript). This enzyme-linked immunosorbent assay measures
surrogate neutralizing antibodies (SNABs), and thus, detects functional effects of antibodies,
which are strongly associated with live-virus neutralization of the Omicron variants [50,51].

For the present study, we assumed protection against severe courses of COVID-19 at a
titer of 847.0 BAU/mL or higher. The value of 847.0 BAU/mL was above the 20th percentile
in immunocompetent patients in a seroprevalence study, while values below the 20th
percentile were associated with a higher mortality rate for breakthrough infections [52,53].

4.4. Statistical Analysis

Statistical analysis was carried out using R version 4.3.3 (R Core Team 2024: R: a language
and environment for statistical computing, R Foundation for Statistical Computing, Vienna,
Austria). Descriptive analyses included the calculation of medians and interquartile ranges
for continuous variables and frequencies (absolute and relative) for categorical variables.

Univariate linear mixed effects models were used to compare (logjo transformed) lev-
els of SARS-CoV-2 anti-spike IgG as well as neutralization of the wildtype and the Omicron
variants in the pre-Omicron era and in the Omicron era across the five groups and with
respect to cancer type and type of treatment, respectively. Each model contains main effects,
interaction terms with time, as well as a patient-specific random intercept. Additionally, a
univariate logistic mixed effects model was used for modeling the probabilities of achieving
an effective titer (SARS-CoV-2 anti-spike IgG of 847.0 BAU/mL) for the five groups at the
two points in time. Neutralization of the wildtype and the Omicron variants were com-
pared in the pre-Omicron era applying a simple linear model. Furthermore, multivariable
regression analyses (for SARS-CoV-2 anti-spike IgG and the capacities to neutralize the
wildtype and the Omicron variants) were performed to examine a possible effect of age,
sex, history of SARS-CoV-2 infection, and additional immunosuppression. In this study,
p-values < 0.05 were regarded as statistically significant.

5. Conclusions

Clinical courses of a first infection with an Omicron variant of SARS-CoV-2 were pre-
dominantly mild to moderate in our cohort of patients with active GI cancer. This suggests
that pre-Omicron immunological protection after at least three SARS-CoV-2 antigen con-
tacts is also effective against these emerging variants of SARS-CoV-2. From a clinical point
of view, pre-Omicron immunological protection after at least three SARS-CoV-2 antigen
contacts was also effective in the case of a first infection with an Omicron variant in our
cohort of patients with active GI cancer. However, we demonstrated that booster anti-
gen contacts can only temporarily stabilize waning humoral immune responses and that
initial contacts with SARS-CoV-2 antigens of emerging variants continues to trigger only
reduced immune responses. Vaccination gaps should, thus, be closed urgently. Our study
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underscores the importance of continued monitoring and tailored vaccination strategies for
GI cancer patients to ensure sustained protection against evolving SARS-CoV-2 variants.
Based on the presented data, among patients with GI carcinoma, especially patients with
PBN, patients undergoing conventional chemotherapy and patients with systemic immun-
odeficiency show poorer responses to SARS-CoV-2 antigen contacts. For the time being,
booster vaccinations should be recommended in line with the national and international
guidelines to maintain long-term protection against SARS-CoV-2.
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2.4  Klinische Bewertung antiviraler Monotherapien anhand der WHO-Ordinalskala

Hiibner, Y.R., Spuck, N., Berger, M., Schlabe, S., Rieke, G.J., Breitschwerdt, S., van
Bremen, K., Strassburg, C.P., Gonzalez-Carmona, M.A., Wasmuth, J.-C., Rockstroh,
J.K., Boesecke, C., Monin, M.B. (2023). Antiviral treatment of COVID-19: which

role can clinical parameters play in therapy evaluation? Infection 51.

Ziel dieser Studie war es, den klinischen anstatt des virologischen Verlaufs von COVID-19 fiir
Therapieentscheidungen und -bewertungen antiviraler Monotherapien zu exponieren (vgl.
Kapitel 1.8.2). Die Analyse wurde schlussendlich korrespondierend zu den LEOSS-Daten
(Lean European Open Survey on SARS-CoV-2 infected patients), die einen Einsatz von RDV

im fortgeschrittenen Stadium von COVID-19 unterstiitzen®’, publiziert.

Insgesamt konnten 330 dltere, multimorbide Patientlnnen mit COVID-19, einem hohen Risiko
fiir einen schweren klinischen Verlauf und somit einer Indikation fiir eine antivirale
Monotherapie in diese retrospektive Studie aufgenommen werden. Der Anteil von PatientInnen
mit systemischer Immundefizienz und einem zusétzlich hohen Risiko fiir einen prologierten
Virusnachweis war gering (n=9). Zur klinischen Beurteilung haben wir die WHO-Ordinalskala
genutzt (vgl. Kapitel 1.3), wobei jeweils der schlechteste Score im Laufe der Infektion gewertet
wurde. Die Effektivitit des Einsatzes der mAB-Kombination CVIV in der Frithen Phase der
Infektion wurde bei geimpften und ungeimpften Patientlnnen daran gemessen, ob eine
unterstiitzende Sauerstofftherapie notwendig wurde (Score >4). Der Einsatz von RDV ab einem
Score von 4 auf der WHO-Ordinalskala, also in der Pulmonalen Phase der Infektion, wurde bei
ungeimpften Patientlnnen anhand des Fortschreitens der Erkrankung im Weiteren beurteilt
(Score 4-8). PatientInnen in zwei gematchten Kontrollgruppen erhielten bei zum Zeitpunkt der
Studie begrenzten Ressourcen weder eine Therapie mit CVIV in der Friihen Phase noch mit

RDV in der Pulmonalen Phase der SARS-CoV-2-Infektion.

Bei frithem Einsatz von CVIV bestand die Notwendigkeit einer Sauerstofftherapie (Score >4)
im Verlauf der Erkrankung im Vergleich zu unbehandelten PatientInnen signifikant seltener.
PatientInnen, die in der spdten Phase von COVID-19 (Score >4) mit RDV therapiert wurden,
entwickelten im Weiteren signifikant niedrigere Scores auf der WHO-Ordinalskala. Die Gabe
von RDV fiihrte zu einer signifikant verkiirzten Hospitalisierungszeit. Die Dauer des
SARS-CoV-2-Nachweises mittels PCR konnte durch eine Monotherapie mit RDV in der

Pulmonalen Phase von COVID-19 in dieser Kohorte jedoch nicht beeinflusst werden. Ein
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Patientenalter {iber 65 Jahre wurde als starker Priadiktor fiir einen schwereren klinischen Verlauf
trotz Monotherapie mit CVIV oder RDV anhand der WHO-Ordinalskala herausgearbeitet, was
durch einen deutlichen Anstieg der notwendigen Sauerstofftherapien und Todesfélle in dieser

Subgruppe belegt wurde.

Basierend auf diesen Daten formulierten wir die Empfehlung, klinische Gesichtspunkte bei der
Therapieentscheidung und -bewertung stirker zu gewichten und Virusnachweise mittels PCR

nur sekundar heranzuziehen.
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Dear Editor,

With great interest, we read the article “Use and Effec-
tiveness of Remdesivir for the Treatment of Patients with
COVID-19 Using Data from the Lean European Open Sur-
vey on SARS-CoV-2 infected patients (LEOSS): A multi-
centre cohort study”, published in Infection by Pilgram et al.
[1]. According to the data, initiation of treatment with rem-
desivir in the advanced course of COVID-19 was effective.

Our own data basically confirm the results and add further
insights. In summary, we do propose to use a simple score
based on clinical data, both, for therapy decision-making and
for therapy evaluation.

The COVID-19 pandemic has created a global public
health crisis with the need for treatment options to alleviate
symptoms and prevent spreading of the virus. Direct act-
ing antivirals (DAA) and monoclonal antibodies (mABs)
neutralizing SARS-CoV-2 are recommended for treatment
by the World Health Organization (WHO) based on pivotal
studies and real-world data mainly focusing on virological
parameters [2]. In contrast, more robust clinical data as pre-
sented by Pilgram et al. are still limited [1]. Of note, for the
time being, mABs are only effective to a very limited extent
due to viral evolution and their use is therefore reserved for
individual cases. The focus was therefore placed on the data
on the use of RDV.
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We here mapped clinical outcomes using the WHO ordi-
nal clinical severity scale (hereafter: WHO ordinal scale) to
assess the effectiveness of remdesivir (RDV) and the mAB
combination casirivimab/imdevimab (CVIV).

This retrospective, single-centre cohort study aimed to
assess the effect of treatment of COVID-19 on the clinical
course of patients admitted to the infectious disease depart-
ment of the University Hospital Bonn, Germany, between
March 2020 and November 2021.

The diagnosis of COVID-19 had to be PCR-confirmed.
Patients were assigned to two groups based on the treatment
they received during their hospital stay: the RDV group and
the CVIV group.

RDV therapy was initiated immediately in patients
requiring oxygen (the latest with an oxygen saturation of
90.0%). Median time from diagnosis to initiation of RDV
therapy was 7 days (IQR 4-10 days). Vaccinated patients and
patients receiving a combination of RDV and CVIV and/
or dexamethasone were excluded. Therapeutic effect was
assessed comparing unvaccinated patients having received
RDV to unvaccinated, untreated control patients requiring
oxygen support.

The CVIV group included patients who received this
mAB within the first five days after onset of the infection.
The control group comprised patients hospitalized within
the first five days after onset of the infection not treated with
CVIV. For those groups, vaccination and combination of
CVIV and RDV and/or dexamethasone in the further course
were no exclusion criteria.

The clinical course was assessed using the WHO ordinal
scale. Each patient was scored with zero to eight points: 0:
no clinical or virological evidence of infection; 1: ambula-
tory, no activity limitation; 2: ambulatory, activity limita-
tion; 3: hospitalized, no oxygen therapy; 4: hospitalized,
oxygen mask or nasal prongs; 5: hospitalized, noninva-
sive mechanical ventilation or high-flow nasal cannula; 6:
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hospitalized, intubation and invasive mechanical ventilation
(IMV); 7: hospitalized, IMV + additional support such as
pressors or extracardiac membranous oxygenation; 8: death
[3]. The primary endpoint in the RDV group was the WHO
ordinal scale score of patients requiring oxygen support
(WHO ordinal scale score > 3) treated with RDV compared
to untreated patients with WHO ordinal scale score > 3.
To assess the efficacy of CVIYV, it was analysed whether
oxygen therapy was necessary under CVIV (WHO ordinal
scale score > 3) compared to a control group not treated with
CVIV. In both groups, the worst WHO ordinal scale score
was determined for each patient for the comparative analy-
ses. The effects of RDV on length of hospitalization and
duration of positive PCR results were secondary endpoints.

Raw data were collected and organized in an electronic
case report form. All data were de-identified and kept confi-
dential to maintain patients’ privacy. Statistical analysis was
performed using R software (version 4.0.3). Inverse proba-
bility of treatment weights were determined using propensity
scores in order to account for possibly unequal distributions
of important risk factors between the treatment groups. That
is, observations in the treatment group that are similar to the
expected observation in the control group are weighted more
strongly, and vice versa. Propensity scores were calculated
based on the most frequently documented risk factors, i.e.,
age over 65 years, hypertension, obesity, diabetes, chronic
kidney disease, heart disease, chronic obstructive pulmonary
disease, and neurological disease, as defined by the Center
for Disease Control and Prevention (CDC) [4], and the total
number of present risk factors. Vaccination status was used
as an additional factor in the CVIV analysis. We applied
inverse probability weighting as it allows the use of the
complete sample in the analysis and facilitates the estima-
tion of the average treatment effect, whereas, when propen-
sity score matching is used, patients for whom no suitable
match is available may be excluded and only the average
effect on the treated is estimated [6]. An ordered logistic
regression model was applied to the weighted data to analyse
the effect of RDV on the WHO ordinal scale. Cumulative
incidence functions were calculated to assess the effects on
the length of hospitalization and duration of positive PCR
results. Confidence intervals (CI) were constructed based on
500 bootstrap samples. The effect of CVIV on need for oxy-
gen support (WHO ordinal scale score > 3) was investigated
using a binary logistic model. The study was conducted in
accordance with the Declaration of Helsinki.

A total of 394 patients who were diagnosed with PCR-
confirmed COVID-19 were included in this study, with
a mean age of 60.3 + 18 years. As shown in Table 1, age
greater than 65 years was identified as the most frequently
observed risk factor in the data. Of all patients, 10.9%
(n=43/392) received oxygen therapy and were treated
with remdesivir (RDV) alone, while 19.3% (n=76/392)
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were hospitalized within five days after infection and
received CVIV treatment. 6.3% (n=25/394) were treated
with CVIV and, in the further course, additionally with
RDV. The control groups included 12.4% (n=49/394) and
41.2% (n=162/394) of the patients, respectively. 16.2%
(n=64/394) were excluded due to the criteria mentioned
above. The detailed distribution of risk factors for severe
COVID-19 in the study population is shown in Table 1.

The results of the descriptive statistical analysis revealed
a notable association between the number of risk factors and
a worse WHO ordinal scale score, particularly with respect
to the escalation of treatment to oxygen therapy and mortal-
ity rates (Fig. 1). Of note, age > 65 years was found to be
an outstanding predictor of worse WHO ordinal scale out-
come, as demonstrated by the substantial increases observed
in rates of oxygen therapy and death (Fig. 2).

Our findings indicate that RDV treatment in patients with
advanced COVID-19 (median time of 7 days between diag-
nosis and treatment initiation; IQR 4-10 days) and need for
oxygen support was associated with a significantly lower
probability of worse WHO ordinal scale outcomes com-
pared to untreated controls (OR 0.12, 95% CI 0.05-0.29,
p<0.001) (Fig. 3). We additionally calculated cumulative
incidence functions: a significantly reduced time until hos-
pital discharge for patients treated with RDV was demon-
strated based on the 95% CI (Fig. 4). An association of treat-
ment with RDV and a shortened time until testing negative
for COVID-19 could not be shown (Fig. 5).

Finally, early treatment initiation with CVIV within
the first five days after diagnosis of COVID-19 in patients
at high risk for a severe course was found to prevent the
development of a WHO ordinal scale >3 (OR 0.25, 95% CI
0.12-0.55, p<0.001), i.e., requiring oxygen (Fig. 6).

Our study adds clinical data to the growing evidence sup-
porting the use of RDV in patients with advanced COVID-
19—especially in unvaccinated patients. Using the WHO
ordinal scale, we found that clinical course was better in
patients in need for oxygen support who received RDV
thereby supporting the data of Pilgram et al. [1].

RDV was used in the late phase of infection in patients
requiring oxygen—and thereby in part outside the current
indication. High-risk patients who have missed early therapy
with DAAs and/or mABs can therefore benefit from the use
of RDV in the event of clinical deterioration.

However, the decisive use of mABs such as CVIV in the
early phase of infection can effectively prevent such events.
mABs have strongly been recommended due to their efficacy
and lack of severe side effects [2]. Yet, the emergence of
new viral variants complicates the use of mABs, as efficacy
dropped dramatically with mutations at the SARS-CoV-2
spike protein. Currently, all available mABs have rapidly
experienced a loss of efficacy due to viral evolution. There-
fore, the determination of the underlying SARS-CoV-2



Antiviral treatment of COVID-19: which role can clinical parameters play in therapy evaluation?

Table 1 Baseline characteristics of this studies population

RDV analysis data CVIV analysis data Overall (N=394)
No RDV (N=49) RDV (N=43) No CVIV (N=162) CVIV (N=76)

Gender (male) 20 (40.8%) 25 (58.1%) 84 (51.9%) 42 (55.3%) 212 (53.8%)
Age in years, mean + SD 66.5+19.2 63.3+14.6 62.8+18.2 58.1+18.6 60.3+18
SARS-CoV-2 vaccination - - 21 (13%) 30 (39.5%) 76 (19.3%)
Risk factors for severe COVID-19

Age > 65 years 29 (59.2%) 21 (48.8%) 84 (51.9%) 30 (39.5%) 186 (47.2%)

BMI > 25 kg/m? 8 (16.3%) 12 (27.9%) 38 (23.5%) 17 (22.4%) 92 (23.4%)

Hypertension 26 (53.1%) 18 (41.9%) 68 (42%) 30 (39.5%) 164 (41.6%)

Diabetes mellitus 13 (26.5%) 5(11.6%) 29 (17.9%) 19 (25%) 80 (20.3%)

CKD 9 (18.4%) 4.(9.3%) 18 (11.1%) 11 (14.5%) 40 (10.2%)

Heart disease 19 (38.8%) 11 (25.6%) 44 (27.2%) 19 (25%) 98 (24.9%)

COPD 5(10.2%) 1(2.3%) 13 (8%) 6 (7.9%) 24 (6.1%)

Neurological disease 7 (14.3%) 6 (14%) 19 (11.7%) 8 (10.5%) 38 (9.6%)
Number of risk factors

0 0 (0%) 0 (0%) 0 (0%) 0 (0%) 47 (11.9%)

1 2 (4.1%) 6 (14%) 18 (11.1%) 0 (0%) 95 24.1%)

2 9 (18.4%) 8 (18.6%) 33 (20.4%) 28 (36.8%) 80 (20.3%)

3 9 (18.4%) 6 (14%) 29 (17.9%) 16 (21.1%) 73 (18.5%)

4 15 (30.6%) 12 (27.9%) 41 (25.3%) 8 (10.5%) 42 (10.7%)

5 7 (14.3%) 6 (14%) 17 (10.5%) 9 (11.8%) 35 (8.9%)

6 5(10.2%) 3 (7%) 15 (9.3%) 11 (14.5%) 16 (4.1%)

7 2 (4.1%) 2 (4.7%) 8 (4.9%) 1(1.3%) 6 (1.5%)
WHO ordinal scale

1 - - 6 (3.7%) 4(5.3%) 11 (2.8%)

2 - - 2 (1.2%) 5(6.6%) 10 (2.5%)

3 - - 41 (25.3%) 44 (57.9%) 131 (33.2%)

4 18 (36.7%) 37 (86%) 57 (35.2%) 20 (26.3%) 134 (34%)

5 11 (22.4%) 2 (4.7%) 19 (11.7%) 0 (0%) 42 (10.7%)

6 2 (4.1%) 1(2.3%) 3(1.9%) 0 (0%) 9 (2.3%)

7 2 (4.1%) 0 (0%) 2 (1.2%) 0 (0%) 3 (0.8%)

8 16 (32.7%) 3 (7%) 32 (19.8%) 3(3.9%) 54 (13.7%)

SD standard deviation, BMI body mass index, CKD chronic kidney disease, COPD chronic obstructive pulmonary disease, /QR interquartile

range, /CU intensive care unit

variant plays a special role for individualised therapy deci-
sions. The future use of mABs depends on newly developed
mABs targeting evolving virus strains.

In comparison, RDV as a nucleotide-like antiviral drug
against the SARS-CoV-2 RNA polymerase does not seem
to have been affected by mutations in the past. RDV should
therefore been used in the early and/or in the late phase of
infection outside the current indication, especially in immu-
nological naive patients with regard to SARS-CoV-2 who
are at high risk for severe COVID-19.

The WHO ordinal scale is a simple and easy-to-use tool
that measures the disease course in clinical status based
on a 9-point ordinal scale. The scale ranges from no clini-
cal or virological evidence of infection (0) to death (8)
and includes several intermediate categories that reflect
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different degrees of clinical deterioration. Significant steps
in the progression of the disease include the transition
from mild (WHO ordinal scale 1-3) to moderate disease,
requiring supportive oxygen therapy (WHO ordinal scale
4). Additionally, the progression to severe disease involves
the use of mechanical ventilation, such as non-invasive
and/or invasive ventilation, and falls within the WHO ordi-
nal scale 5-7 range [3].

The use of WHO ordinal scale has several benefits,
including standardization of outcome measurement, ease
of implementation, and applicability across different treat-
ment modalities. Thus, the WHO ordinal scale can simplify
the handling of COVID-19 for specialists from other clini-
cal disciplines than infectious disease. Consequently, we
think that the use of the WHO ordinal scale remains useful
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both as a tool for clinical decision-making and for therapy
evaluation.

It should be emphasized that an even more reliable clas-
sification into risk groups could be made with the imple-
mentation of inflammation markers resulting in a combined
ordinal scale. In this case, each of the three previously men-
tioned groups would be divided into low risk and high risk
[3]. Nevertheless, we see clear advantages using the simple
WHO ordinal scale based only on clinical data, especially
for general practitioners and specialists from other clinical
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WHO ordinal scale score

disciplines than infectious disease—especially for reasons
of time in a fast-paced everyday life.

While there are many studies supporting the use of PCR
results as outcome measures, SARS-CoV-2 viral load has
limited utility in evaluating treatment outcomes in COVID-
19 patients especially due to prolonged viral shedding in
high-risk patients. It should only be used as a secondary
readout. Hospital discharge should not be reliant on nega-
tive PCR results since SARS-CoV-2 viral shedding kinetics
make those results unreliable [5].
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Fig. 3 Distribution of WHO
ordinal scale scores for patients
treated with or without remdesi-
vir (RDV)
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Fig.4 Cumulative incidence function estimates based on the inverse
probability weighted data for duration of hospitalization in days dis-
playing the cumulative probability of discharge for patients hospital-
ized with COVID-19 (RDV vs. no RDV). Both curves are accompa-
nied by dotted lines indicating the 95% confidence interval

Patients with underlying oncological/haematological
diseases and/or B-cell-depleting therapies are particularly
at risk of severe courses of COVID-19. Only a few of these
patients (n=9) were included in our analysis on RDV,
which limits our data. Nevertheless, especially SARS-
CoV-2 immunologically naive patients are still at risk for
severe courses of COVID-19. If they have risk factors
for COVID-19, such as age over 65 years, hypertension,
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Fig.5 Cumulative incidence function estimate based on the weighted
data showing the probability of testing negative for COVID-19 over
time since a positive test result (RDV vs. no RDV). Both curves are
accompanied by dotted lines indicating the 95% confidence interval

obesity, diabetes, chronic kidney disease, heart disease,
chronic obstructive pulmonary disease, and/or neurologi-
cal disease (which were considered for our propensity
scores), they should also be treated.

In conclusion, our data support the findings of the LEOSS
registry regarding the efficacy of RDV in improving clini-
cal outcomes in patients with advanced COVID-19 [1]. Our
study provides important insights into the use of RDV in
advanced COVID-19, clinical decision-making and the
evaluation of COVID-19 treatments.

@ Springer



Y. R. Hiibner et al.

Fig. 6 Bar chart depicting
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2.5  Antivirale Kombinationstherapien als Erstlinienregime bei PatientInnen mit

systemischer Immundefizienz

Orth, H.M.*, Flasshove, C.*, Berger, M., Hattenhauer, T., Biederbick, K.D.,
Mispelbaum, R., Klein, U., Stemler, J., Fisahn, M., Doleschall, A.D., Baermann, B.-N.,
Koenigshausen, E., Tselikmann, O., Killer, A., de Angelis, C., Gliga, S., Stegbauer, J.,
Spuck, N., Silling, G., Rockstroh, J.K., Strassburg, C.P., Brossart, P., Panse, J.P., Jensen,
B.-E.O., Luedde, T., Boesecke, C., Heine, A., Cornely, O.A., Monin, M.B. (2024).
Early combination therapy of COVID-19 in high-risk patients. Infection 52, 877-889.

*geteilte Erstautorenschaft

Prolongierte Virusnachweise sind vor allem bei Patientlnnen mit systemischer Immundefizienz
und entsprechend eingeschrinkter Immunantwort auf SARS-CoV-2-Infektionen und/oder
Impfungen klinisch und epidemiologisch relevant (vgl. Kapitel 1.6). Ziel der vorliegenden
Studie war es daher, antivirale Kombinationstherapien in der Erstlinie bei diesen Patientlnnen
hin-sichtlich des klinischen Krankheitsverlaufs und der Dauer des Virusnachweises zu

evaluieren (vgl. Kapitel 1.8.2).

144 vornehmlich geimpfte, immundefiziente PatientInnen, die sich mehrheitlich mit einer der
Omikron-Varianten von SARS-CoV-2 infiziert hatten, wurden in die Studie aufgenommen.
Kombinationstherapien aus RDV, NIR/r, MOL (zum Zeitpunkt der Gabe noch durch die EMA
empfohlen) und/oder einem mAB/einer mAB-Kombination (CVIV, Tixagevimab/ Cilgavimab,
Sotrovimab) wurden dabei als Erstlinientherapie eingesetzt, um schwere klinische Verldufe und
prolongierte Virusnachweise zu verhindern. Dabei war zum Zeitpunkt der Gabe jeweils von
einer effektiven Wirksamkeit der eingesetzten mABs gegen die SARS-CoV-2-Variante, die zur
Infektion gefiihrt hatte, auszugehen.

Unter den Kombinationstherapien waren die klinischen Verldufe, beurteilt anhand der WHO-
Ordinalskala, leicht bis mittelschwer (medianer Score von 3). Nur zwei Patientlnnen wurden
intensivmedizinisch mit einer high-flow-Sauerstofftherapie (Score von 5) versorgt. Todesfille
wurden nicht dokumentiert. Hinweise auf eine erhdhte Toxizitét unter den Kombinations-
therapieregimen ergaben sich nicht. Prolongierte Virusnachweise (=10"6 SARS-CoV-2-
Kopien/ml an Tag 21 nach dem erstem Virusnachweis mittels PCR) konnten in 85.4 % der Fille
verhindert werden. Das Virus wurde mit einem Median von acht Tagen (Interquartilsabstand
von 6,0-15,3) mittels PCR nachgewiesen. In einer multivariablen Analyse konnte gezeigt

werden, dass das Virus bei PatientInnen mit malignen hdmatologischen Grunderkrankungen
-85-



und/oder in Féllen mit einem spédten Beginn der antiviralen Therapie (=5 Tage nach erstem
Virusnachweis mittels PCR) trotz primdrer Kombinationstherapie signifikant langer nach-
gewiesen wurde. Bei Patientlnnen, bei denen es trotz antiviraler Kombinationstherapie zu
einem prolongierten Virusnachweis gekommen war, konnte kein Vorteil einer reaktiven
zweiten antiviralen Mono- oder Kombinationstherapie belegt werden. Aufgrund von
Infektionen mit SARS-CoV-2 wurden Therapiefortfithrungen und -einleitungen bei 12 % der
PatientInnen mit malignen hamatologischen Erkrankungen verzogert. In der Studie wurde bei
nicht klar definiertem Nachbeobachtungszeitraum in nur einem Fall ein Post COVID-19-

Syndrom dokumentiert.

Vor allem Patientlnnen mit malignen hdmatologischen Erkrankungen profitierten zusammen-
fassend klinisch und beziiglich des virologischen Verlaufs von frilhen antiviralen Kombi-
nationstherapien bei Infektionen mit SARS-CoV-2 in der Erstlinie. Wir empfahlen, den Einsatz
auch bei Patientlnnen mit systemischer Immundefizienz anderer Genese in Erwidgung zu

ziehen.
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Abstract

Purpose Prolonged shedding of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has been observed in
immunocompromised hosts. Early monotherapy with direct-acting antivirals or monoclonal antibodies, as recommended
by the international guidelines, does not prevent this with certainty. Dual therapies may therefore have a synergistic effect.
Methods This retrospective, multicentre study compared treatment strategies for corona virus disease-19 (COVID-19) with
combinations of nirmatrelvir/ritonavir, remdesivir, molnupiravir, and/ or mABs during the Omicron surge. Co-primary
endpoints were prolonged viral shedding (> 10° copies/ml at day 21 after treatment initiation) and days with SARS-CoV-2
viral load > 10° copies/ml. Therapeutic strategies and risk groups were compared using odds ratios and Fisher’s tests or
Kaplan—Meier analysis and long-rank tests. Multivariable regression analysis was performed.

Results 144 patients were included with a median duration of SARS-CoV-2 viral load > 10° copies/ml of 8.0 days (IQR
6.0-15.3). Underlying haematological malignancies (HM) (p =0.03) and treatment initiation later than five days after diag-
nosis (p <0.01) were significantly associated with longer viral shedding. Prolonged viral shedding was observed in 14.6%
(n=21/144), particularly in patients with underlying HM (OR 3.5; 95% CI 1.2-9.9; p =0.02). Clinical courses of COVID-19
were mild to moderate with only few adverse effects potentially related to combination treatment.

Conclusion Early combination treatment of COVID-19 effectively prevented prolonged viral shedding in 85.6% of cases.
Considering the rapid viral clearance rates and low toxicity, individualized dual therapy approaches may be beneficial in
high-risk patients.

Keywords COVID-19 - Immunocompromised host - Dual anti-SARS-CoV-2 therapies - Prolonged viral shedding -
Individualized therapeutic approaches

Introduction

Based on the interventional studies and real-world data,
the World Health Organization (WHO) recommends early
monotherapy for coronavirus disease 2019 (COVID-19) in
patients at risk of severe courses [1-4]. Several direct-acting
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antivirals (DAAs) and monoclonal antibodies (mABs) are
therefore available. Older age, immunodeficiency, the extent
of immune response after vaccination and/or infection and
the number of risk factors are associated with a more severe
clinical course [5]. Moreover, despite early initiation of
monotherapy in immunocompromised hosts, shedding of
severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) was prolonged [6]. This favours the development
of escape mutations against mAB therapies [7]. We form a
network of four large university hospitals in North Rhine-
Westphalia (Aachen, Bonn, Cologne and Diisseldorf) with
over 5,000 beds and numerous highly specialised outpatient
clinics. In this way, we provide COVID-19 care mainly for
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patients with haematological malignancies (HM) and for
patients on immunosuppressive medication after solid-organ
transplantation (SOT). These patients face prolonged infec-
tiousness that limits their participation in daily life, includ-
ing access to the medical system, which can interfere with
appropriate management of underlying diseases [8].

Combination treatment to avoid the development of
drug resistance or to improve therapeutic efficacy is well
established, for example in human immunodeficiency virus
infection or tuberculosis. The availability of three DAAs
(nirmatrelvir/ritonavir, remdesivir, molnupiravir) and vari-
ous mABs enables combination treatment against COVID-
19. Molnupiravir-nirmatrelvir/ritonavir was more effective
in vitro and in animal models, and improved survival in mice
[9-11]. Molnupiravir—remdesivir combination was synergis-
tic in hamsters [12]. In a case series of immunocompromised
patients, the addition of a mAB to remdesivir was shown to
increase the chance of sustained viral clearance as compared
to remdesivir monotherapy [13]. Moreover, combination of
nirmatrelvir/ritonavir with an mAB was effective in a small
case series of immunocompromised patients with sustained
viral shedding [14]. In humans, current experiences with
combined DAAs are based on the few case reports and small
case series [15].

Despite these encouraging reports, optimal combinations
are unknown. In our large cohort of immunocompromised
patients, we analysed first-line COVID-19 combination regi-
mens for virological and clinical outcomes and safety.

Patients and methods

This is a retrospective, multicentre, observational cohort
study conducted during the Omicron surge at four Ger-
man university hospitals forming the Centre for Integrated
Oncology Aachen Bonn Cologne Diisseldorf (CIO ABCD).
Cases of mainly immunocompromised patients who received
first-line combination treatment with DAAs + mABs against
COVID-19 between March 2022 and April 2023 were ana-
lysed. Therapeutic decisions were at the discretion of the
treating physicians. The study was performed in accordance
with the Declaration of Helsinki. Owing to the retrospec-
tive study design, ethical approval and/or patient information
was not required according to the North Rhine-Westphalian
legislation. According to internal standards, however, we
submitted lead ethics proposals, which were approved by the
Ethics Committees of the Medical Faculty of the Heinrich-
Heine University Diisseldorf, Germany (study no. 2022-
2240) and of the Medical Faculty of the University Hospital
Bonn, Germany (file number 469/22).

For inclusion, patients were at risk of severe courses of
COVID-19 and received first-line combination therapies for
COVID-19 containing at least two of nirmatrelvir/ritonavir
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(administered five days orally), remdesivir (administered
three, five or ten days intravenously), molnupiravir (admin-
istered five days orally), and/ or one mAB (administered
intravenously or intramuscularly as single shot) at standard
doses. The effectiveness of the mABs was tested in each
individual case [16]. The dose of the mAB was doubled in
cases of restricted neutralization capacity and/or in cases, in
which sequencing of the viral genome was not performed,
ensuring effectiveness. Combination therapy was assumed
if the individual substances were administered overlapping
for at least one day. Diagnosis of SARS-CoV-2 infection
was confirmed by real-time reverse-transcriptase polymerase
chain reaction (RT-PCR) with or without viral sequencing.
If viral sequencing was not available, the regionally pre-
dominant variant was assumed. The date of diagnosis was
considered the date of first positive RT-PCR. Treatment ini-
tiation later than five days after diagnosis was defined as late
treatment initiation.

Co-primary endpoints were days with SARS-CoV-2 viral
load > 10% RNA copies/ml and occurrence of prolonged
viral shedding, both overall, and compared among sub-
groups of antiviral therapy strategies (2XDAAs+1XmAB
versus 1 X DAA plus 1 XxmAB). Prolonged viral shedding
was defined as SARS-CoV-2 viral load > 10° RNA copies/
ml 21 days after treatment initiation. The disease severity
according to the WHO ordinal clinical scale [17], any com-
plications of COVID-19 and any drug-related adverse effects
among groups were chosen as secondary endpoints.

Potential predictors of increased and/ or prolonged viral
shedding were analysed: sex (male vs. female), age groups
(<65 years vs. > 65 years), number of risk factors for severe
COVID-19 according to the Centers for Disease Control and
Prevention (< 5 vs. > 5 risk factors) [18], immunodeficiency
(yes vs. no), HM (yes vs. no), history of allogenic stem cell
transplantation (yes vs. no), history of SOT (yes vs. no), vac-
cination status, treatment strategies (2XDAAs +1xXmAB
vs. 1 X DAA plus 1 XxmAB), time of treatment initiation
(<5 days vs.>5 days after diagnosis), WHO ordinal clinical
severity scale score (1-3 vs. 4-7), and complicated course of
COVID-19 (yes vs. no). Immunodeficiency was presumed
in patients with a medical history of organ transplantation
or autoimmune disease under immunosuppressive therapy,
with underlying HM and/ or with advanced HIV-infection
(CD4" cell count <200/ul). Patients who received the basic
immunization and a first booster vaccination were consid-
ered fully vaccinated. Patients who had received less or no
vaccinations were grouped as only partially vaccinated or
not vaccinated, respectively.

Clinical data were anonymized and entered into an elec-
tronic case report form.

Patients reaching a SARS-CoV-2 viral load < 10° RNA
copies/ml within the first three days after treatment initia-
tion were excluded from the final analysis as the success of
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treatment could not be clearly attributed (n=8). The same
was applied when neutralizing capacity of mABs could not
be assumed for a mismatch of virus variant versus mAB
chosen (n=38). Furthermore, cases with a second course of
antiviral therapy due to lacking or insufficient clinical and/
or virological response were excluded (n=10). Inclusion and
exclusion criteria are summarized in Fig. 1.

Statistical analysis was carried out using R version 4.2.3
(R Core Team 2023: R: A Language and Environment for
Statistical Computing, R Foundation for Statistical Com-
puting, Vienna, Austria). Descriptive analyses included the
calculation of medians and interquartile ranges for continu-
ous variables and frequencies (absolute and relative) for cat-
egorical variables. Prolonged viral shedding was compared
between treatment strategies and the patients’ characteristics
mentioned above in univariable analyses using odds ratios
and Fisher’s exact tests. Days with SARS-CoV-2 viral load
> 10° RNA copies/ml were illustrated with Kaplan — Meier
plots and compared between treatment strategies as well as
patient characteristics using by ¢ tests. Analogously, the days
with SARS-CoV-2 viral load > 10° RNA copies/ml were
analysed among patients who were excluded from the initial
analysis, because they received a second round of antivi-
ral therapy. Moreover, a sub-analysis on combinations of

Screened:
n=170

Exclusion:
1) Ineffective mABs: n=8

2) SARS-CoV-2 viral load <1076 RNA copies/m| within first

3 days after treatment initation: n=8

3) Second round of therapy in the further course: n=10

Inclusion:
n=144
1x DAA plus 1x mAB:
n=96

2x DAAs plus 1x mAB:
n=19

Fig. 1 Subject disposition. 170 patients received primarily combined
dual anti-SARS-CoV-2 therapies. Patients having received ineffec-
tive mABs or having highlighted a SARS-CoV-2 viral load < 10%6
RNA copies within the first three days were excluded. Furthermore,
patients having received a second round of therapy due to clini-
cal and/ or virological deterioration were excluded from the initial

-89 -

2x DAAs:
- 1)

DAAs and mABs was performed using ANOVA. Finally,
a multivariable linear regression analysis was carried out
including age, sex and those predictors that were significant
in univariable analyses. P values <0.05 were regarded as
statistically significant.

Results
Study population

Of the 170 patients screened, who received first-line com-
bined, dual anti-SARS-CoV-2 therapies, 144 were eligible
for analysis (Fig. 1).

Immunodeficiency was present in 85.4% (n=123/144),
mostly due to immunosuppression following SOT (52.8%;
n=76/144) or underlying HM (28.5%; n=41/144). In the 21
formally immunocompetent patients (14.6%), age > 65 years
and >?2 comorbidities, representing > 3 risk factors for severe
COVID-19, were reasons for concern for a severe course
of COVID-19. Virus genomic sequencing was conducted
in 59.0% of patients (n=_85/144), with Omicron variants
detected in 84 cases and a delta variant in only one. In all
85 patients, potential efficacy of the applied mAB could be

Co-primary endpoints:

Days with SARS-CoV-2 viral load >10”"6 RNA copies/ml

2)  Occurrence of prolonged viral shedding

analysis. The latter were examined in a sub-analysis with regard
to the effect of this second round of therapy on days with SARS-
CoV-2>1076 RNA copies/ml Finally, 144 patients were included in
the initial analysis having received 1 X DAA plus 1 XmAB, 2XDAAs
or 2xXDAAs plus 1 XxmAB. DAA direct acting antiviral, mAB mono-
clonal antibody

@ Springer



H. M. Orth et al.

assumed according to the virus variant [16]. Median treat-
ment initiation was day 0 (range: 0-56; IQR 0-1) after first
positive PCR test for SARS-CoV-2. Treatment categories
included one DAA plus one mAB (66.7%; n=96/144), two
DAAs (20.1%; n=29/144), or two DAAs plus one mAB
(13.2%; n=19/144). As there were no significant dif-
ferences in viral shedding between the latter two groups
(8.0 days [IQR 6.0-14.0] vs. 6.0 days [IQR 5.0-8.0];
p=0.99), both groups were combined for further analyses
(2xDAAs+1xmAB). Patient baseline characteristics are
detailed in Table 1.

Days with SARS-CoV-2 viral load > 10° copies/ml

Median SARS-CoV-2 viral shedding > 10° copies/ml lasted
for 8.0 days (IQR 6.0-15.3) following initiation of dual anti-
SARS-CoV-2 treatment.

In univariable analysis, patients <65 years had signifi-
cantly longer viral shedding (10.4 vs. 15.0 days; p=0.03).
The time to viral load < 10° copies/ml was significantly
longer in patients with late treatment initiation (30.7 vs.
12.3 days; p<0.01) and in immunocompromised patients
(13.9 vs. 8.0 days; p=0.04), especially in the subgroup of
patients with underlying HM (18.1 vs. 11.0 days; p <0.01).
In contrast, patients receiving immunosuppressives post
SOT more readily experienced a viral load < 10° copies/ml
(11.7 vs. 14.5 days; p=0.17). Neither the different treatment
strategies (2XDAA +1XmAB vs. 1 XxDAA+1XmAB)
nor the number of risk factors (<5 vs.>5) resulted in sta-
tistically significant differences regarding that endpoint
(Table 2). Kaplan — Meier plots were added to visualize the
results (Fig. 2a—e).

In multivariable analysis, underlying HM (p=0.03) and
treatment initiation > 5 days after diagnosis of COVID-19
(» <0.01) were significantly associated with longer viral
shedding (Fig. 3).

Prolonged viral shedding

The second primary endpoint, i.e., achieve a SARS-CoV-2
viral load < 10° copies/ml within 21 days, was achieved by
85.4% (n=123/144) of patients (Table 1). Patients with HM
had the highest rate of prolonged viral shedding (26.8%;
n=11/41; p=0.02). In comparison, the risk for prolonged
viral shedding was substantially lower in patients on immu-
nosuppressive medication following SOT (11.8%; n=9/76;
p=0.35).

Prolonged viral shedding was significantly more frequent
in immunocompromised patients (p =0.04) and in those
with late treatment initiation (p =0.04). Within the group
of immunocompromised, patients with underlying HM
(OR 3.5;95% CI 1.2-9.9; p=0.02) and patients on immu-
nosuppressive medication following allogenic stem cell
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transplantation (OR 4.5; 95% CI 0.8-21.4; p=0.04) were
at highest risk for prolonged viral shedding. Of note, this
led to a delay in cancer therapy in 12.2% (n=5/41) of all
patients with HM. In contrast, in recipients of immunosup-
pressives following SOT, dual anti-SARS-CoV-2 therapy
was associated with lower rates of prolonged viral shedding
(OR 0.6; 95% CI 0.2-1.8; p=0.35). Patients < 65 years had
a higher risk for prolonged viral shedding (OR 3.9; 95%
CI 1.2-16.8; p=0.02). Regarding the treatment strategies
(2xDAA +1XxmAB vs. 1 XxDAA plus 1 XxmAB), no sig-
nificant difference was observed.

Sub-analysis on combinations of DAAs and mABs

Regarding combinations with mABs, there was no signifi-
cant difference in time with SARS-CoV-2 viral load > 10°
RNA copies/ml depending on the DAA partner (Fig. 4a). In
contrast, the combination of remdesivir with molnupiravir
appeared to be beneficial as compared to the combination
of remdesivir and nirmatrelvir/ritonavir (8.9 vs. 21.8 days;
p<0.01; Fig. 4b). Of note, nirmatrelvir/ritonavir was not
used following SOT to avoid drug-drug interactions. As
stated above, these patients had shorter viral shedding when
compared with other subgroups of patients (Fig. 2e).

Clinical course of COVID-19 and safety of dual
anti-SARS-CoV-2 therapies

Patients had a median WHO ordinal clinical severity scale
score of 3 (range: 1-5; IQR 3-3), i.e., having been hospital-
ized with no oxygen therapy (Table 1). A higher score (> 3)
was not associated with longer viral shedding (Table 2).
Most common complications were COVID-19 pneumonia
(13.2%; n=19/144) and bacterial superinfections (8.3%;
n=12/144). Most of the patients who required oxygen
therapy were stable under oxygen by nasal or mask prongs
(13.8%; n=20/144), i.e., a WHO ordinal clinical severity
scale score of 4. Only two patients (1.4%) required intensive
care with high-flow oxygen (score of 5). No deaths were
reported.

Diarrhoea and nausea with vomiting (2.1%; n=3/144 and
0.7%; n=1/144, respectively) were documented as potential
adverse effects of dual anti-SARS-CoV-2 treatments. Tem-
porary elevation of amino-transferases (2.1%; n=23/144),
acute on chronic kidney failure (1.4%; n=2/144), and renal
transplant functional deterioration (0.7%; n=1/144) were
considered as complications of COVID-19 rather than
drug-induced.

Impact of a second course of antiviral treatment

Among the 10 patients who were excluded from the
analysis because they received a second round of
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Table 1 Baseline characteristics
and clinical parameters

Participants
Age category
<65 years [%]
> 65 years [%]
Sex category
Male [%]
Female [%]
Risk factors for severe COVID-19
Immunodeficiency*
Solid organ transplantation with drug immunosuppression**
Underlying haematological malignancies***
Allogenic bone marrow transplantation with drug immunosuppression
Chronic variable immunodeficiency
HIV infection with CD4 + -cell count <200/ pl
Rheumatological diseases/ collagenoses/ vasculitides
Solid cancer
Chronic heart failure
Coronary heart disease
Atrial fibrillation
Chronic liver disease
Chronic kidney failure
Dialysis
Chronic pulmonary disease
Diabetes mellitus
Obesity
Chronic inflammatory bowel disease
Chronic neurologic diseases
Cerebrovascular disease
Chronic psychiatric diseases
SARS-CoV-2 vaccination status
Basic vaccination plus first booster vaccination [%]
Not/partly vaccinated [%]
Not documented [%]
Variant of SARS-CoV-2
Omicron [%]
Delta [%]
No sequencing [%]
Therapeutical agents
DAAs [absolute]
Remdesivir [%]
Molnupiravir [%]
Nirmatrelvir/ritonavir [%]
mABs [absolute]
Sotrovimab [%]
Tixagevimab/cilgavimab [%]
Casirivimab/imdevimab [%]
Days of treatment initiation after first positive PCR for SARS-CoV-2 [median]
Combined therapy strategies
1xDAA plus 1 XxmAB [%]
Remdesivir+mAB [%]
Nirmatrelvir/ritonavir + mAB [%]
Molnupiravir+mAB [%]

144

65.3 (n=81/144)
43.7 (n=63/144)

68.8 (n=99/144)
312 (n=45/144)

85.4 (n=123/144)
52.8 (n="76/144)
28.5 (n=41/144)
6.9 (n=10/144)
1.4 (n=2/144)
1.4 (n=2/144)
3.5 (n=5/144)
9.0 (n=13/144)
9.7 (n=14/144)
12.5 (n=18/144)
9.7 (n=14/144)
13.9 (n=20/144)
12.5 (n=18/144)
0.7 (n=1/144)
13.9 (n=20/144)
15.3 (n=22/144)
6.3 (n=9/144)
2.1 (n=3/144)
9.7 (n=14/144)
2.1 (n=3/144)
1.4 (n=2/144)

72.9 (n=105/144)
18.8 (n=27/144)
8.3 (n=12/144)

58.3 (n=84/144)
0.7 (n=1/144)
41.0 (n=59/144)

192

57.3 (n=110/192)
28.1 (n=54/192)
14.6 (n=28/192)
115

74.8 (n=86/115)
23.5 (n=27/115)
1.7 (n=2/115)

0 (range: 0-56; IQR 0-1)

66.7 (n=96/144)
66.7 (n=64/96)
19.8 (n=19/96)
13.5 (n=13/96)
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Table 1 (continued)

2xDAAs [%] 20.1 (n=29/144)
Remdesivir + molnupiravir [%] 79.3 (n=23/29)
Remdesivir + nirmatrelvir/ritonavir [%] 17.3 (n=5/29)
Molnupiravir + nirmatrelvir/ritonavir [%] 34 (n=1/29)
2XDAAs plus 1 XxmAB [%] 13.2 (n=19/144)
Remdesivir + molnupiravir + mAB [%] 84.2 (n=16/19)
Remdesivir + nirmatrelvir/ritonavir + mAB [%] 10.5 (n=2/19)
Molnupiravir + nirmatrelvir/ritonavir + mAB [%] 5.3 (n=1/19)
WHO ordinal clinical severity scale [median score] 3 (range: 1-5; IQR: 3-3)
Complications of SARS-CoV-2 infection
COVID-19 pneumonia [%] 13.2 (n=19/144)
Oxygen therapy by nasal or mask prongs [%] 13.9 (n=20/144)
Non-invasive ventilation or high-flow oxygen [%] 1.4 (n=2/144)
Additional therapy with dexamethasone [%] 6.3 (n=9/144)
Bacterial superinfection [%] 8.3 (n=12/144)
Temporary elevation of amino transferases [%] 3.5 (n=5/144)
Acute on chronic kidney failure [%] 2.1 (n=3/144)
Temporary renal transplant deterioration [%] 1.4 (n=2/144)
Hepatic encephalopathy [%] 0.7 (n=1/144)
Delirium [%] 0.7 (n=1/144)
Post COVID-19%#*%* [%] 0.7 (n=1/144)
Delay of oncological therapy [%] 12.2 (n=5/41)
Possible treatment side effects
Diarrhoea [%] 2.1 (n=3/144)
Nausea and vomiting [%] 0.7 (n=1/144)
SARS-CoV-2 RNA < 106 copies at day 21 after treatment initiation
Yes [%] 85.4 (n=123/144)
No [%] 14.6 (n=21/144)
Days with SARS-CoV-2 RNA > 1076 copies
All [median] 8.0 (IQR 6.0-15.3)
Under 1 XxDAA plus 1 XxmAB [median] 9.5 (IQR 6.0-14.0)
Under 2 X DAAs [median] 8.0 IQR 6.0-14.0)
Under 2 X DAAS plus 1 XxmAB [median] 6.0 (IQR 5.0-8.0)

DAA direct acting antiviral, /QR interquartile range, mAB monoclonal antibody

“Suspected in patients with a medical history of organ transplantation or autoimmune disease with con-
comitant immunosuppressive therapy, with underlying haematological malignancies and/ or with uncon-
trolled HIV-infection (CD4 cell count < 200/ul)

Mkidney transplantation (75-0%; n=>57/76), heart transplantation (15-8%; n=12/76), liver transplantation
(4-0%; n=3/76), kidney and heart transplantation (2-6%; n=2/76), kidney and pancreas transplantation
(1-3%; n=1/76), lung transplantation (1-3%; n=1/76)

EE

Non-Hodgkin lymphoma (36:6%; n=15/41), acute myeloid leukaemia (26:8%; n=11/41), multiple mye-
loma (9-8%; n=4/41), myeloproliferative neoplasms (9:8%; n=4/41), myelodysplastic syndromes (7:3%;
n=3/41), acute lymphoblastic leukaemia (4-9; n=2/41), undifferentiated leukaemia (2:4%; p=1/41),
aplastic anaemia (2:4%; p=1/41)

ek

The rate might be higher as a follow-up time >3 months was not given in all cases

antiviral therapy due to lack of clinical and/ or virologi-  The time was numerically reduced by 2.2 days in patients
cal response, 8 patients fulfilled the criteria for prolonged  receiving a second round of therapy (p =0.71) as shown
viral shedding. To evaluate the potential impact of this  in Fig. 1f.

second round of therapy, we compared the time to achieve

a SARS-CoV-2 viral load < 10° RNA copies/ml in these

patients with the time in the 21 patients with prolonged

viral shedding undergoing one course of dual therapy.
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Fig.2 Viral Shedding. Kaplan—-Meier plots showing the probabil-
ity of SARS-CoV-2 RNA>1076 copies/ml set in relation to time
in days. The time of viral shedding was not significantly different
between the treatment strategies (a: 1 XDAA+1xmAB: 14-0 days
vs. 2XDAA +1XxmAB: 11-0 days; p=0-17). The period was longer
in b) patients with a late treatment initiation (> 5 days after diagnosis:
30-7 days vs.<5 days after diagnosis: 12-3 days; p <0-01), ¢) immu-
nocompromised patients (13-9 days vs. 8:0 days in immunocom-

Discussion

In our cohort of 144 mainly immunocompromised patients
receiving first-line combination therapies for COVID-19,
clinical courses were mild to moderate and prolonged viral
shedding was effectively prevented in 85.4% of these cases.
Only two patients required intensive care and no deaths were
documented. Our results are encouraging as they exceed
those reported with monotherapy in vulnerable populations
[6]. Clinical outcomes in patients infected with the SARS-
CoV-2 Omicron variant are generally more favourable as
compared to earlier virus variants, but still a proportion of
7.8% with treatment failure—defined as severe COVID-19
or COVID-19-related death—has been shown in patients
with HM under monotherapy [19]. In our study, prolonged
viral shedding was also observed primarily in patients with
HM despite dual therapies (14.6%; n=11/144), which once
again reveals this group as particularly vulnerable.

SOT patients are also prone to prolonged viral shed-
ding [20]. In our study, persistent viral shedding was less
common in this group of patients. The benefit of combined
antiviral therapy in these patients appeared to be less pro-
nounced than in patients with HM.

Interestingly, the total number of risk factors for severe
COVID-19 had no effect on viral shedding, suggesting that
the underlying disease itself has a greater impact than the
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petent patients; p=0-04) and/ or d) especially in patients with HM
(17-1 days vs. 11-0 days in patients without HM; p <0-01). In com-
parison, in patients under immunosuppressive medication following
SOT the time was even shorter (11-7 days vs. 14-5 days in patients
with no history of solid organ transplantation; p=0-18). DAA direct
acting antiviral, HM haematological malignancies, mAB monoclonal
antibody, SOT solid organ transplantation

number of different conditions. Moreover, no association
between the clinical course and viral shedding was found.

While the Omicron sub-lineages are associated with
milder COVID-19 courses, yet a significant proportion of
immunocompromised and older patients are still at risk for
severe COVID-19 including death [21].

Prolonged viral shedding delayed antineoplastic treatment
in 12.2% of the patients included in this study. This is in
line with a study in patients with simultaneous diagnosis of
HM and COVID-19 observing frequent (17.2%) substantial
delays resulting in significantly higher 30-day mortality [8].

The benefit of DAA in combination with a mAB found
in our cohort is consistent with other case reports and small
series [14, 22].

However, escape mutations have been observed during
mAB exposure, and viral evolution has eventually made all
available mABs ineffective, while DA As retained efficacy [7,
23]. Therefore, treatment combinations including two DAAs
seem to be promising and have already shown favourable
results in a small case series with patients suffering mostly
from HM and/ or receiving anti-CD20 treatment [15]. The
case series reports a 30-day virological and clinical response
of 73% and a low rate of adverse side effects. In some cases
of failure of combined treatment, a repeated course with
longer duration was successful. Moreover, the addition of
mABs in 18 out of 22 patients was associated with improved
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Table 2 Factors influencing viral shedding (univariable analysis)

Days with SARS-CoV-2 viral  95% CI pvalue  Prolonged viral shedding OR  95% CI p value
load > 1076 RNA copies/ml

Age category
<65 years 15.0 12.4-17.7  0-03 21.0 (n=17/81) 39 1.2-16.8 0.02
> 65 years 10.4 7.5-13.4 6.3 (n=4/63)

Sex category
Male 12.8 10.4-152  0.76 13.1 (n=13/99) 0.7  0.2-2.1 0.46
Female 13.5 9.9-17.1 17.8 (n=8/45)

Number of risk factors for severe COVID-19
<5 13.5 11.4-15.6  0.14 15.9 (n=21/132) NA NA 0.21
>5 8.0 1.1-14.9 0 (n=0/12)

Immunodeficiency
Yes 13.9 11.7-16.0  0.04 17.1 (n=21/123) NA NA 0.04
No 8.0 2.9-13.2 0 (n=0/21)

Haematological malignancies
Yes 18.1 145217 <001 268 (n=11/41) 34 1.2-99 0.02
No 11.0 8.7-13.3 9.7 (n=10/103)

Allogenic bone marrow transplantation
Yes 18.6 10.6-14.7 014 40.0 (n=4/10) 45  09-214 0.04
No 12.6 11.0-26.2 12.7 (n=17/134)

Solid organ transplantation
Yes 11.7 9.0-14-5 0.18 11.8 (n=9/76) 0.6  0.2-1.8 0.35
No 14.5 11.6-17-4 17.6 (n=12/68)

Fully vaccinated (if documented)
Yes 12.0 9.7-14.4 0.09 12.4 (n=13/105) 0.5 0.2-1.8 0.22
No 16.6 12.0-21.3 22.2 (n=6/27)

Therapy strategies
1xDAA plus I xmAB  14.0 11.6-16.5 0.17 15.6 (n=15/96) 1.3 0.4-4.4 0.80
2xDAA +1xmAB 11.0 7.6-14.5 12.5 (n=6/48)

Time of treatment initiation
Early (<5 days) 12.3 103-142  <0.01 13.0 (n=18/138) 0.2 <0.1-12  0.04
Late (> 5 days) 30.7 21.3-40.0 500 (n=3/6)

Complicated course of COVID-19
Yes 11.6 7.8-15.4 0-38 10.0 (n=4/40) 06  0.1-19 0.43
No 13.6 11.2-15.9 16.3 (n=17/104)

WHO ordinal clinical severity scale
1-3 13.2 11.0-154  0.67 14.8 (n=18/122) 1.1 0.3-6.4 1.00
4-7 12.0 6.9-17.1 13.6 (n=3/22)

DAA direct acting antiviral, mAB monoclonal antibody, NA not applicable

Time with SARS-CoV-2 viral load > 1076 RNA copies/ml was significantly longer in patients aged < 65 years, patients under immunodeficiency,
patients with underlying haematological malignancies and in cases with a late treatment initiation

Prolonged viral shedding (SARS-CoV-2 viral load>10%"6 RNA copies/ml>21 days) was significantly more frequently observed in patients
aged <65 years, immunocompromised patients, patients with underlying haematological malignancies, patients following a bone marrow trans-

plantation and in cases with a late treatment initiation

therapeutic response. In a recently presented (yet not pub-
lished as a journal article) study, four of 15 patients with
underlying HM experienced a relapse or re-infection despite
a five-day course of nirmatrelvir/ritonavir plus remdesivir.
In six patients with additional tixagevimab/cilgavimab, no
relapse or re-infection was observed [24]. Other than in these
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studies, we did not see a significant impact of a triple therapy
with an additional mAB (p=0.99) (Table 1).

According to the pivotal studies, nirmatrelvir/ritonavir
and remdesivir as single compounds had higher efficacy
than molnupiravir [2-4]. Therefore, it is conceivable, that
combination therapies consisting of nirmatrelvir/ritonavir
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Risk factor
Sex (female) 2.08 (-2.00to 6.16) E
Age (>=65) 245 (-6.47 to 1.58) -

Immunodeficiency (yes) 4.13 (-1.71to 9.97) By
Haematological malignancy (yes) 5.11(0.48to 9.74) -
Allogenic stem cell transplantation (yes) 0.21(-7.78 to 8.20) —a—
Treatment start (>5 days) 18.46 (8.93 to 27.99) —a—
—r T T T 1T 1
-30-20-10 0 10 20 30

Estimate + 95% CI

Fig.3 Factors influencing viral shedding (multivariable analysis).
Forest plot visualizing the results of the multivariable analysis regard-
ing factors being associated with longer viral shedding. Despite dual
anti-SARS-CoV-2 therapy, viral shedding was significantly longer
when treatment start was>5 days after diagnosis of COVID-19 and/
or in patients with underlying haematological malignancies. The
effects of sex, age, immunodeficiency, and/ or allogenic bone marrow
transplantation were minor and insignificant

and remdesivir may be more effective than combinations of
any of the two compounds with molnupiravir. The use of nir-
matrelvir/ritonavir, however, is limited due to a large number
of drug-drug interactions [25]. This applies especially for
patients after SOT who frequently use calcineurin-inhibitors,
such as tacrolimus, to prevent graft rejection. Co-admin-
istration with ritonavir may result in a severe increase in
tacrolimus serum levels [26]. Thus, in our study with a high

a) 1x DAA plus 1x mAB

proportion of SOT patients (n=76/144, 52.8%), the combi-
nation of remdesivir and molnupiravir was most frequently
chosen (n =39, additional mAB in 16 cases)—especially
in SOT patients. The second most frequent combination
was nirmatrelvir/ritonavir and remdesivir (n=7), including
two cases with additional mAB, followed by nirmatrelvir/
ritonavir plus molnupiravir (n=2, including one case with
additional mAB). Therefore, the observed benefit of remde-
sivir combined with molnupiravir as compared to remdesivir
and nirmatrelvir/ritonavir most likely reflects a difference
in the groups treated. The same is true for the finding that
younger patients were more likely to have prolonged viral
shedding: treatment in this group is often more aggressive
and immunosuppressive.

In summary, none of the different treatment strategies
(1xXDAA +1xmAB vs. 2XDAA +1XxXmAB) proved to be
superior, while an early treatment initiation was proofed to
be favourable.

According to the previously described study and the
case reports, in some cases of treatment failure, repeated or
extended courses of treatment were ultimately successful in
stopping viral shedding [11-13]. In eight patients out of our
subgroup of 11 patients with repeated therapies due to initial
treatment failure, viral shedding was still observed 21 days
after initial treatment initiation, and the duration of viral
shedding was not significantly reduced. Nevertheless, viral
clearance was ultimately achieved in all patients enrolled.

The low number of adverse effects attributed to the drugs
used in this study suggests good tolerability and safety of the
combinations used. However, it should be noted that other

b) 2x DAAs +/- 1x mAB
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Fig.4 Sub-analysis on therapy strategies. Using an effective mAB,
there was no difference in time with SARS-CoV-2 viral load > 106
RNA copies/ml whether combining it with remdesivir (14.1 days),
molnupiravir (9.9 days; p=0.44) or nirmatrelvir/ritonavir (16.7 days;
p=0.30) (a). In contrast, the combination of remdesivir with mol-
nupiravir appeared to be beneficial compared to the combination of
remdesivir and nirmatrelvir/ritonavir (8.9 vs. 21.8 days; p <0.01; b).
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T
NIR/r + MOL +/- mAB
(n=2)

T
RDV + MOL +/- mAB
(n=39)

Therapy strategy

T
RDV + NIR/ +/- mAB
(n=7)

Of note, nirmatrelvir/ritonavir could not be used in patients under
immunosuppressive medication following organ transplantation due
to potential drug-drug-interactions and was therefore rarely adminis-
tered. The significance is thus weakened. DAA direct acting antiviral,
mAB monoclonal antibody, MOL molnupiravir, NIR/r nirmatrelvir/
ritonavir, RDV remdesivir
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reports described cardiac events (one myocardial infarction,
one bradycardia) that may be related to treatment [15]. In
our study, no treatment was discontinued because of adverse
effects.

Some of the patients treated in our departments presented
with impaired kidney function at baseline. Renal function
rarely deteriorated during dual treatment. This was even true
in treatment initiated at glomerular filtration rates below
30 mI/min*1.73 m In the meantime data indicate that above
all remdesivir can be used in reduced kidney function [27].

Limitations of our study are inherent to its retrospec-
tive design. Treatment algorithms differed between the four
participating centres, reflecting the lack of knowledge at
the time. Our patient group is heterogeneous by baseline
factors including comorbidities and causes of immunodefi-
ciency. In some SOT patients, medical immunosuppression
was temporarily reduced to improve immune response to
SARS-CoV-2 infection. A potential effect could not be dis-
criminated from the effect of antiviral therapy.

A control group is missing. This is mainly due to the
fact that at a certain point in time, high-risk patients were
regularly treated with combination therapies at the centres.
Depriving some patients of this option did not seem to be
ethically justifiable. In particular, because of other prevalent
virus variants at other times, it was decided against record-
ing a retrospective control group with an assumed bias that
was too large.

Due to the defined primary endpoints of time to virus
elimination and prolonged viral shedding, patients who had
COVID-19 but died soon after diagnosis for any reason and/
or did not receive any antiviral therapy were not included
in this study, displaying a certain selection bias. The same
applies for patients who did not respond to monotherapy and
were therefore secondarily treated with combined antiviral
regimens. Since the mABs in our study lost efficacy due to
viral evolution, treatment combinations involving mABs can
currently not be relied on.

In recipients of drugs interacting with ritonavir metab-
olism pathway, nirmatrelvir use may be limited. The use
of nirmatrelvir/ritonavir in these patients would require a
high level of expertise in complex interaction management,
including close monitoring of immunosuppressant levels.
Molnupiravir is no longer available in the European Union,
but remains a treatment option in other world regions [28].
Overall, the suitable drug combinations are thus less numer-
ous than at the time of our study, leaving a highlight on the
combination of remdesivir with nirmatrelvir/ritonavir.

In conclusion, patients with HM benefited most from
early dual anti-SARS-CoV-2 treatment. Combination ther-
apy may also be beneficial in other immunocompromised
patients as toxicity was low and viral clearance rates were
high. For the time being, cautious individualized approaches
should consider dual therapy.
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Immunocompromised carriers of SARS-CoV-2 are
considered a major factor in viral evolution as well as in
maintaining epidemic outbreaks, especially under insuffi-
cient treatment [29]. Additionally to the individual benefits
in these vulnerable patient group by reducing the risk of
progression to severe COVID-19, by enabling participation
in social life, and by allowing timely application of sched-
uled therapies, combined antiviral therapies may thus have
additional positive effects on public health by decelerating
viral evolution.
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3 Diskussion:

Die vorliegende kumulative Habilitationsschrift adressiert, wie einleitend dargelegt, offene
Fragen nationaler und internationaler Leitlinien zur Impfprdvention und zu antiviralen
Therapien von Infektionen mit SARS-CoV-2. Dabei werden fiir vulnerable Subgruppen mit
erhohtem Risiko flir komplizierte klinische und/oder prolongierte virologische Verldufe von
COVID-19 individualisierte Impf- und Therapiecoptionen diskutiert, die bei limitierter
Datenlage auf vergleichbare und/oder iibergeordnete Patientenpopulationen iibertragen werden

konnen.

3.1 Daten zur Forderung der Impfmotivation

Die deutschen und amerikanischen Leitlinien zu Impfungen von hdmatologischen/ onko-
logischen Patientlnnen verdeutlichen die limitierte Datenlage zu Impfungen von PatientInnen
mit soliden Krebserkrankungen®®!2%, Speziell zu Impfungen gegen SARS-CoV-2 liegen im
Vergleich zu anderen impfpraventablen Infektionskrankheiten aufgrund des pandemie-
bedingten hohen klinischen und wissenschaftlichen Interesses zwar fundiertere Daten vor,
dennoch sind Auswertungen zu Patientlnnen mit hématologischen Neoplasien
umfangreichert?%3, Dadurch bleibt die Evidenz beziiglich der Empfehlungen fiir PatientInnen
mit soliden Krebserkrankungen qualitativ eingeschrinkt und Daten von Vergleichsgruppen
miissen transferiert werden. Auf der einen Seite birgt die {iblicherweise stattfindende
Ubertragung der Daten von PatientInnen mit himatologischen Neoplasien mit systemischer
Immundefizienz auf Patientlnnen mit soliden Tumoren das Risiko zu gering geschétzter
Impfantworten26*128, Dabei ist eine effektivere Immunantwort bei PatientInnen mit soliden
Tumoren im Vergleich zu PatientInnen mit hdmatologischen Neoplasien belegt*. Auf der
anderen Seite werden einzelne Entitéten solider Karzinome mit einem besonders hohen Risiko
fiir eingeschriankte Immunantworten auf Impfungen nicht identifiziert. Differenzierte Daten
sollten daher in Subgruppen von PatientInnen mit soliden Tumoren generiert werden, die besser
auf Patientlnnen mit anderen soliden Tumoren transferiert werden konnen. Longitudinale
Betrachtungen sind notwendig, um zu verstehen, wie effektive Immunantworten iiber die Zeit
aufrechterhalten werden konnen und wie gut Patientlnnen vor Infektionen mit neuen

Virusvarianten geschiitzt sind.
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In unserer initialen Kohorte von Patientlnnen mit gastrointestinalen Tumorerkrankungen
wurden a) der Tumortyp, b) eine systemische Immundefizienz und/oder c) tumorspezifische
Therapien, insbesondere Chemotherapien, als Faktoren identifiziert, die mit besonders
eingeschrinkten Immunantworten auf die Primérimpfserie gegen SARS-CoV-2 assoziiert
waren. Dabei konnte erstmals belegt werden, dass im Vergleich vor allem Patientlnnen mit
hepatozelluldren, pankreatikobilidren und/oder kolorektalen Karzinomen vergleichsweise
niedrige Titer nach der Primdrimpfserie aufwiesen®®. Dies unterstiitzt die Annahme, dass zur
Identifikation von HochrisikopatientInnen sehr differenzierte Daten in Subgruppen von Patient-
Innen mit soliden Tumorerkrankungen notwendig sind. PatientInnen, die eine Infektion mit
SARS-CoV-2 durchgemacht hatten und somit eine hybride Immunitidt aufwiesen, hatten
tendenziell hohere Werte von SARS-CoV-2 anti-spike IgG. Bei initial insgesamt wenig
stattgehabten Infektionen mit SARS-CoV-2 in unserer Kohorte, am ehesten aufgrund einer
guten Adhédrenz im Hinblick auf basale hygienische MaBBnahmen (Tragen von Mund-Nasen-
Masken, social distancing, etc.), konnte jedoch kein signifikanter Vorteil einer hybriden

Immunitét, wie in der Literatur beschrieben*®—°, belegt werden.

Wie in Kapitel 2.1 dargestellt gingen wir ab einem absoluten SARS-CoV-2 anti-spike IgG-
Spiegel von 482,0 BAU/ml von einem Schutz vor schweren Verldufen von COVID-19 aus™.
Dabei lag der Wert deutlich {iber dem eingangs diskutierten Zieltiter von 264,0 BAU/mI*. Fiir
die Auto-COVIDVACC-Studie zur Impfung gegen SARS-CoV-2 von PatientInnen nach auto-
loger Stammzelltransplantation und/oder CAR-T-Zelltherapie werden sogar noch hohere Titer
von 847,0 BAU/ml angestrebt!*?. Der Wert von 847,0 BAU/ml lag oberhalb der 20. Perzentile
der SARS-CoV-2 anti-spike IgG-Spiegel von immunkompetenten Patientlnnen, die sich in
verschiedenen Notaufnahmen in Nordrhein-Westfalen vorgestellt hatten und in eine Sero-
priavalenzstudie aufgenommen wurden. Zuvor war gezeigt worden, dass Werte unterhalb der
20. Perzentile mit einer hoheren Mortalititsrate bei Durchbruchinfektionen assoziiert
waren'31132 Ein moglicher Zieltiter wird in Zusammenschau am ehesten in einem hohen

dreistelligen Bereich liegen.

In der Folgearbeit untersuchten wir speziell bei Patientlnnen mit hepatobilidren Karzinomen
den Effekt einer ersten Auffrischungsimpfung gegen SARS-CoV-2. Die noch wildtypbasierte
Auffrischungsimpfung stabilisierte die zuvor weiter regredienten Impftiter und glich die Héhe
der Titer zwischen der Referenz- und der Kontrollgruppe aus. Bei allen PatientInnen, bei denen
nach der Primdrimpfserie gegen SARS-CoV-2 noch keine humorale Immunantwort detektiert
werden konnte, lag nach der Auffrischungsimpfung in unserer Kohorte eine Serokonversion
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vor. Auflerdem bestanden keine Unterschiede beziiglich der zelluldren Impfantwort zwischen

60.133 Im zeitlichen Verlauf sanken die Antikorpertiter aller in die Studie

den Gruppen
aufgenommener PatientInnen bei Ausbleiben eines weiteren SARS-CoV-2-Antigenkontaktes
sowohl nach der Primérimpfserie als auch spéter nach der ersten Auffrischungsimpfung wieder
ab. Diese Entwicklung war dabei in der Gruppe der Patientlnnen mit aktiven Tumor-
erkrankungen ausgeprigter™ 133, Ein stirkerer Abfall der I1gG-Titer bei PatientInnen mit
soliden Tumorerkrankungen (1,78-fach) im Vergleich zu Beschéftigten im Gesundheitswesen
(1,30-fach) ist beschrieben worden, ohne dass die Rate an Durchbruchinfektionen zunahm.
Dabei fiihrten eine immunsuppressive Therapie mit Steroiden und/oder chemotherapeutische
Behandlungen, wie in unserer Studie, zu signifikant niedrigeren Titern {iber alle Zeitpunkte
hinweg. Der Abfall der Titer war jedoch bei Patientlnnen ohne immunsuppressive
Dauertherapie und bei PatientIlnnen unter Immuntherapie schneller, was wiederum fiir eine
immunologisch-getriggerte Ursache des Abbaus der Immunglobuline spricht!34. Innerhalb der
Gruppe von PatientInnen mit soliden Tumoren war der Immunglobulin-Abbau nach Impfungen
gegen verschiedene Erreger bei Patientlnnen mit zunehmendem Alter, solchen unter Chemo-
therapie und/oder unter immunsuppressiver Therapie am stirksten ausgeprigt!3>~1%. Auch
wenn in unserer Studie die Auffrischungsimpfung die Immunantwort also nur temporér zu
stabilisieren vermochte, war dennoch durchgehend eine humorale und eine zelluldre
Immunantwort auf SARS-CoV-2-Impfungen und/oder Infektionen nachweisbar. Somit kann

von einem immunologischen Basisschutz ausgegangen werden.

In unserer Kohorte wurde eine abnehmende Imptbereitschaft beobachtet. Bei nur 29,5% der
PatientInnen erfolgte ein erster Omikron-Antigenkontakt iiber eine von den Experten der
STIKO und der Fachgesellschaften fiir Patientlnnen mit soliden Tumorerkrankungen
empfohlene jahrliche Impfung mit einem Omikron-angepassten Impfstoff. Erfreulicherweise
verlief bei den iibrigen 70,5% der PatientInnen, deren erster Omikron-Antigenkontakt durch
eine SARS-CoV-2-Infektion zustande kam, COVID-19 klinisch mild bis moderat. In keinem
Fall war eine intensivmedizinische Versorgung notwendig und kein Studienteilnehmer verstarb
an einer Omikron-Infektion®!. Diese Daten sind ermutigend, weil sie zusétzlich einen klinischen
Basisschutz vor schweren Infektionsverlaufen auch mit neuen, in diesem Fall den Omikron-
Varianten von SARS-CoV-2 belegen. Vergleichbare Daten aus der pri-Omicron-Ara zeigen,
dass bei himatologischen/onkologischen Patientlnnen insgesamt von einer 80- bis 90-prozen-
tigen Priaventionsrate von symptomatischen Verldufen von COVID-19 ausgegangen werden

kann!*’. Wie eingangs dargelegt wird als urséchlich fiir den Schutz vor schweren Verldufen von
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Omikron-Infektionen von kreuzreaktiven Immunantworten ausgegangen!!®!16, Tatséchlich
konnten auch wir entsprechend eine im Vergleich zur Wildtyp-Neutralisation signifikant
eingeschrinktere, aber immerhin 70-prozentige Neutralisation der Omikron-Varianten nach
pra-Omikron-Antigenkontakten belegen®!.

Auch wenn in unserer Studie keine schweren Verldufe von COVID-19 beobachtet wurden
zeigten andere Studien dennoch, dass PatientInnen mit soliden Tumoren unter Chemotherapie
héufiger mit SARS-CoV-2-Durchbruchinfektionen konfrontiert waren und dass deren Infek-
tionsverldufe schwerwiegender waren’’. Dies ist bei der Aktualisierung von Impf- und
Therapieempfehlungen fiir Patientlnnen mit Karzinomen trotz unserer ermutigenden Daten zu

berticksichtigen.

Ein erster Omikron-Antigenkontakt fiihrte bei den PatientInnen in unserer Kohorte zu einer
signifikanten Stabilisierung der Gesamtimmunantwort und insbesondere zu einer Verbesserung
der Omikron-Neutralisation. Dabei konnte erneut kein Vorteil einer hybriden Immunitdt belegt
werden. Einschrinkend fiel auf, dass ein erster Omikron-Antigenkontakt bei Patientlnnen mit
aktiver gastrointestinaler Tumorerkrankung, insbesondere bei Patientlnnen mit pankreatiko-
bilidren Karzinomen, mit systemischer Immundefizienz und/oder unter Chemotherapie erneut
weniger immunogen war®!. Diese Faktoren waren bereits nach der Primarimpfserie mit einem
schlechteren Ansprechen auf die wildtypbasierten Impfungen assoziiert>®. Somit scheint in der
longitudinalen Betrachtung ein jeweils erster Antigenkontakt mit einem neuen Virus/einer
neuen Virusvariante weniger immunogen zu sein. Dabei brachte die Auffrischungsimpfung nur

voriibergehend eine Stabilisierung®®!33,

In Zusammenschau stiitzen unsere longitudinalen Daten die Empfehlungen der STIKO sowie
der nationalen und internationalen Leitlinien der Fachgesellschaften fiir Hdmatologie und
Onkologie, dass bis auf Weiteres jéhrliche Auffrischungsimpfungen mit variantenadaptierten
Vakzinen fiir die PatientInnen unserer Kohorte und vergleichbare Patientengruppen notwendig

sein werden*!02:63,

Die bisher gesondert erschienenen DGHO-Impfempfehlungen zu
SARS-CoV-2-Infektionen werden wihrend der aktuell laufenden Aktualisierung in die
Leitlinie zu anti-infektiven Impfstrategien fiir hidmatologische/onkologische PatientInnen
integriert. Im Zuge dieses Prozesses, an dem der Autor der vorliegenden Habilitationsschrift
beteiligt ist, werden auch die hier vorgelegten Daten beriicksichtigt!?®. Individuelle Beratungen
und offentliche Impfkampagnen sind notwendig, um Impfliicken zu schlieBen. Zu Beginn
unserer Auswertungen haben wir uns auf die relative und absolute Hohe der humoralen

Impftiter fokussiert. Ziel einer Impfung sollte aber vor allem eine Risikoreduktion beziiglich
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Durchbruchinfektionen, schwerer Verldufe und moglicher Folgeschdden von COVID-19 sein.
Den Erfolg einer Impfung allein anhand absoluter oder relativer Impftiter zu beurteilen,
schrankt die Qualitét zahlreicher Impfstudien, in denen die klinischen Verldaufe im Falle von
Durchbruchinfektionen nicht betrachtet wurden, ein. Unsere Studiec hat neben der
Immunogenitit auch die klinische Wirksamkeit von Impfungen gegen SARS-CoV-2 belegt.
Die Messung und Bewertung der humoralen und zelluldren Immunantworten miissen
erginzend zur Anpassung der Impfstrategien fiir vulnerable Patientengruppen herangezogen
werden und konnen auch fiir individuelle Risikoeinschidtzungen dienlich sein. Klinische
Aspekte, also vor allem, ob ein Schutz vor einer schweren Infektion durch Impfungen gegeben
ist, haben in der Routineversorgung von Patientlnnen mit COVID-19 jedoch eine

unmittelbarere Bedeutung.

3.2  Klinische Aspekte fiir die Bewertung antiviraler Monotherapien

Bei der Auswahl und insbesondere der Bewertung antiviraler Monotherapien zur Vermeidung
schwerer Verldufe von COVID-19 stand in vielen Studien eher der virologische statt des
klinischen Verlaufs im Vordergrund. So waren in den Zulassungsstudien zum Einsatz der
DAAs (RDV, NIR/r und Mol) in der Frithen Phase von Infektionen mit SARS-CoV-2 Hospitali-
sierung und Tod der kombinierte primdre Endpunkt und in deren Folgestudien in geimpften
Kollektiven zusétzlich Vorstellungen in der Notaufnahme. Der klinische Verlauf wurde nicht
detaillierter betrachtet®*6>-68-70, Dies trifft ebenfalls auf die Studien zum Einsatz von RDV in
der Pulmonalen Phase der Infektion zu%®®’. Innerhalb des LEOSS-Registers wurde das Ende
der akuten Erkrankung bei stationiren Patientlnnen durch die Entlassung aus dem Krankenhaus
und bei ambulanten PatientInnen durch das Fehlen weiterer klinischer Maflnahmen in einem
Beobachtungszeitraum von 14 Tagen bzw. fiir beide Gruppen durch den Tod definiert®’. Unsere
Daten ergédnzten die LEOSS-Daten als Kommentar mit einer umfassenderen klinischen Be-
trachtung von PatientInnen unter antiviraler Monotherapie anhand der WHO-Ordinalskala mit

Dokumentation des jeweils schlechtesten Scores®.

Wir untersuchten hierfiir ein Kollektiv von ilteren, multimorbiden PatientInnen mit einem
hohen Risiko fiir einen schweren klinischen Verlauf von COVID-19 und somit einer Indikation
fiir eine antivirale Monotherapie im Falle einer Infektion mit SARS-CoV-2. Durch einen sehr
kleinen Anteil von Patientlnnen mit systemischer Immundefizienz war das Risiko fiir einen
prolongierten virologischen Verlauf in diesem Patientenkollektiv gering. Zunichst bestitigten
wir, dass der Zeitpunkt der Einleitung einer RDV-Monotherapie anhand des klinischen
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Verlaufs festgelegt werden kann, nédmlich zu Beginn einer Sauerstoffpflichtigkeit in der
Pulmonalen Phase von COVID-19 bei allen Patientlnnen, bei denen keine antivirale
Friihtherapie initiiert wurde®. Der Einsatz von RDV in der friihen Pulmonalen Phase wird in
den nationalen und internationalen Leitlinien angeraten®®®’, In den Empfehlungen der DGHO
werden SARS-CoV-2-Therapieempfehlungen bereits anhand einer modifizierten WHO-
Ordinalskala mit Scores von 0-10 geordnet®?. In der modifizierten Skala wird eine
asymptomatische Infektion (Score=1) ergédnzt. Auflerdem wird im Bereich des schweren
Verlaufs von COVID-19 anhand der Hohe des Horovitz-Index, also des Verhiltnisses von
arteriellem Sauerstoffpartialdruck und der inspiratorischen Sauerstoffkonzentration, sowie
anhand des Einsatzes von Vasopressoren, Dialyseverfahren und/oder einer ECMO

(extracorporeal membrane oxygenation) weiter differenziert (Scores 7-9)!4!.

In unserer Studie wurden neben der Therapieauswahl auch das Therapieansprechen unter RDV
oder CVIV im Weiteren klinisch anhand der urspriinglichen WHO-Ordinalskala beurteilt.
Dabei waren die Monotherapien mit einem geringeren Fortschreiten der Erkrankung auf der
WHO-Ordinalskala und einer verkiirzten Hospitalisierungszeit assoziiert, was einem
Therapieerfolg entsprach®®. Die Skala ist damit fiir klinisch arbeitende ArztInnen mit geringerer
infektiologischer Expertise ein leicht zu handhabendes Instrument zur Beurteilung von
PatientInnen mit COVID-19 in der Routineversorgung. Da ein zunehmendes Patientenalter als
einer der zentralen Risikofaktoren fiir schwere klinische Verldufe von COVID-19 — auch unter
antiviraler Monotherapie — in unserer Studie bestétigt werden konnte®3, sollte die Skala

insbesondere zur Uberwachung ilterer Patientnnen (>65. Lebensjahr) angewandt werden.

Um die klinische Anwendbarkeit der WHO-Ordinalskala als Steuerungselement zu optimieren,
ist eine Korrelation mit einer potenziell fortbestehenden relevanten Infektiositit sinnvoll und
notwendig. In Arbeiten zur Bewertung der Effektivitéit antiviraler Therapien von COVID-19
steht héufig der Abfall der Viruslast in sequenziellen PCR-Testungen als vermeintlicher
Surrogatparameter einer potenziell fortbestehenden Infektiositdt eher im Vordergrund als der
klinische Verlauf. Dabei ist die PCR aus einem nasopharyngealen Abstrich anwenderbedingt
eine fehleranfillige Messmethode. AuBBerdem muss vor allem bei immundefizienten Patient-
Innen das Phidnomen prolongierter Virusnachweise beriicksichtigt werden, sodass die Aussage-
kraft einer positiven PCR hinsichtlich der Infektiositit der Patientlnnen begrenzt ist. Bei
PatientInnen mit systemischer Immundefizienz und sehr langem Nachweis von SARS-CoV-2
wurde eine fortbestehende Infektiositét durch positive Viruskulturen belegt!’2. Eine hohe
Viruslast in der PCR ist dabei mit einer hoheren Wahrscheinlichkeit einer positiven Viruskultur
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assoziiert, ohne dass jedoch eine Viruskopienzahl definiert werden konnte, ab der eine
Infektiositédt ausgeschlossen werden kann'#2.  Allgemeinhin wird bei Nachweis von
>10"6 SARS-CoV-2-Kopien/ml mittels PCR aus einem nasopharyngealen Abstrich von Infek-
tiositit ausgegangen'S. Die Datenlage reicht aktuell nicht aus, um von einer SARS-CoV-2-
positiven PCR auf Infektiositét zu schlieBen. Damit ist derzeit die Sinnhaftigkeit sequenzieller
PCR-Testungen fraglich. Auf Grundlage der dargestellten Daten empfiehlt die Kommission fiir
Krankenhaushygiene und Infektionspravention beim Robert Koch-Institut (KRINKO) eine
Isolierung von Patientlnnen ohne systemische Immundefizienz mit milden/moderaten Ver-
laufen von COVID-19 fiir sieben Tage ohne erneute PCR-Testung wie auch bei anderen
Infektionskrankheiten iiblich. Bei PatientInnen mit schweren Verldufen und/oder bei bekannter
systemischer Immundefizienz ist jedoch weiterhin eine Isolierung bis zum Erreichen einer
Viruslast <1076 SARS-CoV-2- Kopien/ ml empfohlen!®. Es gibt bereits Ansitze, die WHO-
Ordinalskala mit laborchemischen Parametern zu erweitern. Ein Vorschlag ist, den
Inflammationsgrad anhand der Lymphozytenzahl, des Wertes des C-reaktiven Proteins, der
Laktatdehydrogenase, des Ferritins und der D-Dimere neben der respiratorischen
Verschlechterung zu berticksichtigen'®. Weitere Studien sind notwendig, um offene Fragen zur
Korrelation des virologischen und/oder klinischen Verlaufs mit einer relevanten Infektiositat

zu adressieren und diese in die WHO-Skala zu transferieren.

In Zusammenschau der KRINKO-Empfehlungen und unserer Daten kann die WHO-
Ordinalskala bis auf Weiteres zur klinischen Verlaufskontrolle insbesondere von PatientInnen
ohne systemische Immundefizienz mit COVID-19 unter Therapie zur Verlaufsbeurteilung in
der Routineversorgung genutzt werden. Bei klinisch untypischen Fillen und/oder bei
PatientInnen mit systemischer Immundefizienz kann der Virusnachweis mittels PCR sekundér
herangezogen und unter Beriicksichtigung des klinischen Verlaufs interpretiert werden. Fiir
Studien zu COVID-19 empfiehlt die WHO drei Aspekt zu beleuchten: die Viruslast (PCR-
basiert), das Uberleben der PatientInnen und die Krankheitsprogression anhand der WHO-

Ordinalskala'#!, was durch unsere Daten gedeckt wird.

3.3  Anwendung etablierter infektiologischer Therapieprinzipien bei COVID-19

Die klinischen Verldufe von Infektionen mit vornehmlich Omikron-Varianten von
SARS-CoV-2 bei Hochrisikopatientlnnen mit systemischer Inmundefizienz waren in unserer
Studie durch den Einsatz antiviraler Kombinationstherapien in der Erstlinie gemessen an der
WHO-Ordinalskala iiberwiegend mild bis moderat ohne Hinweise auf erhohte Toxizitit?’. Bei
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7,8% von Patientlnnen mit himatologischen Neoplasien sind im Falle einer Omikron-Infektion
weiterhin schwere Verlaufe von COVID-19 mit teils letalem Ausgang trotz antiviraler
Monotherapie beschrieben worden. Dabei wurde bei diesen Patientlnnen eine funktionell
eingeschrinkte Immunantwort auf SARS-CoV-2-Impfungen und/oder Infektionen ange-
nommen'?’, Gerade diese Subpopulation profitierte in unserer Studie klinisch von einer
Kombinationstherapie in der Erstlinie mit einem medianen Score von 3 (hospitalisiert, keine
Sauerstofftherapie) und einem maximalen Score von 5 (hospitalisiert, nicht-invasive Beatmung
oder high-flow Sauerstofftherapie) auf der WHO-Ordinalskala. Wir empfahlen den Einsatz von
Kombinationstherapien in der Erstlinie daher insbesondere bei Patientlnnen mit hdmato-

logischen Neoplasien, diskutierten aber auch einen Einsatz in vergleichbaren Populationen?’.

Prolongierte Virusnachweise trotz klinischer Besserung sind bei PatientInnen mit systemischer
Immundefizienz insbesondere aufgrund der potenziell fortbestehenden Kontagiositét und des
Risikos von Mutationen des viralen Genoms relevant und miissen neben dem klinischen Verlauf
therapeutisch beriicksichtigt werden (vgl. Kapitel 1.6). In unserer Studie konnten prolongierte
Virusnachweise unter Kombinationstherapien in der Erstlinie in 85,4 % der Félle verhindert

7. In einem nach unserer Publikation erschienenen systematischen Review zu

werden?
persistierenden Infektionen mit SARS-CoV-2 errechneten die WissenschaftlerInnen, dass
Kombinationstherapien aus zwei DAAs prolongierte Virusnachweise zu 79,0% (in 53 von 67
betrachteten Fillen) und Kombinationstherapien aus einem DAA und einem mAB zu 89,0 %
(in 17 von 19 betrachteten Fillen) verhindern konnten. Trotz des Fehlens von Kontrollgruppen
in allen Studien, die in das Review eingegangen sind, kommen die Kolleglnnen analog zu uns

zu dem Schluss, dass man antivirale Kombinationstherapien bei immunkompromittierten

PatientInnen in Erwigung ziechen kann'#4,

Antivirale Monotherapien waren bei hochgradig immunsupprimierten PatientInnen zuvor als
nicht ausreichend effektiv beschrieben worden, um schwere klinische und vor allem
prolongierte virologische Verldufe sicher zu verhindern. Hierdurch entstand ein Selektions-
druck mit Nachweis von Mutationen im viralen Genom und damit dem Risiko der Entwicklung
neuer Varianten und Resistenzen insbesondere gegen die therapeutisch eingesetzten
mABs*1%, Die Verabreichung von Monotherapien gegen SARS-CoV-2 bei PatientInnen mit
systemischer Immundefizienz und einem hohen Risiko fiir prolongierte Virusnachweise wurde
daher kritisch betrachtet und antivirale Kombinationstherapien wurden stattdessen diskutiert.
Fallberichte und kleinere Fallserien zu Kombinationstherapien bei COVID-19 hatten bisher
deren Einsatz bei PatientInnen dargestellt, bei denen es bereits zu einem schwereren klinischen
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Verlauf und/oder einem prolongierten SARS-CoV-2-Nachweis gekommen war. Eine antivirale
Dual- oder Trippeltherapie im Verlauf der Infektion zeigte hierbei positive Signale fiir eine
schnellere klinische Genesung und virale Eliminierung®*~°*. Im Gegensatz zu diesem reaktiven
Einsatz werden Kombinationstherapien bei anderen Infektionskrankheiten wie der HIV-
Infektion oder der Tuberkulose bereits in der Erstlinie genutzt. Ziel hierbei ist es, die
Wirksamkeit der Behandlung zu maximieren und potenzielle Resistenzentwicklungen durch
unzureichende Monotherapien upfront zu verhindern. In unserer Studie, die derzeit durch
Einschluss von 144 PatientInnen im Vergleich zu den bisher publizierten Fallserien mit Abstand
die GrofBte ist, wurden Kombinationstherapien bei COVID-19 daher praemptiv in der Erstlinie
eingesetzt. Eine antivirale Trippeltherapie erwies sich dabei als nicht vorteilhaft im Vergleich
zu einer dualen Therapie. Aulerdem konnte die virale Elimination durch eine erneute reaktive
antivirale Mono- oder Kombinationstherapie in Féllen mit prolongiertem Virusnachweis trotz
initialer Kombinationstherapie nicht beschleunigt werden. In einer multivariablen Analyse
konnten wir zeigen, dass in Fidllen mit spédter Therapieeinleitung signifikant ldngere
Virusnachweise gefunden wurden als in Féllen mit frither Therapieeinleitung?’. Die Daten
unterstiitzen unsere Hypothese, dass eine friihzeitige duale Kombinationstherapie in der
Erstlinie (innerhalb von 5 Tagen nach der ersten SARS-CoV-2-positiven PCR) effektiv ist, um
die Dauer des Virusnachweises zu verkiirzen. Dabei scheint ein Erstlinieneinsatz sinnvoller zu
sein, als eine antivirale Kombinationstherapie reaktiv nach dem Auftreten eines prolongierten
Virusnachweises analog zu unseren Vorlduferstudien einzusetzen. Unsere Daten sind
insbesondere aufgrund des retrospektiven Charakters der Studie und des Fehlens einer
Kontrollgruppe limitiert. Die Moglichkeit einer Kombinationstherapie in der Erstlinie wird aber
in den COVRIIN-Empfehlungen und der Leitlinie der DGHO zum Management von COVID-
19 bei hamatologischen/onkologischen PatientInnen bereits diskutiert’?°, AuBerdem wird die
Empfehlung hierzu in der aktuell laufenden Aktualisierung der DGHO-Leitlinie zu
respiratorischen Virusinfektionen!#, an der der Autor dieser Habilitationsschrift mitarbeitet, im

Wesentlichen auf Grundlage unserer Daten gestérkt.

In unserer Studie fiihrten Infektionen mit SARS-CoV-2 trotz Kombinationstherapien noch zu
Therapieverzogerungen bei gut 12% der PatientInnnen®’. Verzogerungen tumorspezifischer
Therapieeinleitungen von iiber einem Monat sind bei 17,2% von PatientInnen mit gleichzeitiger
Diagnose einer hidmatologischen Neoplasie und einer Infektion mit SARS-CoV-2 beschrieben
worden. Die Autoren wiesen darauf hin, dass Therapieverzogerungen so kurz wie moglich

gehalten werden sollten, um die Prognose der Grunderkrankung nicht zu verschlechtern®.

-108 -



Fallberichte belegen, dass Therapieeinleitungen beziiglich anderer Grunderkrankungen bei
dringlichen Indikationen auch bei PatientInnen mit hochaktiven und/oder kurz nach Infektionen
mit SARS-CoV-2 erfolgreich waren, ohne dass es zu einem klinisch kritischen Verlauf und/
oder einer viralen Reaktivierung kam!46-1%°, Die unkomplizierten Verliaufe von COVID-19
ohne Hinweise auf erhohte Toxizitdt bei den PatientInnen unserer Studie befiirworten den
Einsatz antiviraler Kombinationstherapien insbesondere zur Reduktion von Therapiever-

zogerungen aufgrund prolongierter Infektionen mit SARS-CoV-2 bereits in der Erstlinie.

Insgesamt sind in unserer Analyse verschiedenste Kombinationen von DAAs und/oder mABs
beriicksichtigt worden, ohne dass ein spezielles Regime iiberlegen war. Auch fiir den Einsatz
von MOL, das wihrend des Erhebungszeitraums in Europa noch bedingt zugelassen war,
konnten wir einen Nutzen in Kombinationstherapieregimen belegen?’. Studien zum Einsatz von
MOL in Kombination mit RDV, NIR/r und/oder einem mAB in Fallen, bei denen ein
prolongierter Virusnachweis bereits eingetreten war, stlitzen unsere Daten beziiglich der viralen
Elimination®*-81-83-8% Beim Einsatz von MOL als Monotherapeutikum bei immungeschwéchten
PatientInnen wurde zuletzt eine Anhdufung von Mutationen beobachtet mit dem Risiko der
Entstehung neuer Virusvarianten'%, Folgestudien zu Kombinationstherapien miissten dies beim
Einsatz von MOL durch regelméfige Mutationsanalysen beriicksichtigen. Auflerdem miissten
etwaige neue DAAs und/oder mABs, wie Ibuzatrelvir oder Sipavibart!>®!3! im Falle einer

Zulassung durch die EMA als Kombinationstherapeutika evaluiert werden.

Das Post COVID-19-Syndrom ist mit einem langeren Virusnachweis assoziiert?>. Dabei wiesen
speziell Patientlnnen mit hdmatologischen/onkologischen Grunderkrankungen Raten von bis
zu 15% fiir das Auftreten von Post COVID-19 auf'*2, In unserer Kohorte wurde in nur einem
Fall ein Post COVID-19-Syndrom beschrieben. Da der Nachbeobachtungszeitraum der Studie
nicht definiert war, konnte aber keine Aussage getroffen werden, inwieweit antivirale
Kombinations-therapien das Auftreten von Post COVID-19 verhindern konnen?’.
Epidemiologisch ist auch die Entstehung neuer Varianten von SARS-CoV-2 mit prolongierten
Virusnachweisen, vor allem unter unzureichender Therapie, assoziiert!>. Auch dieser Aspekt
konnte insbesondere aufgrund des Fehlens einer Kontrollgruppe in unserer Studie nicht
beleuchtet werden. Der Einfluss antiviraler Kombinationstherapien in der Erstlinie auf die
Entwicklung eines Post COVID-19-Syndroms und/oder die Entstehung neuer Virusvarianten

als Treiber epidemischer Ausbriiche muss in Folgestudien untersucht werden.
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4 Zusammenfassung

Gesamtgesellschaftlich betrachtet besteht bei einem Grofiteil der Bevolkerung in Deutschland
durch SARS-CoV-2-Impfungen und/oder -Infektionen ein effektiver immunologischer Schutz
vor klinisch schweren Verldufen von COVID-19. Im Fokus der vorliegenden kumulativen
Habilitationsschrift standen Subgruppen von RisikopatientInnen mit weiterhin erhdhtem Risiko

fiir komplizierte Infektionen mit SARS-CoV-2 und/oder prolongierte Virusnachweise.

Angesichts zunehmender Impfmiidigkeit sollten RisikopatientInnen individuell beraten und vor
allem auch die Allgemeinheit durch gezielte Impfkampagnen motiviert werden, etwaige Impf-
licken zu schlieBen, um vulnerable Gruppen weiterhin zu schiitzen. Fiir Patientlnnen mit
aktiven gastrointestinalen Karzinomen konnten wir zeigen, dass ein Erstkontakt mit
SARS-CoV-2 und/oder einer der neuen Omikron-Varianten des Virus weniger immunogen
war. Auflerdem wurde im zeitlichen Verlauf eine raschere Abnahme der Immunitét bei diesen
PatientInnen beobachtet. Dabei wiesen Patientlnnen mit hepatozelluldren, kolorektalen
und/oder pankreatikobiliiren Karzinomen besonders eingeschriankte Impfantworten auf und
waren somit einem anhaltend hohen Risiko schwerer Infektionen ausgesetzt. Durch eine erste
Auffrischungsimpfung konnten die Immunantworten temporér stabilisiert werden: Bei allen
Patientlnnen lag eine Serokonversion vor und die Impftiter waren nicht mehr vermindert,
jedoch kam es erneut zu einem Abfall der IgG-Spiegel iliber die Zeit. Klinisch verliefen
Durchbruchinfektionen auch mit einer der Omikron-Varianten von SARS-CoV-2, ohne dass es
zuvor zu einem Omikron-Antigenkontakt gekommen war, nach der Auffrischungsimpfung
dennoch mild. Ein immunologischer und klinischer Schutz auch vor neuen Virusvarianten
durch die Basis-immunitdt kann somit diskutiert werden. Durch eine Omikron-Infektion
und/oder eine Impfung mit einem Omikron-adaptierten Impfstoff wurde die Kapazitit zur
Neutralisation von Omikron-Varianten signifikant verbessert und die Gesamtimmunantwort
erneut stabilisiert. In Zusammenschau unterstiitzen unsere Daten die aktuellen Empfehlungen
der STIKO und verschiedener Fachgesellschaften zu jédhrlichen Auffrischungsimpfungen, legen

aber auch nahe, dass filir Subgruppen individualisierte Konzepte notwendig sein konnen.

Insbesondere bei Patientlnnen mit zu erwartender eingeschrankter Impfantwort und/oder
unvollstindiger Umsetzung der Impfempfehlungen besteht weiterhin die Indikation fiir anti-
virale Therapien. Wir konnten zeigen, dass bei PatientInnen ohne systemische Immundefizienz
der Infektionsverlauf unter antiviraler Monotherapie klinisch anhand der simplen WHO-
Ordinalskala beurteilt werden kann, dhnlich wie bei anderen Infektionskrankheiten. Trotz anti-
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viraler Monotherapie waren vor allem Patientlnnen im Alter {iber 65 von schweren klinischen
Verldufen betroffen. Bei Patientlnnen ohne systemische Immundefizienz kann dennoch auf
sequenzielle PCR-Testungen verzichtet werden. Diese sind nur sekunddr bei untypischen
Krankheitsverldufen oder bei Patientlnnen mit systemischer Immundefizienz und dem Risiko
prolongierter Virusnachweise mit ggf. persistierender Infektiositdt, wie von der KRINKO

empfohlen, korrelierend indiziert.

Bei Patientlnnen mit systemischer Immundefizienz und somit einem anhaltenden Risiko
schwerer klinischer und auch prolongierter virologischer Verldufe scheint der Einsatz
antiviraler Kombinationstherapien in der Erstlinie geméf unseren Daten im Vergleich zu einem
abwartenden Konzept mit Einsatz von Kombinationstherapien erst nach Eintritt eines
prolongierten Virusnachweises vorteilhaft zu sein. Dabei waren in unserer Kohorte die
klinischen Verldufe mild bis moderat und prolongierte Virusnachweise selten ohne Hinweise
auf erhohte Toxizitit durch Kombination mehrerer antiviraler Substanzen. Diese Beobach-
tungen legen nahe, dass Therapieverzogerungen aufgrund von Infektionen mit SARS-CoV-2
durch den Einsatz antiviraler Kombinationstherapieregime vermieden werden konnten.
Insgesamt profitierte vor allem die Subgruppe von Patientlnnen mit hdmatologischen
Neoplasien. Der Einfluss von Kombinationstherapien auf die Entwicklung eines etwaigen Post
COVID-19-Syndroms und/oder die virale Evolution konnte mit unseren Daten nicht
abgeschitzt werden. Folgestudien sind daher erforderlich, weil beide Phinomene mit pro-

longierten Virusnachweisen assoziiert sind.

Daten zu Subpopulationen sind essenziell, um HochrisikopatientInnen zu identifizieren. Durch
den Transfer auf vergleichbare und/oder iibergeordnete Populationen kann die Evidenz bei
limitierter Studienlage gestdrkt werden. Dabei sind klinische Parameter wie die Vermeidung
von Durchbruchinfektionen bzw. eines schweren klinischen Verlaufs in der Routineversorgung
entscheidender als immunologische und/oder virologische Parameter. Die letztgenannten
Parameter konnen zur individuellen Risikostratifizierung und Anpassung der generellen Impf-
und Therapieempfehlungen herangezogen werden. Bei neuen Infektionserkrankungen sollte
sich die Strategie zur Impfung und Therapie kiinftig noch mehr an bewéhrten Prinzipien anderer
Infektionskrankheiten orientieren, um die Wirksamkeit zu steigern und Resistenzentwick-

lungen zu vermeiden.
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Mégliche inhaltliche Uberlappung mit anderen kumulativen Habilitationsschriften

Die vorliegende Habilitationsschrift hat fiinf publizierte Arbeiten zur Grundlage. Bei der
Publikation von drei Arbeiten war ich als Hauptverantwortlicher fiir die Planung und Durch-
filhrung der Studien alleiniger Letztautor (vgl. Kapitel 2.3, 2.4 und 2.5). Zwei Arbeiten habe
ich jeweils als geteilter Erstautor mit Herrn Jens Gorny (vgl. Kapitel 2.1) und Frau Leona Baier
(vgl. Kapitel 2.1) zusammen verdffentlicht. Beide waren wissenschaftlich sehr engagierte
DoktorandInnen, die Frau Prof. Dr. med. Maria Gonzalez-Carmona und ich zusammen betreut
haben. Im Rahmen der SARS-CoV-2-Pandemie mussten Datenerfassungen ziligig abge-
schlossen werden. Griinde hierfiir waren unter anderem das hohe gesundheitspolitische und
wissenschaftliche Interesse, aber auch virologische Faktoren wie neue Virusvarianten.
Entsprechend héufig ergaben sich rasch neue Fragestellungen und wurden Empfehlungen
kontinuierlich aktualisiert. Ich war zusétzlich auf der COVID-19-Station eingesetzt mit einer
besonderen Arbeitsbelastung. Bei den Arbeiten, die mit geteilten Erstautorenschaften publiziert
wurden, war ich federfiihrend zustindig fiir a) die Studienkonzeptierung und -aufsicht, b) die
Analyse und Interpretation der Daten, c¢) die statistische Analyse und insbesondere d) die
Erarbeitung der Manuskripte. Frau Leona Baier und Herr Jens Gorny haben die Datenerfassung
in kurzer Zeit bewerkstelligt und waren an der Analyse und Interpretation der Daten beteiligt.
Entsprechend ihres Engagements wurde die Autorenschaft geteilt. Eine Uberlappung mit

anderen Habilitationsschriften ist nicht gegeben.

-112 -



Bibliographie

10.

11.

12.

13.

14.

World Health Organization (2024). https://www.who.int/director-
general/speeches/detail/who-director-general-s-opening-remarks-at-the-media-briefing-
on-covid-19---11-march-2020.

Wolrd Health Organization (2024).
https://data.who.int/dashboards/covid19/deaths?n=c.

Naghavi, M., Ong, K.L., Aali, A., Ababneh, H.S., Abate, Y.H., Abbafati, C.,
Abbasgholizadeh, R., Abbasian, M., Abbasi-Kangevari, M., Abbastabar, H., et al.
(2024). Global burden of 288 causes of death and life expectancy decomposition in 204
countries and territories and 811 subnational locations, 1990-2021: a systematic
analysis for the Global Burden of Disease Study 2021. The Lancet.
https://doi.org/10.1016/S0140-6736(24)00367-2.

Cattaneo, C., Salmanton-Garcia, J., Marchesi, F., El-Ashwah, S., Itri, F.,
Weinbergerova, B., Gomes Da Silva, M., Dargenio, M., Davila-Valls, J., Martin-Pérez,
S., et al. (2022). Simultaneous Onset of Haematological Malignancy and COVID: An
Epicovideha Survey. Cancers (Basel) /4, 5530.
https://doi.org/10.3390/cancers14225530.

Huang, C., Wang, Y., Li, X., Ren, L., Zhao, J., Hu, Y., Zhang, L., Fan, G., Xu, J., Gu,
X., et al. (2020). Clinical features of patients infected with 2019 novel coronavirus in
Wuhan, China. The Lancet 395, 497-506. https://doi.org/10.1016/S0140-
6736(20)30183-5.

European Medicines Agency (2020). https://www.ema.europa.cu/en/news/first-covid-
19-treatment-recommended-eu-authorisation.

European Medicines Agency (2020). https://www.ema.europa.eu/en/news/ema-
recommends-first-covid-19-vaccine-authorisation-
eu#:~:text=EMA%20recommends%20first%20COVID%2D19%?20vaccine%20for%20
authorisation%20in%20the%20EU,-
Share&text=Comirnaty%20is%20now%?20authorised%20across,Commission%20on%
2021%20December%202020.

Callard, F., and Perego, E. (2021). How and why patients made Long Covid. Soc Sci
Med 268, 113426. https://doi.org/10.1016/j.socscimed.2020.113426.

World Health Organization (2020). https://www.who.int/docs/default-
source/coronaviruse/transcripts/covid-19-virtual-press-conference---21-
august.pdf?sfvrsn=ada7ae85 0.

Choutka, J., Jansari, V., Hornig, M., and Iwasaki, A. (2022). Unexplained post-acute
infection syndromes. Nat Med 28, 911-923. https://doi.org/10.1038/s41591-022-
01810-6.

Siddiqi, H.K., and Mehra, M.R. (2020). COVID-19 illness in native and
immunosuppressed states: A clinical-therapeutic staging proposal. The Journal of
Heart and Lung Transplantation 39, 405—407.
https://doi.org/10.1016/j.healun.2020.03.012.

World Health Organization (2021).
https://iris.who.int/bitstream/handle/10665/345824/WHO-2019-nCoV-Post-COVID-
19-condition-Clinical-case-definition-2021.1-eng.pdf?sequence=1.

Monje, M., and Iwasaki, A. (2022). The neurobiology of long COVID. Neuron /10,
3484-3496. https://doi.org/10.1016/j.neuron.2022.10.006.

Iwasaki, A., and Putrino, D. (2023). Why we need a deeper understanding of the
pathophysiology of long COVID. Lancet Infect Dis 23, 393-395.
https://doi.org/10.1016/S1473-3099(23)00053-1.

-113 -



15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Rubio-Rivas, M., Mora-Lujan, J.M., Formiga, F., Arévalo-Canas, C., Lebron Ramos,
J.M., Villalba Garcia, M.V., Fonseca Aizpuru, E.M., Diez-Manglano, J., Arnalich
Fernandez, F., Romero Cabrera, J.L., et al. (2022). WHO Ordinal Scale and
Inflammation Risk Categories in COVID-19. Comparative Study of the Severity
Scales. J Gen Intern Med 37, 1980—-1987. https://doi.org/10.1007/s11606-022-07511-7.
Jefferson, T., Spencer, E.A., Brassey, J., and Heneghan, C. (2021). Viral Cultures for
Coronavirus Disease 2019 Infectivity Assessment: A Systematic Review. Clinical
Infectious Diseases 73, €3884—e3899. https://doi.org/10.1093/cid/ciaal 764.

Kang, S.-W., Kim, J.-W., Kim, J.Y., Lim, S.Y., Jang, C.-Y., Chang, E., Yang, J.-S.,
Kim, K.-C., Jang, H.-C., Kim, D., et al. (2023). Characteristics and risk factors of
prolonged viable virus shedding in immunocompromised patients with COVID-19: a
prospective cohort study. Journal of Infection 86, 412—414.
https://doi.org/10.1016/j.jinf.2023.01.024.

Choi, B., Choudhary, M.C., Regan, J., Sparks, J.A., Padera, R.F., Qiu, X., Solomon,
I.H., Kuo, H.-H., Boucau, J., Bowman, K., et al. (2020). Persistence and Evolution of
SARS-CoV-2 in an Immunocompromised Host. New England Journal of Medicine
383, 2291-2293. https://doi.org/10.1056/NEJMc2031364.

Aydillo, T., Gonzalez-Reiche, A.S., Aslam, S., van de Guchte, A., Khan, Z., Obla, A.,
Dutta, J., van Bakel, H., Aberg, J., Garcia-Sastre, A., et al. (2020). Shedding of Viable
SARS-CoV-2 after Immunosuppressive Therapy for Cancer. New England Journal of
Medicine 383, 2586-2588. https://doi.org/10.1056/NEJMc2031670.

Avanzato, V.A., Matson, M.J., Seifert, S.N., Pryce, R., Williamson, B.N., Anzick, S.L.,
Barbian, K., Judson, S.D., Fischer, E.R., Martens, C., et al. (2020). Case Study:
Prolonged Infectious SARS-CoV-2 Shedding from an Asymptomatic
Immunocompromised Individual with Cancer. Cell /83, 1901-1912.¢9.
https://doi.org/10.1016/j.cell.2020.10.049.

Cevik, M., Tate, M., Lloyd, O., Maraolo, A.E., Schafers, J., and Ho, A. (2021). SARS-
CoV-2, SARS-CoV, and MERS-CoV viral load dynamics, duration of viral shedding,
and infectiousness: a systematic review and meta-analysis. Lancet Microbe 2, e13—e22.
https://doi.org/10.1016/S2666-5247(20)30172-5.

Rao, S.N., Manissero, D., Steele, V.R., and Pareja, J. (2020). A Systematic Review of
the Clinical Utility of Cycle Threshold Values in the Context of COVID-19. Infect Dis
Ther 9, 573-586. https://doi.org/10.1007/s40121-020-00324-3.

Walsh, K.A., Spillane, S., Comber, L., Cardwell, K., Harrington, P., Connell, J.,
Teljeur, C., Broderick, N., de Gascun, C.F., Smith, S.M., et al. (2020). The duration of
infectiousness of individuals infected with SARS-CoV-2. Journal of Infection 81, 847—
856. https://doi.org/10.1016/5.jinf.2020.10.009.

Roedl, K., Heidenreich, S., Pfefferle, S., Jarczak, D., Urbanowicz, T.T., Norz, D.,
Aepfelbacher, M., Kroger, N., Kluge, S., Liitgehetmann, M., et al. (2021). Viral
Dynamics of SARS-CoV-2 in Critically Ill Allogeneic Hematopoietic Stem Cell
Transplant Recipients and Immunocompetent Patients with COVID-19. Am J Respir
Crit Care Med 203, 242-245. https://doi.org/10.1164/rccm.202009-3386LE.

Pozzi, C., Sarti, R., Levi, R., Mollura, M., Azzolini, E., Barbieri, R., Mantovani, A.,
and Rescigno, M. (2023). Association Between Duration of SARS-CoV-2 Positivity
and Long COVID. Clinical Infectious Diseases 77, 1531-1533.
https://doi.org/10.1093/cid/ciad434.

Gliga, S., Liibke, N., Killer, A., Gruell, H., Walker, A., Dilthey, A.T., Thielen, A.,
Lohr, C., FlaBhove, C., Krieg, S., et al. (2023). Rapid Selection of Sotrovimab Escape
Variants in Severe Acute Respiratory Syndrome Coronavirus 2 Omicron-Infected
Immunocompromised Patients. Clinical Infectious Diseases 76, 408—415.
https://doi.org/10.1093/cid/ciac802.

-114 -



27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Orth, H.M., Flasshove, C., Berger, M., Hattenhauer, T., Biederbick, K.D., Mispelbaum,
R., Klein, U., Stemler, J., Fisahn, M., Doleschall, A.D., et al. (2024). Early
combination therapy of COVID-19 in high-risk patients. Infection 52, 877-889.
https://doi.org/10.1007/s15010-023-02125-5.

Infectious Disease Society (2023). https://www.idsociety.org/covid-19-real-time-
learning-network/therapeutics-and-interventions/Understanding-Risk-for-Severe-
COVID-19/#/+/0/publishedDate na dt/desc/.

Shaw, A.C., Joshi, S., Greenwood, H., Panda, A., and Lord, J.M. (2010). Aging of the
innate immune system. Curr Opin Immunol 22, 507-513.
https://doi.org/10.1016/j.c01.2010.05.003.

Brehm, T.T., van der Meirschen, M., Hennigs, A., Roedl, K., Jarczak, D., Wichmann,
D., Frings, D., Nierhaus, A., Oqueka, T., Fiedler, W., et al. (2021). Comparison of
clinical characteristics and disease outcome of COVID-19 and seasonal influenza. Sci
Rep 11, 5803. https://doi.org/10.1038/s41598-021-85081-0.

Bager, P., Svalgaard, I.B., Lomholt, F.K., Emborg, H.-D., Christiansen, L.E., Soborg,
B., Hviid, A., and Vestergaard, L.S. (2025). The hospital and mortality burden of
COVID-19 compared with influenza in Denmark: a national observational cohort
study, 2022-24. Lancet Infect Dis. https://doi.org/10.1016/S1473-3099(24)00806-5.
Gao, Y., Ding, M., Dong, X., Zhang, J., Kursat Azkur, A., Azkur, D., Gan, H., Sun, Y.,
Fu, W., Li, W, et al. (2021). Risk factors for severe and critically ill COVID-19
patients: A review. Allergy 76, 428—455. https://doi.org/10.1111/all.14657.

Hiibner, Y.R., Spuck, N., Berger, M., Schlabe, S., Rieke, G.J., Breitschwerdt, S., van
Bremen, K., Strassburg, C.P., Gonzalez-Carmona, M.A., Wasmuth, J.-C., et al. (2023).
Antiviral treatment of COVID-19: which role can clinical parameters play in therapy
evaluation? Infection 57. https://doi.org/10.1007/s15010-023-02081-0.

World Health Organization (2023).
https://data.who.int/dashboards/covid19/vaccines?n=o.

Watson, O.J., Barnsley, G., Toor, J., Hogan, A.B., Winskill, P., and Ghani, A.C.
(2022). Global impact of the first year of COVID-19 vaccination: a mathematical
modelling study. Lancet Infect Dis 22, 1293—1302. https://doi.org/10.1016/S1473-
3099(22)00320-6.

Bobrovitz, N., Ware, H., Ma, X., Li, Z., Hosseini, R., Cao, C., Selemon, A., Whelan,
M., Premji, Z., Issa, H., et al. (2023). Protective effectiveness of previous SARS-CoV-
2 infection and hybrid immunity against the omicron variant and severe disease: a
systematic review and meta-regression. Lancet Infect Dis 23, 556-567.
https://doi.org/10.1016/S1473-3099(22)00801-5.

Lee, N., Nguyen, L., Austin, P.C., Brown, K.A., Grewal, R., Buchan, S.A., Nasreen, S.,
Gubbay, J., Schwartz, K.L., Tadrous, M., et al. (2023). Protection Conferred by
COVID-19 Vaccination, Prior SARS-CoV-2 Infection, or Hybrid Immunity Against
Omicron-Associated Severe Outcomes Among Community-Dwelling Adults. Clinical
Infectious Diseases. https://doi.org/10.1093/cid/ciad716.

Cerqueira-Silva, T., de Araujo Oliveira, V., Paixdo, E.S., Florentino, P.T.V., Penna,
G.0., Pearce, N., Werneck, G.L., Barreto, M.L., Boaventura, V.S., and Barral-Netto,
M. (2022). Vaccination plus previous infection: protection during the omicron wave in
Brazil. Lancet Infect Dis 22, 945-946. https://doi.org/10.1016/S1473-3099(22)00288-
2.

Rieke, G.J., Van Bremen, K., Bischoff, J., Tovinh, M., Monin, M.B., Schlabe, S.,
Raabe, J., Kaiser, K.M., Finnemann, C., Odainic, A., et al. (2022). Natural Killer Cell-
Mediated Antibody-Dependent Cellular Cytotoxicity Against SARS-CoV-2 After
Natural Infection Is More Potent Than After Vaccination. Journal of Infectious
Diseases 2235. https://doi.org/10.1093/infdis/jiac060.

-115-



40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Powell, A.A., Kirsebom, F., Stowe, J., Ramsay, M.E., Lopez-Bernal, J., Andrews, N.,
and Ladhani, S.N. (2023). Protection against symptomatic infection with delta
(B.1.617.2) and omicron (B.1.1.529) BA.1 and BA.2 SARS-CoV-2 variants after
previous infection and vaccination in adolescents in England, August, 2021-March,
2022: a national, observational, test-negative, case-control study. Lancet Infect Dis 23,
435-444. https://doi.org/10.1016/S1473-3099(22)00729-0.

Robert Koch-Institut (2025).
https://www.rki.de/DE/Aktuelles/Publikationen/Epidemiologisches-

Bulletin/2025/04 25.pdf? _blob=publicationFile&v=8.

Robert Koch-Institut (2023).
https://www.rki.de/DE/Content/Infekt/EpidBull/Archiv/2023/Ausgaben/08 23.pdf? b
lob=publicationFile.

Feng, S., Phillips, D.J., White, T., Sayal, H., Aley, P.K., Bibi, S., Dold, C., Fuskova,
M., Gilbert, S.C., Hirsch, L., et al. (2021). Correlates of protection against symptomatic
and asymptomatic SARS-CoV-2 infection. Nat Med 27, 2032-2040.
https://doi.org/10.1038/s41591-021-01540-1.

Monin, M.B., Marx, B., Meffert, L., Boesecke, C., Rockstroh, J.K., Strassburg, C.P.,
Brossart, P., and Heine, A. (2022). SARS-CoV-2 PrEP complicates antibody testing
after vaccination: a call for awareness. Ann Hematol /01.
https://doi.org/10.1007/s00277-022-04859-y.

Dolscheid-Pommerich, R., Bartok, E., Renn, M., Kiimmerer, B.M., Schulte, B.,
Schmithausen, R.M., Stoffel-Wagner, B., Streeck, H., Saschenbrecker, S., Steinhagen,
K., et al. (2022). Correlation between a quantitative anti-SARS-CoV-2 IgG ELISA and
neutralization activity. J Med Virol 94, 388—392. https://doi.org/10.1002/jmv.27287.
Becerril-Gaitan, A., Vaca-Cartagena, B.F., Ferrigno, A.S., Mesa-Chavez, F.,
Barrientos-Gutiérrez, T., Tagliamento, M., Lambertini, M., and Villarreal-Garza, C.
(2022). Immunogenicity and risk of Severe Acute Respiratory Syndrome Coronavirus 2
(SARS-CoV-2) infection after Coronavirus Disease 2019 (COVID-19) vaccination in
patients with cancer: a systematic review and meta-analysis. Eur J Cancer 160, 243—
260. https://doi.org/10.1016/j.ejca.2021.10.014.

Lee, A.R.Y. Bin, Wong, S.Y., Chai, L.Y.A., Lee, S.C., Lee, M.X., Muthiah, M.D., Tay,
S.H., Teo, C.B., Tan, B.K.J., Chan, Y.H., et al. (2022). Efficacy of covid-19 vaccines
in immunocompromised patients: systematic review and meta-analysis. BMJ, e068632.
https://doi.org/10.1136/bmj-2021-068632.

Mehrabi Nejad, M.-M., Moosaie, F., Dehghanbanadaki, H., Haji Ghadery, A., Shabani,
M., Tabary, M., Aryannejad, A., SeyedAlinaghi, S., and Rezaei, N. (2022).
Immunogenicity of COVID-19 mRNA vaccines in immunocompromised patients: a
systematic review and meta-analysis. Eur J] Med Res 27, 23.
https://doi.org/10.1186/s40001-022-00648-5.

Fendler, A., Shepherd, S.T.C., Au, L., Wilkinson, K.A., Wu, M., Byrne, F., Cerrone,
M., Schmitt, A.M., Joharatnam-Hogan, N., Shum, B., et al. (2021). Adaptive immunity
and neutralizing antibodies against SARS-CoV-2 variants of concern following
vaccination in patients with cancer: the CAPTURE study. Nat Cancer 2, 1305-1320.
https://doi.org/10.1038/s43018-021-00274-w.

Best, A.F., Bowman, M., Li, J., Mishkin, G.E., Denicoff, A., Shekfeh, M., Rubinstein,
L., Warner, J.L., Rini, B., and Korde, L.A. (2023). COVID-19 severity by vaccination
status in the NCI COVID-19 and Cancer Patients Study (NCCAPS). INCI: Journal of
the National Cancer Institute 715, 597-600. https://doi.org/10.1093/jnci/djad015.
Choueiri, T.K., Labaki, C., Bakouny, Z., Hsu, C.-Y., Schmidt, A.L., de Lima Lopes,
G., Hwang, C., Singh, S.R.K., Jani, C., Weissmann, L.B., et al. (2023). Breakthrough
SARS-CoV-2 infections among patients with cancer following two and three doses of

-116 -



52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

COVID-19 mRNA vaccines: a retrospective observational study from the COVID-19
and Cancer Consortium. The Lancet Regional Health - Americas 79, 100445.
https://doi.org/10.1016/j.1ana.2023.100445.

Cortellini, A., Tabernero, J., Mukherjee, U., Salazar, R., Sureda, A., Maluquer, C.,
Ferrante, D., Bower, M., Sharkey, R., Mirallas, O., et al. (2023). SARS-CoV-2 omicron
(B.1.1.529)-related COVID-19 sequelae in vaccinated and unvaccinated patients with
cancer: results from the OnCovid registry. Lancet Oncol 24, 335-346.
https://doi.org/10.1016/S1470-2045(23)00056-6.

Gobbato, M., Clagnan, E., Toffolutti, F., Del Zotto, S., Burba, 1., Tosolini, F.,
Polimeni, J., Serraino, D., and Taborelli, M. (2023). Vaccination against SARS-CoV-2
and risk of hospital admission and death among infected cancer patients: A population-
based study in northern Italy. Cancer Epidemiol 82, 102318.
https://doi.org/10.1016/j.canep.2022.102318.

Tagliamento, M., Gennari, A., Lambertini, M., Salazar, R., Harbeck, N., Del Mastro,
L., Aguilar-Company, J., Bower, M., Sharkey, R., Dalla Pria, A., et al. (2023).
Pandemic Phase-Adjusted Analysis of COVID-19 Outcomes Reveals Reduced Intrinsic
Vulnerability and Substantial Vaccine Protection From Severe Acute Respiratory
Syndrome Coronavirus 2 in Patients With Breast Cancer. Journal of Clinical Oncology
41,2800-2814. https://doi.org/10.1200/JCO.22.01667.

Heudel, P., Favier, B., Assaad, S., Zrounba, P., and Blay, J.-Y. (2021). Reduced SARS-
CoV-2 infection and death after two doses of COVID-19 vaccines in a series of 1503
cancer patients. Annals of Oncology 32, 1443—1444.
https://doi.org/10.1016/j.annonc.2021.07.012.

Embi, P.J., Levy, M.E., Naleway, A.L., Patel, P., Gaglani, M., Natarajan, K., Dascomb,
K., Ong, T.C., Klein, N.P., Liao, I.-C., et al. (2021). Effectiveness of 2-Dose
Vaccination with mRNA COVID-19 Vaccines Against COVID-19—-Associated
Hospitalizations Among Immunocompromised Adults — Nine States, January—
September 2021. MMWR Morb Mortal Wkly Rep 70, 1553-1559.
https://doi.org/10.15585/mmwr.mm7044e3.

Gong, 1.Y., Vijenthira, A., Powis, M., Calzavara, A., Patrikar, A., Sutradhar, R., Hicks,
L.K., Wilton, D., Singh, S., Krzyzanowska, M.K., et al. (2023). Association of
COVID-19 Vaccination With Breakthrough Infections and Complications in Patients
With Cancer. JAMA Oncol 9, 386. https://doi.org/10.1001/jamaoncol.2022.6815.
Valachis, A., Rosén, C., Koliadi, A., Digkas, E., Gustavsson, A., Nearchou, A., and
Ullenhag, G.J. (2021). Improved survival without increased toxicity with influenza
vaccination in cancer patients treated with checkpoint inhibitors. Oncoimmunology /0.
https://doi.org/10.1080/2162402X.2021.1886725.

Monin, M.B., Gorny, J.G., Berger, M., Baier, L.I., Zhou, T., Mahn, R., Sadeghlar, F.,
Mohring, C., Boesecke, C., van Bremen, K., et al. (2023). Impaired immunogenicity
after vaccination for SARS-CoV-2 in patients with gastrointestinal cancer: does tumor
entity matter? J Gastrointest Oncol /4. https://doi.org/10.21037/jgo-22-1065.

Monin, M.B., Baier, L.I., Gorny, J.G., Berger, M., Zhou, T., Mahn, R., Sadeghlar, F.,
Mohring, C., Boesecke, C., Van Bremen, K., et al. (2023). Deficient Immune Response
following SARS-CoV-2 Vaccination in Patients with Hepatobiliary Carcinoma: A
Forgotten, Vulnerable Group of Patients. Liver Cancer /2.
https://doi.org/10.1159/000529608.

Gonzalez-Carmona, M.A., Schmitz, A.M., Berger, M., Baier, L.I., Gorny, J.G.,
Sadeghlar, F., Anhalt, T., Zhou, X., Zhou, T., Mahn, R., et al. (2024). Longitudinal
Study of SARS-CoV-2 Vaccinations and Infections in Patients with Gastrointestinal
Cancer: Stabilizing Immune Responses and Neutralizing Emerging Variants with

-117 -



62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Variant-Adapted Antigen Exposures. Int J Mol Sci 25, 13613.
https://doi.org/10.3390/ijms252413613.

Giesen, N., Busch, E., Schalk, E., Beutel, G., Riithrich, M.M., Hentrich, M.,
Hertenstein, B., Hirsch, H.H., Karthaus, M., Khodamoradi, Y., et al. (2023). AGIHO
guideline on evidence-based management of COVID-19 in cancer patients: 2022
update on vaccination, pharmacological prophylaxis and therapy in light of the omicron
variants. Eur J Cancer /87, 102—118. https://doi.org/10.1016/j.ejca.2022.11.030.
Kamboj, M., Bohlke, K., Baptiste, D.M., Dunleavy, K., Fueger, A., Jones, L., Kelkar,
A.H., Law, L.Y., LeFebvre, K.B., Ljungman, P., et al. (2024). Vaccination of Adults
With Cancer: ASCO Guideline. Journal of Clinical Oncology.
https://doi.org/10.1200/JC0O.24.00032.

Gottlieb, R.L., Vaca, C.E., Paredes, R., Mera, J., Webb, B.J., Perez, G., Oguchi, G.,
Ryan, P., Nielsen, B.U., Brown, M., et al. (2022). Early Remdesivir to Prevent
Progression to Severe Covid-19 in Outpatients. New England Journal of Medicine 386,
305-315. https://doi.org/10.1056/NEJMoa2116846.

Piccicacco, N., Zeitler, K., Ing, A., Montero, J., Faughn, J., Silbert, S., and Kim, K.
(2022). Real-world effectiveness of early remdesivir and sotrovimab in the highest-risk
COVID-19 outpatients during the Omicron surge. Journal of Antimicrobial
Chemotherapy 77, 2693-2700. https://doi.org/10.1093/jac/dkac256.

Beigel, J.H., Tomashek, K.M., Dodd, L.E., Mehta, A.K., Zingman, B.S., Kalil, A.C.,
Hohmann, E., Chu, H.Y., Luetkemeyer, A., Kline, S., et al. (2020). Remdesivir for the
Treatment of Covid-19 — Final Report. New England Journal of Medicine 383, 1813—
1826. https://doi.org/10.1056/NEJMo0a2007764.

Pilgram, L., Appel, K.S., Ruethrich, M.M., Koll, C.E.M., Vehreschild, M.J.G.T., de
Miranda, S.M.N., Hower, M., Hellwig, K., Hanses, F., Wille, K., et al. (2023). Use and
effectiveness of remdesivir for the treatment of patients with covid-19 using data from
the Lean European Open Survey on SARS-CoV-2 infected patients (LEOSS): a
multicentre cohort study. Infection 5/, 1033—1049. https://doi.org/10.1007/s15010-
023-01994-0.

Hammond, J., Leister-Tebbe, H., Gardner, A., Abreu, P., Bao, W., Wisemandle, W.,
Baniecki, M., Hendrick, V.M., Damle, B., Simon-Campos, A., et al. (2022). Oral
Nirmatrelvir for High-Risk, Nonhospitalized Adults with Covid-19. New England
Journal of Medicine 386, 1397—-1408. https://doi.org/10.1056/NEJMoa2118542.
Ganatra, S., Dani, S.S., Ahmad, J., Kumar, A., Shah, J., Abraham, G.M., McQuillen,
D.P., Wachter, R.M., and Sax, P.E. (2023). Oral Nirmatrelvir and Ritonavir in
Nonhospitalized Vaccinated Patients With Coronavirus Disease 2019. Clinical
Infectious Diseases 76, 563—572. https://doi.org/10.1093/cid/ciac673.

Jayk Bernal, A., Gomes da Silva, M.M., Musungaie, D.B., Kovalchuk, E., Gonzalez,
A., Delos Reyes, V., Martin-Quirds, A., Caraco, Y., Williams-Diaz, A., Brown, M.L.,
et al. (2022). Molnupiravir for Oral Treatment of Covid-19 in Nonhospitalized Patients.
New England Journal of Medicine 386, 509-520.
https://doi.org/10.1056/NEJMoa2116044.

World Health Organization (2023). Therapeutics and COVID-19: living guideline, 10
November 2023. Geneva: World Health Organization; 2023 (WHO/2019-
nCoV/therapeutics/2023.2). Licence: CC BY-NC-SA 3.0 IGO.

European Medicines Agency (2023). https://www.ema.europa.eu/en/documents/smop-
initial/questions-and-answers-refusal-marketing-authorisation-lagevrio-
molnupiravir_en.pdf.

Takashita, E., Yamayoshi, S., Simon, V., van Bakel, H., Sordillo, E.M., Pekosz, A.,
Fukushi, S., Suzuki, T., Maeda, K., Halfmann, P., et al. (2022). Efficacy of Antibodies

-118 -



74.

75.

76.

77.

78.

79.

80.

81.

82.

3.

84.

and Antiviral Drugs against Omicron BA.2.12.1, BA.4, and BA.5 Subvariants. New
England Journal of Medicine 387, 468—470. https://doi.org/10.1056/NEJMc2207519.
Mozaffari, E., Chandak, A., Gottlieb, R.L., Chima-Melton, C., Read, S.H., Jiang, H.,
Chiang, M., Lee, E., Gupta, R., Berry, M., et al. (2023). Remdesivir Reduced Mortality
in Immunocompromised Patients Hospitalized for COVID-19 Across Variant Waves:
Findings From Routine Clinical Practice. Clinical Infectious Diseases 77, 1626—1634.
https://doi.org/10.1093/cid/ciad460.

Dormuth, C.R., Kim, J.D., Fisher, A., Piszczek, J., and Kuo, I.F. (2023). Nirmatrelvir-
Ritonavir and COVID-19 Mortality and Hospitalization Among Patients With
Vulnerability to COVID-19 Complications. JAMA Netw Open 6, €2336678.
https://doi.org/10.1001/jamanetworkopen.2023.36678.

Johnson, M.G., Strizki, J.M., Brown, M.L., Wan, H., Shamsuddin, H.H., Ramgopal,
M., Florescu, D.F., Delobel, P., Khaertynova, 1., Flores, J.F., et al. (2023).
Molnupiravir for the treatment of COVID-19 in immunocompromised participants:
efficacy, safety, and virology results from the phase 3 randomized, placebo-controlled
MOVe-OUT trial. Infection 57, 1273—1284. https://doi.org/10.1007/s15010-022-
01959-9.

Malin, J.J., Di Cristanziano, V., Horn, C., Pracht, E., Garcia Borrega, J., Heger, E.,
Knops, E., Kaiser, R., Boll, B., Lehmann, C., et al. (2022). SARS-CoV-2—neutralizing
antibody treatment in patients with COVID-19 and immunodeficiency due to B-cell
non-Hodgkin lymphoma. Blood Adv 6, 1580-1584.
https://doi.org/10.1182/bloodadvances.2021006655.

Gidari, A., Sabbatini, S., Schiaroli, E., Bastianelli, S., Pierucci, S., Busti, C., Comez,
L., Libera, V., Macchiarulo, A., Paciaroni, A., et al. (2022). The Combination of
Molnupiravir with Nirmatrelvir or GC376 Has a Synergic Role in the Inhibition of
SARS-CoV-2 Replication In Vitro. Microorganisms /0, 1475.
https://doi.org/10.3390/microorganisms10071475.

Jeong, J.H., Chokkakula, S., Min, S.C., Kim, B.K., Choi, W.-S., Oh, S., Yun, Y.S.,
Kang, D.H., Lee, O.-J., Kim, E.-G., et al. (2022). Combination therapy with
nirmatrelvir and molnupiravir improves the survival of SARS-CoV-2 infected mice.
Antiviral Res 208, 105430. https://doi.org/10.1016/j.antiviral.2022.105430.

Rosenke, K., Lewis, M.C., Feldmann, F., Bohrnsen, E., Schwarz, B., Okumura, A.,
Bohler, W.F., Callison, J., Shaia, C., Bosio, C.M., et al. (2023). Combined
molnupiravir-nirmatrelvir treatment improves the inhibitory effect on SARS-CoV-2 in
macaques. JCI Insight &. https://doi.org/10.1172/jci.insight.166485.

Abdelnabi, R., Maes, P., de Jonghe, S., Weynand, B., and Neyts, J. (2022).
Combination of the parent analogue of remdesivir (GS-441524) and molnupiravir
results in a markedly potent antiviral effect in SARS-CoV-2 infected Syrian hamsters.
Front Pharmacol /3. https://doi.org/10.3389/fphar.2022.1072202.

Schultz, D.C., Johnson, R.M., Ayyanathan, K., Miller, J., Whig, K., Kamalia, B.,
Dittmar, M., Weston, S., Hammond, H.L., Dillen, C., et al. (2022). Pyrimidine
inhibitors synergize with nucleoside analogues to block SARS-CoV-2. Nature 604,
134-140. https://doi.org/10.1038/s41586-022-04482-x.

Brown, L.-A K., Moran, E., Goodman, A., Baxendale, H., Bermingham, W., Buckland,
M., AbdulKhaliq, I., Jarvis, H., Hunter, M., Karanam, S., et al. (2022). Treatment of
chronic or relapsing COVID-19 in immunodeficiency. Journal of Allergy and Clinical
Immunology 749, 557-561.el. https://doi.org/10.1016/j.jaci.2021.10.031.

Lanzafame, M., Gottardi, M., Guella, L., Collini, L., Costa, G., Guella, A., and Vento,
S. (2023). Successful treatment of persistent SARS-CoV-2 infection with
nirmatrelvir/ritonavir plus sotrovimab in four immunocompromised patients. Journal of
Chemotherapy 35, 623—626. https://doi.org/10.1080/1120009X.2023.2196917.

-119 -



85.

86.

87.

88.

&9.

90.

91.

92.

93.

94.

95.

Mikulska, M., Sepulcri, C., Dentone, C., Magne, F., Balletto, E., Baldi, F., Labate, L.,
Russo, C., Mirabella, M., Magnasco, L., et al. (2023). Triple Combination Therapy
With 2 Antivirals and Monoclonal Antibodies for Persistent or Relapsed Severe Acute
Respiratory Syndrome Coronavirus 2 Infection in Immunocompromised Patients.
Clinical Infectious Diseases 77, 280-286. https://doi.org/10.1093/cid/ciad181.

Meijer, S.E., Halutz, O., Adler, A., Levytskyi, K., Tau, L., Dekel, M., Cohen-Poradosu,
R., Katchman, E., Shasha, D., Ablin, J., et al. (2024). Dual anti-viral treatment for
persistent COVID-19 in immunocompromised hemato-oncological patients is
associated with a favorable prognosis and minor side effects. Journal of Infection and
Chemotherapy 30, 271-275. https://doi.org/10.1016/j.jiac.2023.10.022.

Marangoni, D., Antonello, R.M., Coppi, M., Palazzo, M., Nassi, L., Streva, N., Povolo,
L., Malentacchi, F., Zammarchi, L., Rossolini, G.M., et al. (2023). Combination
regimen of nirmatrelvir/ritonavir and molnupiravir for the treatment of persistent
SARS-CoV-2 infection: A case report and a scoping review of the literature.
International Journal of Infectious Diseases /33, 53—56.
https://doi.org/10.1016/j.1jid.2023.04.412.

Dentone, C., Mikulska, M., Sepulcri, C., Balletto, E., De Pace, V., Beltramini, S., and
Bassetti, M. (2023). Triple antiviral treatment for COVID-19 in an
immunocompromised patient. Journal of Antimicrobial Chemotherapy 78, 2097-2099.
https://doi.org/10.1093/jac/dkad159.

Trottier, C.A., Wong, B., Kohli, R., Boomsma, C., Magro, F., Kher, S., Anderlind, C.,
and Golan, Y. (2023). Dual Antiviral Therapy for Persistent Coronavirus Disease 2019
and Associated Organizing Pneumonia in an Immunocompromised Host. Clinical
Infectious Diseases 76, 923-925. https://doi.org/10.1093/cid/ciac847.

Blennow, O., Vesterbacka, J., Tovatt, T., and Nowak, P. (2023). Successful
Combination Treatment for Persistent Severe Acute Respiratory Syndrome
Coronavirus 2 Infection. Clinical Infectious Diseases 76, 1864—1865.
https://doi.org/10.1093/cid/ciad085.

Ford, E.S., Simmons, W., Karmarkar, E.N., Yoke, L.H., Braimah, A.B., Orozco, J.J.,
Ghiuzeli, C.M., Barnhill, S., Sack, C.L., Benditt, J.O., et al. (2023). Successful
Treatment of Prolonged, Severe Coronavirus Disease 2019 Lower Respiratory Tract
Disease in a B cell Acute Lymphoblastic Leukemia Patient With an Extended Course
of Remdesivir and Nirmatrelvir/Ritonavir. Clinical Infectious Diseases 76, 926-929.
https://doi.org/10.1093/cid/ciac868.

Pasquini, Z., Toschi, A., Casadei, B., Pellegrini, C., D’ Abramo, A., Vita, S.,
Beccacece, A., Bussini, L., Chionsini, M.C., Dentale, N., et al. (2023). Dual combined
antiviral treatment with remdesivir and nirmatrelvir/ritonavir in patients with impaired
humoral immunity and persistent SARS-CoV-2 infection. Hematol Oncol 47, 904-911.
https://doi.org/10.1002/hon.3206.

Focosi, D., Maggi, F., D’Abramo, A., Nicastri, E., and Sullivan, D.J. (2023). Antiviral
combination therapies for persistent COVID-19 in immunocompromised patients.
International Journal of Infectious Diseases /37, 55-59.
https://doi.org/10.1016/}.1jid.2023.09.021.

Longo, B.M., Venuti, F., Gaviraghi, A., Lupia, T., Ranzani, F.A., Pepe, A., Ponzetta,
L., Vita, D., Allice, T., Gregorc, V., et al. (2023). Sequential or Combination
Treatments as Rescue Therapies in Immunocompromised Patients with Persistent
SARS-CoV-2 Infection in the Omicron Era: A Case Series. Antibiotics /2, 1460.
https://doi.org/10.3390/antibiotics12091460.

Robert Koch-Institut (2023).

https://www.rki.de/DE/Content/InfAZ/N/Neuartiges Coronavirus/COVRIIN Dok/Anti
virale Therapie Fruehphase.pdf? blob=publicationFile.

-120-



96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

Flores-Vega, V.R., Monroy-Molina, J.V., Jiménez-Herndndez, L.E., Torres, A.G.,
Santos-Preciado, J.I., and Rosales-Reyes, R. (2022). SARS-CoV-2: Evolution and
Emergence of New Viral Variants. Viruses /4, 653.
https://doi.org/10.3390/v14040653.

Truong, T.T., Ryutov, A., Pandey, U., Yee, R., Goldberg, L., Bhojwani, D., Aguayo-
Hiraldo, P., Pinsky, B.A., Pekosz, A., Shen, L., et al. (2021). Increased viral variants in
children and young adults with impaired humoral immunity and persistent SARS-CoV-
2 infection: A consecutive case series. EBioMedicine 67, 103355.
https://doi.org/10.1016/j.ebiom.2021.103355.

Corey, L., Beyrer, C., Cohen, M.S., Michael, N.L., Bedford, T., and Rolland, M.
(2021). SARS-CoV-2 Variants in Patients with Immunosuppression. New England
Journal of Medicine 385, 562—-566. https://doi.org/10.1056/NEJMsb2104756.

Jensen, B., Luebke, N., Feldt, T., Keitel, V., Brandenburger, T., Kindgen-Milles, D.,
Lutterbeck, M., Freise, N.F., Schoeler, D., Haas, R., et al. (2021). Emergence of the
E484K mutation in SARS-COV-2-infected immunocompromised patients treated with
bamlanivimab in Germany. The Lancet Regional Health - Europe &, 100164.
https://doi.org/10.1016/j.1anepe.2021.100164.

Gandhi, S., Klein, J., Robertson, A.J., Pefia-Hernandez, M.A., Lin, M.J.,
Roychoudhury, P., Lu, P., Fournier, J., Ferguson, D., Mohamed Bakhash, S.A.K., et al.
(2022). De novo emergence of a remdesivir resistance mutation during treatment of
persistent SARS-CoV-2 infection in an immunocompromised patient: a case report.
Nat Commun /3, 1547. https://doi.org/10.1038/s41467-022-29104-y.

Leung, W.F., Chorlton, S., Tyson, J., Al-Rawahi, G.N., Jassem, A.N., Prystajecky, N.,
Masud, S., Deans, G.D., Chapman, M.G., Mirzanejad, Y., et al. (2022). COVID-19 in
an immunocompromised host: persistent shedding of viable SARS-CoV-2 and
emergence of multiple mutations: a case report. International Journal of Infectious
Diseases 114, 178—182. https://doi.org/10.1016/].1jid.2021.10.045.

Vellas, C., Del Bello, A., Debard, A., Steinmeyer, Z., Tribaudeau, L., Ranger, N.,
Jeanne, N., Martin-Blondel, G., Delobel, P., Kamar, N., et al. (2022). Influence of
treatment with neutralizing monoclonal antibodies on the SARS-CoV-2
nasopharyngeal load and quasispecies. Clinical Microbiology and Infection 28, 139.e5-
139.e8. https://doi.org/10.1016/j.cmi.2021.09.008.

Rockett, R., Basile, K., Maddocks, S., Fong, W., Agius, J.E., Johnson-Mackinnon, J.,
Arnott, A., Chandra, S., Gall, M., Draper, J., et al. (2022). Resistance Mutations in
SARS-CoV-2 Delta Variant after Sotrovimab Use. New England Journal of Medicine
386, 1477-1479. https://doi.org/10.1056/NEJMc2120219.

Fountain-Jones, N.M., Vanhaeften, R., Williamson, J., Maskell, J., Chua, I.-L.J.,
Charleston, M., and Cooley, L. (2024). Effect of molnupiravir on SARS-CoV-2
evolution in immunocompromised patients: a retrospective observational study. Lancet
Microbe. https://doi.org/10.1016/S2666-5247(23)00393-2.

Viana, R., Moyo, S., Amoako, D.G., Tegally, H., Scheepers, C., Althaus, C.L.,
Anyaneji, U.J., Bester, P.A., Boni, M.F., Chand, M., et al. (2022). Rapid epidemic
expansion of the SARS-CoV-2 Omicron variant in southern Africa. Nature 603, 679—
686. https://doi.org/10.1038/s41586-022-04411-y.

Madhi, S.A., Kwatra, G., Myers, J.E., Jassat, W., Dhar, N., Mukendi, C.K., Nana, A.J.,
Blumberg, L., Welch, R., Ngorima-Mabhena, N., et al. (2022). Population Immunity
and Covid-19 Severity with Omicron Variant in South Africa. New England Journal of
Medicine 386, 1314—1326. https://doi.org/10.1056/NEJMoa2119658.

Wolter, N., Jassat, W., Walaza, S., Welch, R., Moultrie, H., Groome, M., Amoako,
D.G., Everatt, J., Bhiman, J.N., Scheepers, C., et al. (2022). Early assessment of the

-121-



108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

clinical severity of the SARS-CoV-2 omicron variant in South Africa: a data linkage
study. The Lancet 399, 437—-446. https://doi.org/10.1016/S0140-6736(22)00017-4.
Bager, P., Wohlfahrt, J., Bhatt, S., Stegger, M., Legarth, R., Mgller, C.H., Skov, R.L.,
Valentiner-Branth, P., Voldstedlund, M., Fischer, T.K., et al. (2022). Risk of
hospitalisation associated with infection with SARS-CoV-2 omicron variant versus
delta variant in Denmark: an observational cohort study. Lancet Infect Dis 22, 967—
976. https://doi.org/10.1016/S1473-3099(22)00154-2.

Mahase, E. (2021). Covid-19: Hospital admission 50-70% less likely with omicron
than delta, but transmission a major concern. BMJ, n3151.
https://doi.org/10.1136/bmj.n3151.

Tarke, A., Coelho, C.H., Zhang, Z., Dan, J.M., Yu, E.D., Methot, N., Bloom, N.L.,
Goodwin, B., Phillips, E., Mallal, S., et al. (2022). SARS-CoV-2 vaccination induces
immunological T cell memory able to cross-recognize variants from Alpha to Omicron.
Cell 185, 847-859.el1. https://doi.org/10.1016/j.cell.2022.01.015.

Traut, C.C., and Blankson, J.N. (2023). Bivalent mRNA vaccine-elicited SARS-CoV-2
specific T cells recognise the omicron XBB sublineage. Lancet Microbe 4, e388.
https://doi.org/10.1016/S2666-5247(23)00105-2.

Keeton, R., Tincho, M.B., Ngomti, A., Baguma, R., Benede, N., Suzuki, A., Khan, K.,
Cele, S., Bernstein, M., Karim, F., et al. (2022). T cell responses to SARS-CoV-2 spike
cross-recognize Omicron. Nature 603, 488—492. https://doi.org/10.1038/s41586-022-
04460-3.

Lang-Meli, J., Luxenburger, H., Wild, K., Karl, V., Oberhardt, V., Salimi Alizei, E.,
Graeser, A., Reinscheid, M., Roehlen, N., Reeg, D.B., et al. (2022). SARS-CoV-2-
specific T-cell epitope repertoire in convalescent and mRNA-vaccinated individuals.
Nat Microbiol 7, 675—679. https://doi.org/10.1038/s41564-022-01106-y.

Liu, J., Chandrashekar, A., Sellers, D., Barrett, J., Jacob-Dolan, C., Lifton, M.,
McMahan, K., Sciacca, M., VanWyk, H., Wu, C., et al. (2022). Vaccines elicit highly
conserved cellular immunity to SARS-CoV-2 Omicron. Nature 603, 493—496.
https://doi.org/10.1038/s41586-022-04465-y.

Fendler, A., Shepherd, S.T.C., Au, L., Wu, M., Harvey, R., Schmitt, A.M., Tippu, Z.,
Shum, B., Farag, S., Rogiers, A., et al. (2022). Omicron neutralising antibodies after
third COVID-19 vaccine dose in patients with cancer. The Lancet 399, 905-907.
https://doi.org/10.1016/S0140-6736(22)00147-7.

Stich, M., Benning, L., Speer, C., Garbade, S.F., Bartenschlager, M., Kim, H., Jeltsch,
K., Tabatabai, J., Niesert, M., Janda, A., et al. (2023). Live-virus neutralization of the
omicron variant in children and adults 14 months after SARS-CoV-2 wild-type
infection. J Med Virol 95. https://doi.org/10.1002/jmv.28582.

Hoffmann, M., Kriiger, N., Schulz, S., Cossmann, A., Rocha, C., Kempf, A.,
Nehlmeier, 1., Graichen, L., Moldenhauer, A.-S., Winkler, M.S., et al. (2022). The
Omicron variant is highly resistant against antibody-mediated neutralization:
Implications for control of the COVID-19 pandemic. Cell /85, 447-456.e11.
https://doi.org/10.1016/j.cell.2021.12.032.

Tuekprakhon, A., Nutalai, R., Dijokaite-Guraliuc, A., Zhou, D., Ginn, H.M., Selvaraj,
M., Liu, C., Mentzer, A.J., Supasa, P., Duyvesteyn, HM.E., et al. (2022). Antibody
escape of SARS-CoV-2 Omicron BA.4 and BA.5 from vaccine and BA.1 serum. Cell
185, 2422-2433.e13. https://doi.org/10.1016/j.cell.2022.06.005.

Pilz, S., Theiler-Schwetz, V., Trummer, C., Krause, R., and Ioannidis, J.P.A. (2022).
SARS-CoV-2 reinfections: Overview of efficacy and duration of natural and hybrid
immunity. Environ Res 209, 112911. https://doi.org/10.1016/j.envres.2022.112911.
Mikulska, M., Testi, D., Russo, C., Balletto, E., Sepulcri, C., Bussini, L., Dentone, C.,
Magne, F., Policarpo, S., Campoli, C., et al. (2023). Outcome of early treatment of

-122 -



121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

<scp>SARS-CoV</scp> -2 infection in patients with haematological disorders. Br J
Haematol 201, 628—639. https://doi.org/10.1111/bjh.18690.

Nachtigall, 1., Kwast, S., Hohenstein, S., Konig, S., Dang, P.L., Leiner, J., Giesen, N.,
Schleenvoigt, B.T., Bonsignore, M., Bollmann, A., et al. (2024). Retrospective,
Observational Analysis on the Impact of SARS-CoV-2 Variant Omicron in
Hospitalized Immunocompromised Patients in a German Hospital Network—The
VISAGE Study. Vaccines (Basel) 12, 634. https://doi.org/10.3390/vaccines12060634.
Mersch, M., Schlabe, S., Breitschwerdt, S., Laufenberg, J., Emmert, D., Aldabbagh, S.,
Boesecke, C., and Monin, M.B. (2024). A fatal course of COVID-19 during the
Omicron surge: can you estimate your patients’ SARS-CoV-2 immune status?
Infection 52. https://doi.org/10.1007/s15010-023-02120-w.

Pinato, D.J., Aguilar-Company, J., Ferrante, D., Hanbury, G., Bower, M., Salazar, R.,
Mirallas, O., Sureda, A., Plaja, A., Cucurull, M., et al. (2022). Outcomes of the SARS-
CoV-2 omicron (B.1.1.529) variant outbreak among vaccinated and unvaccinated
patients with cancer in Europe: results from the retrospective, multicentre, OnCovid
registry study. Lancet Oncol 23, 865-875. https://doi.org/10.1016/S1470-
2045(22)00273-X.

Blonde, L., Khunti, K., Harris, S.B., Meizinger, C., and Skolnik, N.S. (2018).
Interpretation and Impact of Real-World Clinical Data for the Practicing Clinician. Adv
Ther 35, 1763—1774. https://doi.org/10.1007/s12325-018-0805-y.

European Medicines Agency (2024). https://www.ema.europa.eu/en/human-regulatory-
overview/marketing-authorisation/conditional-marketing-authorisation.

Food and Drug Administration (2024). https://www.fda.gov/emergency-preparedness-
and-response/mcm-legal-regulatory-and-policy-framework/emergency-use-
authorization.

Austin, P.C. (2014). The use of propensity score methods with survival or time-to-
event outcomes: reporting measures of effect similar to those used in randomized
experiments. Stat Med 33, 1242—1258. https://doi.org/10.1002/sim.5984.

Rieger, C.T., Liss, B., Mellinghoff, S., Buchheidt, D., Cornely, O.A., Egerer, G.,
Heinz, W.J., Hentrich, M., Maschmeyer, G., Mayer, K., et al. (2018). Anti-infective
vaccination strategies in patients with hematologic malignancies or solid tumors—
Guideline of the Infectious Diseases Working Party (AGIHO) of the German Society
for Hematology and Medical Oncology (DGHO). Annals of Oncology 29, 1354—1365.
https://doi.org/10.1093/annonc/mdy117.

Giesen, N., Sprute, R., Riithrich, M., Khodamoradi, Y., Mellinghoff, S.C., Beutel, G.,
Lueck, C., Koldehoff, M., Hentrich, M., Sandherr, M., et al. (2020). Evidence-based
management of COVID-19 in cancer patients: Guideline by the Infectious Diseases
Working Party (AGIHO) of the German Society for Haematology and Medical
Oncology (DGHO). Eur J Cancer /40, 86—104.
https://doi.org/10.1016/j.ejca.2020.09.009.

Paul-Ehrlich-Institut (2024). https://www.pei.de/SharedDocs/awb/nis-0601-
0700/0685.html.

Vikstrom, L., Fjdllstrom, P., Gwon, Y.-D., Sheward, D.J., Wigren-Bystrom, J.,
Evander, M., Bladh, O., Widerstrom, M., Molnar, C., Rasmussen, G., et al. (2023).
Vaccine-induced correlate of protection against fatal COVID-19 in older and frail
adults during waves of neutralization-resistant variants of concern: an observational
study. The Lancet Regional Health - Europe 30, 100646.
https://doi.org/10.1016/j.1anepe.2023.100646.

Dewald, F., Pirkl, M., Paluschinski, M., Kiihn, J., Elsner, C., Schulte, B., Kniifer, J.,
Ahmadov, E., Schlotz, M., Oral, G., et al. (2023). Impaired humoral immunity to

-123 -



133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

BQ.1.1 in convalescent and vaccinated patients. Nat Commun /4, 2835.
https://doi.org/10.1038/s41467-023-38127-y.

Monin, M.B., Baier, L., Berger, M., Gorny, J.G., Zhou, T., Mahn, R., Sadeghlar, F.,
Mohring, C., Van Bremen, K., Boesecke, C., et al. (2023). SARS-CoV-2 vaccination in
patients with GI and hepatobiliary carcinoma: a call for booster vaccination. Gut 72.
https://doi.org/10.1136/gutjnl-2022-328169.

Di Noia, V., Pimpinelli, F., Renna, D., Maccallini, M.T., Gariazzo, L., Cosimati, A.,
Campo, F., Sperandio, E., Pellini, R., Giannarelli, D., et al. (2022). Rapid decline of
humoral response to two doses of BNT162b2 vaccine in patients with solid cancer after
six months: The urgent need of the additional dose! Eur J Cancer /65, 169—-173.
https://doi.org/10.1016/j.ejca.2022.01.011.

Lau, D.K., Aresu, M., Planche, T., Tran, A., Lazaro-Alcausi, R., Duncan, J., Kidd, S.,
Cromarty, S., Begum, R., Rana, 1., et al. (2023). SARS-CoV-2 Vaccine
Immunogenicity in Patients with Gastrointestinal Cancer Receiving Systemic Anti-
Cancer Therapy. Oncologist 28, el—e8. https://doi.org/10.1093/oncolo/oyac230.
Stadtmauer, E.A., Sullivan, K.M., El Idrissi, M., Salaun, B., Alonso Alonso, A.,
Andreadis, C., Anttila, V.-J., Bloor, A.J., Broady, R., Cellini, C., et al. (2021).
Adjuvanted recombinant zoster vaccine in adult autologous stem cell transplant
recipients: polyfunctional immune responses and lessons for clinical practice. Hum
Vaccin Immunother 77, 4144-4154. https://doi.org/10.1080/21645515.2021.1953346.
Lee, L.Y.W,, Starkey, T., lonescu, M.C., Little, M., Tilby, M., Tripathy, A.R.,
Mckenzie, H.S., Al-Hajji, Y., Barnard, M., Benny, L., et al. (2022). Vaccine
effectiveness against COVID-19 breakthrough infections in patients with cancer
(UKCCEP): a population-based test-negative case-control study. Lancet Oncol 23,
748-757. https://doi.org/10.1016/S1470-2045(22)00202-9.

Volc, S.M., Almeida, M.T.A., Abadi, M.D., Cornacchioni, A.L., Filho, V.O., and
Cristofani, L.M. (2006). Measles and rubella antibody status in children after treatment
for acute lymphoblastic leukemia. J Pediatr (Rio J) 82, 481-484.
https://doi.org/10.2223/JPED.1532.

Feldman, S., Andrew, M., Norris, M., Mclntyre, B., and Iyer, R. (1998). Decline in
Rates of Seropositivity for Measles, Mumps, and Rubella Antibodies Among
Previously Immunized Children Treated for Acute Leukemia. Clinical Infectious
Diseases 27, 388-390. https://doi.org/10.1086/514661.

Fendler, A., de Vries, E.G.E., GeurtsvanKessel, C.H., Haanen, J.B., Wormann, B.,
Turajlic, S., and von Lilienfeld-Toal, M. (2022). COVID-19 vaccines in patients with
cancer: immunogenicity, efficacy and safety. Nat Rev Clin Oncol /9, 385-401.
https://doi.org/10.1038/s41571-022-00610-8.

Marshall, J.C., Murthy, S., Diaz, J., Adhikari, N.K., Angus, D.C., Arabi, Y.M., Baillie,
K., Bauer, M., Berry, S., Blackwood, B., et al. (2020). A minimal common outcome
measure set for COVID-19 clinical research. Lancet Infect Dis 20, €192—197.
https://doi.org/10.1016/S1473-3099(20)30483-7.

Gniazdowski, V., Paul Morris, C., Wohl, S., Mehoke, T., Ramakrishnan, S., Thielen,
P., Powell, H., Smith, B., Armstrong, D.T., Herrera, M., et al. (2021). Repeated
Coronavirus Disease 2019 Molecular Testing: Correlation of Severe Acute Respiratory
Syndrome Coronavirus 2 Culture With Molecular Assays and Cycle Thresholds.
Clinical Infectious Diseases 73, e860—e869. https://doi.org/10.1093/cid/ciaal616.
Rober Koch-Institut (2023). Integration von SARS-CoV-2 als Erreger von Infektionen
in der endemischen Situation in die Empfehlungen der KRINKO ,,Infektionspravention
im Rahmen der Pflege und Behandlung von Patienten mit tibertragbaren Krankheiten®.
Bundesgesundheitsblatt Gesundheitsforschung Gesundheitsschutz 66, 1279-1301.
https://doi.org/10.1007/s00103-023-03776-3.

-124 -



144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

Hirsch, C., Kreuzberger, N., Skoetz, N., Monsef, 1., Kluge, S., Spinner, C.D., and
Malin, J.J. (2025). Efficacy and safety of antiviral therapies for the treatment of
persistent COVID-19 in immunocompromised patients since the Omicron surge: a
systematic review. Journal of Antimicrobial Chemotherapy.
https://doi.org/10.1093/jac/dkae482.

von Lilienfeld-Toal, M., Berger, A., Christopeit, M., Hentrich, M., Heussel, C.P.,
Kalkreuth, J., Klein, M., Kochanek, M., Penack, O., Hauf, E., et al. (2016). Community
acquired respiratory virus infections in cancer patients—Guideline on diagnosis and
management by the Infectious Diseases Working Party of the German Society for
haematology and Medical Oncology. Eur J Cancer 67, 200-212.
https://doi.org/10.1016/j.ejca.2016.08.015.

Taurino, D., Frigeni, M., Grassi, A., Cavallaro, G., Salmoiraghi, S., Spinelli, O.,
Rambaldi, A., and Lussana, F. (2021). Concurrent diagnosis of acute myeloid leukemia
and symptomatic COVID-19 infection: a case report successfully treated with
Azacitidine-Venetoclax combination. Mediterr J] Hematol Infect Dis 73, €2021057.
https://doi.org/10.4084/MJHID.2021.057.

Orf, K., Rogosic, S., Dexter, D., Ancliff, P., Badle, S., Brierley, J., Cheng, D., Dalton,
C., Dixon, G., Du Pré, P., et al. (2020). Remdesivir during induction chemotherapy for
newly diagnosed paediatric acute lymphoblastic leukaemia with concomitant SARS-
CoV-2 infection. Br J Haematol 790. https://doi.org/10.1111/bjh.17014.

Ghandili, S., Pfefferle, S., Roedl, K., Sonnemann, P., Karagiannis, P., Boenisch, O.,
Kluge, S., Schmiedel, S., Ittrich, H., Rohde, H., et al. (2020). Challenges in treatment
of patients with acute leukemia and COVID-19: a series of 12 patients. Blood Adv 4,
5936-5941. https://doi.org/10.1182/bloodadvances.2020002543.

Christopeit, M., Reichard, M., Niederwieser, C., Massoud, R., Klyuchnikov, E., Haase,
N., Wolschke, C., Ayuk, F., Heidenreich, S., and Kroger, N. (2021). Allogeneic stem
cell transplantation in acute leukemia patients after COVID-19 infection. Bone Marrow
Transplant 56, 1478—1481. https://doi.org/10.1038/s41409-021-01225-w.

Mortezavi, M., Sloan, A., Singh, R.S.P., Chen, L.F., Kim, J.H., Shojaee, N., Toussi,
S.S., Prybylski, J., Baniecki, M.L., Bergman, A., et al. (2025). Virologic Response and
Safety of Ibuzatrelvir, A Novel SARS-CoV-2 Antiviral, in Adults With COVID-19.
Clinical Infectious Diseases 80, 673—680. https://doi.org/10.1093/cid/ciae529.

Haidar, G., Thomas, S., Loubet, P., Baker, R.I., Benfield, T., Boonyaratanakornkit, J.,
Kiertiburanakul, S., Kim, A.H.J., Longbrake, E.E., Molina, J.-M., et al. (2025).
Efficacy and safety of sipavibart for prevention of COVID-19 in individuals who are
immunocompromised (SUPERNOVA): a randomised, controlled, double-blind, phase
3 trial. Lancet Infect Dis. https://doi.org/10.1016/S1473-3099(24)00804-1.

Pinato, D.J., Tabernero, J., Bower, M., Scotti, L., Patel, M., Colomba, E., Dolly, S.,
Loizidou, A., Chester, J., Mukherjee, U., et al. (2021). Prevalence and impact of
COVID-19 sequelae on treatment and survival of patients with cancer who recovered
from SARS-CoV-2 infection: evidence from the OnCovid retrospective, multicentre
registry study. Lancet Oncol 22, 1669—1680. https://doi.org/10.1016/S1470-
2045(21)00573-8.

Hettle, D., Hutchings, S., Muir, P., and Moran, E. (2022). Persistent SARS-CoV-2
infection in immunocompromised patients facilitates rapid viral evolution:
Retrospective cohort study and literature review. Clin Infect Pract /6, 100210.
https://doi.org/10.1016/j.clinpr.2022.100210.

-125-



Wissenschaftlicher Lebenslauf

Dr. med. Malte Benedikt Monin, geboren am 15.08.1987 in Detmold

02/2013 —02/2016 Klinik fiir Allgemein-, Viszeral- und Kinderchirurgie

seit 04/ 2020

seit 10/ 2020

seit 06/ 2024

Universititsmedizin Gottingen
Arbeitsgruppe Liver regeneration and treatment strategies
(Leiterin: Prof. Dr. med. Sarah Ko6nig)

Schwerpunkte: Lebermetastasierung bei kolorektalem Karzinom

Anfertigung der Promotionsschrift Das Antihelminthikum Niclosamid
inhibiert das Wachstum kolorektaler Karzinomzelllinien durch
Modulation des kanonischen und des nicht-kanonischen Wnt-

Signalweges (Note: magna cum laude)

Medizinische Klinik und Poliklinik I

Universititsklinikum Bonn

Klinisches Studienzentrum Infektiologie und Immunologie
(Leiter: Prof. Dr. med. Jiirgen Rockstroh)

Schwerpunkte: HIV, HIV-Koinfektionen und COVID-19

Centrum fiir Integrierte Onkologie Aachen, Bonn, Ko6ln, Diisseldorf
(CIO-ABCD, Standort Universitédtsklinikum Bonn)
1) Onkologische Gastroenterologie

(Leiterin: PD: Dr. med. Maria Agnes Gonzalez-Carmona)
2) Interdisziplindre Projektgruppe Infektiologie

(Leiter: Prof. Dr. med. Oliver Cornely und PD Dr. med. Jens Panse)
Schwerpunkte: Priavention und Therapie von Infektionen bei

PatientInnen mit systemischer Immundefizienz

Infektionsmedizinisches Centrum Hamburg (ICH) Study Center

GmbH & Co. KG, Hamburg

Schwerpunkte: HIV, HIV-Koinfektionen, HIV-Priaexpositionsprophy-
laxe, STDs

-126 -



Kenntnis der Richtlinien zur guten wissenschaftlichen Praxis der Universitit Bonn

(§ 3 der Habilitationsordnung)

Hiermit bestitige ich, dass ich die Richtlinien zur guten wissenschaftlichen Praxis der
Universitdt Bonn, laut Habilitationsordnung, zur Kenntnis genommen habe und ich versichere,
dass ich sie beim Verfassen der Habilitationsschrift beachtet habe. Insbesondere versichere ich,

dass ich alle in der Habilitationsschrift benutzten Quellen und Hilfsmittel angegeben habe.

-127 -



