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Abstract

The Ebola virus disease (EVD) is a severe, often fatal illness in humans. EVD is caused by the
Ebola virus (EBOV) and is responsible for about 50-90 % deaths in diagnosed cases. The
largest EVD outbreaks occurred in West Africa from 2013-2016 and in the Democratic
Republic of the Congo (DRC) from 2018-2020. Vaccines are effective countermeasures
against deadly diseases. The vector platforms vesicular stomatitis virus (VSV) and modified
vaccinia virus Ankara (MVA) were used to develop viral vector vaccines against EBOV. While
VSV can replicate in humans to some extent, MVA is replication-deficient. Both carry the
immunogenic EBOV-glycoprotein (EBOV-GP). VSV-EBOV expresses the EBOV-GP onits surface
instead of the VSV-GP, whereas MVA-EBOV only encodes for the EBOV-GP gene. Although
VSV-EBOV was frequently used in the second largest outbreak in the DRC, exact mechanisms
of induced immune signatures, especially innate immune responses, remain inadequately
understood. However, innate immune responses can shape and influence adaptive
immunogenicity and therefore contribute to vaccine efficacy. Since innate immunity is
difficult to analyze comprehensively in clinical trials due to its early manifestation, it has not

been well-investigated so far.

To elucidate specific innate immune mechanisms induced by MVA-EBOV and VSV-EBOV,
in vitro stimulation assays of hPBMCs were implemented. Early immune responses were
comprehensively monitored by longitudinal sampling and application of different methods.
In the first 24 hours post-stimulation, the immune responses were investigated on mRNA
level (RNA-Seq) and protein level (flow cytometry/cytokine secretion).

Flow cytometry approaches revealed a significantly secretion of IP-10 and a trend to altered
expression of CD40, CD83, and CD86 on monocyte and DC subsets post VSV-EBOV
stimulation. On the mRNA level VSV-EBOV stimulations resulted in an elevated expression of
genes belonging to chemokine signaling. In contrast, MVA-EBOV showed mainly significantly
decreased expression of CD86 on pDCs, CD1c*CD11c* DCs, and CD1c'CD141* DCs. Induced
transcriptomic changes by MVA-EBOV included mainly interferon signaling and the defense
response to viruses. Compared to VSV-EBOV, MVA-EBOV exhibited more differentially

expressed genes with higher gene expression rates.



The decreased expression of CD86 on monocytes and DCs suggests an elevated immune
response due to a lower suppressive effect of activated CD86* monocytes and DCs post
MVA-EBOV stimulation. Both viral vector vaccines led to specific innate signatures, where
MVA-EBOV seemed to induce a stronger anti-viral immune response than VSV-EBOV due to
a higher number of DEG and the induction of anti-viral pathways. Thus, this dissertation
deciphered distinct immune signatures of VSV-EBOV and MVA-EBOV emphasizing specific
early transcriptomic changes which might contribute to different immunogenicity in

vaccinees.



Zusammenfassung

Die Ebolavirus Krankheit (Ebola virus disease: EVD) ist eine schwere, oftmals letale Erkrankung
im Menschen. EVD wird durch das Ebolavirus (EBOV) hervorgerufen und ist fir 50-90 % der
Todesfalle bei diagnostizierten Patienten verantwortlich. Die groften EVD-Ausbriiche
ereigneten sich in Westafrika von 2013-2016 und in der Demokratischen Republik Kongo
(Democratic Republic of the Congo: DRC) von 2018-2020. Impfstoffe sind effektive
Gegenmalienahmen fir todliche Erkrankungen. Die Vektor-Plattformen Vesicular Stomatitis
Virus (VSV) und der modifizierte Vaccinia Virus Ankara (MVA) wurden verwendet, um virale
Vektorimpfstoffe gegen EBOV zu entwickeln. Wahrend VSV im Menschen replizieren kann, ist
MVA  replikations-defizient. Beide Vektorimpfstoffe tragen das immunogene
EBOV-Glykoprotein (EBOV-GP). VSV-EBOV tragt das EBOV-GP an seiner Oberflache,
wohingegen MVA-EBOV nur fiir das EBOV-GP Gen kodiert. Obwohl VSV-EBOV wahrend des
zweitgroBten Ausbruchs in der DRC haufig verwendet wurde, sind exakte Wirkmechanismen,
insbesondere die der frihen angeborenen Immunantwort, bis heute unzureichend
verstanden. Allerdings kdnnen angeborene Immunantworten die adaptive Immunantwort
modellieren und beeinflussen und dadurch zu einer Impfstoffwirksamkeit beitragen. Da
umfangreiche Analysen der frihen Immunantwort in klinischen Studien schwer zu realisieren
sind, ist diese bis heute kaum untersucht.

Um frihe angeborene Immunmechanismen, welche durch MVA-EBOV und VSV-EBOV
induziert werden, zu analysieren, wurden in vitro Stimulationsassays von menschlichen
mononukledren Zellen des peripheren Blutes implementiert. Friihe Immunantworten wurden
umfangreich durch eine longitudinale Probenentnahme und verschiedene Methoden
untersucht. Die Immunantwort wurde in den ersten 24 Stunden nach einer Stimulation auf
mMRNA- (RNA-Seq) und Protein-Ebene (Durchflusszytometrie, Zytokinsekretion) analysiert.
Mittels Durchflusszytometrie wurden signifikant erhohte Sekretionen von IP-10 und
tendentiell veranderte Expressionen von CD40, CD83 und CD86 auf Untergruppen von
Monozyten und Dendritischen Zellen (dendritic cells: DCs) nach einer VSV-EBOV Stimulation
identifiziert. Auf mRNA-Ebene induzierte eine VSV-EBOV Stimulation vor allem eine erhdhte
Expression von Genen, welche dem Zytokinsignalweg zugeorndet werden kdnnen. Dagegen

induzierte MVA-EBOV vor allem eine signifkant reduzierte Expression von CD86 auf pDCs,

\



CD1c*CD11c* DCs und CD1cCD141* DCs. Eine induzierte transkriptionelle Veranderungen
durch MVA-EBOV beinhaltete hauptsachlich Interferon-vermittelte Signalwege und
Verteidigungsmechanismen gegen Viren. MVA-EBOV wies verglichen mit VSV-EBOV mehr
differentiell exprimierte Gene mit einer hoheren Expressionsrate auf.

Durch die geringere Expression von CD86 auf Monozyten und DCs kann von einer erhéhten
Immunantwort durch einen geringeren suppressiven Effekt von aktivierten CD86* Monozyten
und DCs nach einer MVA-EBOV Stimulation ausgegangen werden. Beide viralen
Vektorimpfstoffe flihrten zu einer spezifischen frithen Immunantwort, wobei MVA-EBOV
aufgrund der erh6hten Anzahl an DEG und der Induktion antiviraler Signalwege eine starkere
antivirale Immunantwort hervorzurufen scheint. Somit zeigt die vorliegende Dissertation
unterschiedliche Immunsignaturen von VSV-EBOV und MVA-EBOV auf, die sich vor allem auf
verschiedenen transkriptionellen Auswirkungen in der frihen Phase der Immunantwort

grinden und zu anderen Immunogenitaten in Impflingen fihren kénnten.

Vil



Table of Contents

Eidesstattliche Versicherung / Declaration on oath

Language Certificate

Danksagung il
Abstract v
Zusammenfassung Vi
Abbreviations XIl
List of figures Xvii
List of tables XX
Contribution to publications and manuscripts XXI
Awards & presentations XXl
1. Introduction 1
1.1 Emerging infectious diseases 1
1.1.1  Ebolavirus: The causative agent for Ebola virus disease 2
1.2 The immune system 6
1.3 Vaccination 7
1.3.1  Vaccine platforms & their induced immune responses 8
1.3.2  Vaccines against the Ebola virus disease 10
1.3.3  Comparison of VSV-EBOV & MVA-EBOV 12
1.4 Sex differences in infectious diseases 14
1.4.1 Sexdifferences in the immune response 14
1.4.2  Sexdifferences in viral infections 17
1.4.3  Sexdifferences in vaccination 18

VI



1.5

2.1

2.2

2.3

2.4

2.5

2.6

2.7

2.8

2.9

2.10

2.11

3.1

3.1.1
3.1.2

3.2

3.3

3.3.1
3.3.2
3.3.3

3.4

3.5

3.6

Aim of this study

Materials
Consumable materials
Study cohort
Eukaryotic cell lines
Chemicals, media, and buffer
Laboratory equipment
DNA oligonucleotides
Kits

Enzymes

Antibodies

Viruses

Software and database

Methods

Cell culture

Maintenance

Counting

Blood samples

Isolation of hPBMCs density gradient centrifugation

Using Ficoll

Using SepMate™

Plasma separation

Plague assay

In vitro stimulation assay

DNA isolation

19

21

21

21

24

24

28

30

31

32

32

34

34

36

36

36
36

37

37

37
38
38

38

39

40



3.7

3.8

3.8.1
3.8.2
3.83
3.84
3.85
3.8.6

3.9

3.10

3.11

3.12

3.121

3.13

4.1
4.11

4.1.2

4.2

4.2.1
4.2.2

43
43.1
4.3.2

51

5.2

RNA isolation

Polymerase Chain Reaction (PCR)

Gradient PCR

Quantitative PCR

Quantification of gPCR results

Reverse transcription (RT-PCR)

Semi-quantitative PCR (semi-qPCR)

Quantification of semi-gPCR results

NanoString®

RNA-Sequencing

Immunofluorescence

Flow cytometry

Bead-based immunoassay

Statistical analysis

Results

Induced immune signature by VSV-EBOV and MVA-EBOV

Cytokine profile upon stimulation

Activation of DC & monocyte subsets

Transcriptomic changes upon in vitro stimulation

Revealing transcriptomic changes using the nanoString® technology

Comprehensive analysis of transcriptomic changes using RNA-Seq

Sex differences upon in vitro stimulation

Immune signature of men and women upon stimulation

Changes in the transcriptomic profile differ between men and women

Discussion

In vitro stimulation models

VSV-EBOV induces a distinct cytokine profile

40

41

41
42
43
44
45
45

46

47

47

48

48

49

50

51
51

56

69

70
76

88
88
92

97

98

101



53

53.1
5.3.2

5.4

5.4.1
5.4.2

5.5

5.6

5.7

6.1

6.1.1
6.1.2
6.1.3
6.1.4
6.1.5
6.1.6

6.2

6.2.1
6.2.2

6.3

6.4

6.4.1
6.4.2
6.4.3
6.4.4
6.4.5

VSV-EBOV and MVA-EBOV modify the expression of activation markers on

monocyte and DC subsets 104
Activation of monocyte cell subsets 104
Activation of DC subsets 105

VSV-EBOV and MVA-EBOV alter the transcriptomic profile of stimulated hPBMCs 107

VSV-EBOV and MVA-EBOV induced different anti-viral signatures in hPBMCs 107

VSV-EBOV and MVA-EBOV led to different gene expressions in stimulated hPBMCs 110

VSV-EBOV and MVA-EBOV induce slightly different immune responses in

men and women 113
Conclusion 115
Future perspectives 116
Supplement 118
Establishment of in vitro stimulation assays 118
Infectivity of 2" line VSV-EBOV 118
Cell culture conditions for in vitro stimulation assays 119
MOl titration 121
Flow cytometry analysis of in vitro stimulated hPBMCs using VSV-EBOV 123
Immunofluorescence & flow cytometry of in vitro stimulated hPBMCs using rMVA 124
Detection of viral RNA/DNA 128
Establishment of analytic methods for in vitro stimulation assays 129
Stability of housekeeping genes in stimulated samples 129
Titration of fluorochrome-conjugated antibodies 131
Activation of DC subsets upon VSV-EBOV and MVA-EBQOV stimulation 137
Transcriptomic changes upon in vitro stimulation 141
Semi-qPCR of IP-10 and CLEC5A 141
RNA-Seq: hierarchical clustering heat maps 142
RNA-Seq: Pathways of 6 h unstimulated samples 145
RNA-Seq: Generally applicable gene-set enrichment 145
Volcano plots of unstimulated samples 148
References 150

Xl



Abbreviations

ActB
Ad
AIDS
APCs
APSV
B cells
BDBV
BHK
bp

CD
CDC
cDNA
CEPI
ChAd
Cl

CO,
COVID-19
Ct

CTL
CXCL9
CXCR3
DAPI
DCs
DEG
DENV
DEPC
DMSO
DNA

Microliter

Actin Beta

Adenovirus used as viral vaccine vector: e.g. Ad26
Acquired Immune Deficiency Syndrome
Antigen-Presenting Cells

Vaccina virus vaccine called Aventis-Pasteur WetVax®
B Lymphocytes

Bundibugyo Ebola Virus

Cell line derived from Baby Hamster Kidney

Base Pair

Cluster of Differentiation

Centers for Disease Control and Prevention
Complementary DNA

Coalition for Epidemics and Preparedness Innovations
Chimpanzee Adenovirus vector

Confidence Interval

Carbon Dioxide

Coronavirus Disease 2019

Threshold Cycle in gPCR

Cytotoxic T Lymphocyte

CXC-ligand 9

CXC Chemokine Receptor 3
4',6-Diamidino-2-Phenylindole

Dendritic Cells

Differentially Expressed Genes

Dengue Virus

Diethyl Pyrocarbonate

Dimethyl Sulfoxide

Deoxyribonucleic Acid

Xl



dNTPs
DRC
DTT
EBOV
EBOV-GP
EDTA
EID
ESR
ESR1
Et al.
EVD
FCS
FITC
FMO
FOXP3
GAGE
GAPDH
GFP
GM-CSF
GO

GP

HA

HAI
HBV
HCC
HCV
HIV
HMBS
hPBMCs
HPIV
HPRT

Deoxynucleotide Triphosphate

Democratic Republic of the Congo (DRC)
Dithiothreitol

Ebola Virus

Ebola Virus Glycoprotein
Ethylenediaminetetraacetic

Emerging Infectious Diseases

Estrogen Receptors

Estrogen Receptor 1

lat. et alii; “and others”

Ebola Virus Disease

Fetal Calf Serum

Fluorescein Isothiocyanate

Fluorescence Minus One

Forkhead-Box P3

Generally Applicable Gene-Set Enrichment
Glycerinaldehyd-3-Phosphat Dehydrogenase
Green Fluorescent Protein
Granulocyte-Macrophage Colony-Stimulating Factor
Gene Ontology

Glycoprotein

Hemagglutinin

Hemagglutination

Hepatitis-B Virus

Hepatocellular Carcinoma

Hepatitis-C Virus

Human Immunodeficiency Virus
Hydroxymethylbilane Synthase

Human Peripheral Blood Mononuclear Cells
Human Parainfluenza Virus

Hypoxanthine Phosphoribosyltransferase 1

X



HSV

IFIT

IFN

IL

IP-10
IRF
KEGG
LAIV

LPS
MARV
mCherry
MCP1
mDCs
MERS
MERS-CoV
MHC-I
MHC-II
MIG
MIMIC™
mMiRNA
MMR
moDCs
MOl
MVA
MVA-EBOV

MVD
NK cells
NP
ORA
OVA

Herpes Simplex Virus

Interferon-Induced proteins with Tetratricopeptide repeats

Interferon

Interleukin

Interferon gamma-induced Protein 10

IFN Regulatory Factor

Kyoto Encyclopedia of Genes and Genomes
Live Attenuated vaccine against Influenza Virus
Lipopolysaccharide

Marburg Virus

Red Fluorescent Protein

Monocyte Chemoattractant Protein 1
Myeloid Dendritic Cells

Middle East Respiratory Syndrome

Middle East Respiratory Syndrome Coronavirus
Self-Major Histocompatibility Complex Class |
Self-Major Histocompatibility Complex Class I
Monokine-induced by Gamma Interferon
Modular IMmune In vitro Construct
microRNA

Vaccine against Mumps, Measles and Rubella
Monocyte-derived Dendritic Cells

Multiplicity of Infection

Modified Vaccinia Virus Ankara

Viral vector vaccine based on the Modified Vaccinia Virus Ankara against

the Ebola Virus

Marburg Virus Disease
Natural Killer cells
Nucleoprotein
Over-Representation Analysis

Ovalbumin



PAMPs Pathogen Associated Molecular Patterns

PBMCs Peripheral Blood Mononuclear Cells

PBS Phosphate-Buffered Saline

PCA Principal Component Analysis

PCR Polymerase Chain Reaction

pDCs Plasmacytoid Dendritic Cells

Pen Penicillin

PFA Paraformaldehyde

PFU Plaque Forming Unit

PHEIC Public Health Emergency of International Concern
PHIL Public Health Image Library

qPCR Quantitative PCR

RESTV Reston Ebola Virus

rMVA Recombinant Modified Vaccinia Virus Ankara

RNA Ribonucleic Acid

RNase Ribonuclease

RNA-Seq RNA-Sequencing

RT Room Temperature

RT-PCR Reverse Transcriptase-Polymerase Chain Reaction
SARS-CoV-1 Severe Acute Respiratory Syndrome Coronavirus 1
SARS-CoV-2 Severe Acute Respiratory Syndrome Coronavirus 2
STAT1 Signal Transducer and Activator of Transcription 1
Strep Streptomycin

SuUbv Sudan Ebola Virus

T cells T Lymphocytes

TAFV Tai Forest Ebola Virus

TBE Tris Borate EDTA buffer solution

Th cell T Helper cell

THP-1 Monocyte cell line based on peripheral blood of an acute monocytic

leukemia patient

TIV Inactivated Trivalent Influenza Vaccine



TLR
TNF
Treg
UDG
VACV
Vero81

'A%
VSV-EBOV

VSVwt
WHO
xg

XCl

YF
YF-17D
ZEBOV

Toll-Like Receptor

Tumor Necrosis Factor

Regulatory T cell

Uracil DNA Glycosylase

Vaccinia Virus

Epithelial cell line derived from Cercopithecus aethiops kidney
(verda reno; green kidney)

Vesicular Stomatitis Virus

Viral vector vaccine based on the Vesicular Stomatitis Virus against the
Ebola Virus

Vesicular Stomatitis Virus wild type

World Health Organization

Multiples of earth gravitational acceleration

X-Chromosome Inactivation

Yellow Fever

Live attenuated Yellow Fever vaccine 17D

Zaire Ebola Virus

XVI



List of figures

Results

Figure 1:
Figure 2:
Figure 3:
Figure 4:
Figure 5:
Figure 6:
Figure 7:
Figure 8:
Figure 9:

Figure 10:
Figure 11:
Figure 12:
Figure 13:
Figure 14:
Figure 15:
Figure 16:
Figure 17:
Figure 18:
Figure 19:
Figure 20:
Figure 21:
Figure 22:
Figure 23:
Figure 24:
Figure 25:
Figure 26:
Figure 27:
Figure 28:

Phylogenetic tree of EBOV and MARV

EBOV outbreaks from 1976-2019

Distribution of EBOV

EBOV electron microscopic image and genome structure

Vaccine platforms

© v b~ W N

Viral vector vaccines against EBOV

13

Sex difference in immune responses to external stimuli

15

Experimental setup for immune monitoring upon stimulation

51

Cytokine secretion of stimulated hPBMCs using VSV-EBOV

54

Cytokine profile of stimulated hPBMCs using VSV-EBOV

55

Total cytokine profile of stimulated hPBMCs using VSV-EBOV

56

Gating strategy to investigate innate immune cells

58

Expression of activation markers on monocytes upon VSV-EBOV stimulation _ 62

Expression of activation markers on monocytes upon MVA-EBOV stimulation

Expression of CD86 on DCs upon VSV-EBOV stimulation

64
65

Expression of CD86 on DCs upon MVA-EBOV stimulation

66

Expression of CD86 on CD16* and CD141* DCs upon VSV-EBOV stimulation 67

Expression of CD83 and CD86 on DCs upon MVA-EBOV stimulation

Experimental setup to decipher transcriptomic changes

68
70

Number of DEG upon VSV-EBOV stimulation of hPBMCs

71

Principal component analysis of stimulated hPBMCs using VSV-EBOV
ORA of DEG after VSV-EBOV stimulation

72
73

Volcano plots of stimulated hPBMCs using VSV-EBOV

74

Relative expression of IP-10 and CLEC5A after VSV-EBOV stimulation
Fold change of IP-10 and CLEC5A after VSV-EBOV stimulation

75
76

Number of DEG upon VSV-EBOV or MVA-EBOV stimulation

79

PCA of stimulated hPBMCs using VSV-EBOV

80

PCA of stimulated hPBMCs using MVA-EBOV

81

XVII



Figure 29: ORA of DEG after stimulations using VSV-EBOV or MVA-EBOV 82

Figure 30: Volcano plot of stimulated hPBMCs using VSV-EBOV 84
Figure 31: Volcano plot of stimulated hPBMCs using MVA-EBOV 85
Figure 32: Hierarchical clustering heat map of VSV-EBOV stimulations 86
Figure 33: Hierarchical clustering heat map of MVA-EBQOV stimulations 87

Figure 34: Frequency of innate immune cells in samples used for VSV-EBOV stimulation_ 89

Figure 35: Frequency of innate immune cells in samples used for MVA-EBOV stimulation 90

Figure 36: Secretion of IL-8 and IP-10 upon VSV-EBOV stimulations stratified by sex 91
Figure 37: Number of DEG stratified by sex after VSV-EBOV stimulation 93
Figure 38: ORA of DEG after stimulation stratified by sex 93
Figure 39: Direct global significance scores of selected gene sets stratifiedbysex 94
Figure 40: Sex differences in transcriptomic changes after MVA-EBOV stimulation_ 96
Supplement

S.1: Plaque assay of VSV-EBOV-infected Vero81 cells 118
S.2.  Frequency of live THP-1 cells upon in vitro stimulation using LPS 120
S.3.  Expression of activation markers on THP-1 cells upon stimulation using LPS 121
S.4: Cytokine secretion of stimulated hPBMCs using VSV-EBOV and TLR agonists __ 123
S.5.  Flow cytometry analysis of in vitro stimulated Vero81 cells using VSV-EBOV__ 124
S.6:  Immunofluorescence of in vitro stimulated Vero81 cells and hPBMCs using rMVA 126
S.7:  Flow cytometry analysis of in vitro stimulated hPBMCs using rMVA 127
S.8: Detection of viral DNA/RNA of rMVA and VSV-EBOV 129
S.9:  Expression of housekeeping genes upon in vitro stimulations using VSV-EBOV__ 130
S.10: Titration of fluorochrome-conjugated antibodies 131
S.11: Expression of activation markers on DCs upon stimulation using VSV-EBOV __ 138
S.12: Expression of CD40 and CD83 on DCs upon stimulation using MVA-EBOV 139
S.13: Expression of activation markers on DCs upon stimulation using VSV-EBOV ___ 140
S.14: Expression of CD40 on DCs upon stimulation using MVA-EBOV 141
S.15: Relative expression of IP-10 and CLEC5A after in vitro stimulation 142

XVIII



S.16:
S.17:
S.18:
S.19:
S.20:
S.21:
S.22:

Hierarchical clustering heat map of DEG upon VSV-EBOV stimulation 143

Hierarchical clustering heat map of DEG upon MVA-EBOV stimulation 144
ORA of DEG in unstimulated hPBMCs 145
GAGE of VSV-EBOV-stimulated hPBMCs 146
GAGE of MVA-EBOV-stimulated hPBMCs 147

Volcano plots of unstimulated hPBMCs that belongs to VSV-EBOV stimulations __ 148

Volcano plots of unstimulated hPBMCs that belongs to MVA-EBOV stimulations _ 149

XIX



List of tables

Table 1:
Table 2:
Table 3:
Table 4:
Table 5:

Table 6:

Table 7:

Table 8:
Table 9:

Table 10:
Table 11:
Table 12:
Table 13:
Table 14:
Table 15:
Table 16:
Table 17:
Table 18:
Table 19:
Table 20:
Table 21:

Selected vaccine candidates against EVD

Blood donors for in vitro stimulations of hPBMCs using rMVA

Blood donors for in vitro stimulations of hPBMCs using VSV-EBOV
Blood donors for in vitro stimulations of hPBMCs using MVA-EBOV
Blood donors used for analysis of transcriptomic changes upon VSV-EBOV

stimulations

Blood donors used for analysis of transcriptomic changes upon MVA-EBOV

stimulation

Eukaryotic cell lines for in vitro stimulation models of eukaryotic cells
Chemicals

Media and buffer

Laboratory equipment

DNA oligonucleotides

Kits

Enzymes

Fluorochrome-conjugated antibodies used for section 4.1.2, and 6

Fluorochrome-conjugated antibodies used for section 6.1.5

Viruses

Software and database

Gradient PCR program

gPCR program: viral load of DNA viruses and gene expression

One-step qPCR program: viral load of RNA viruses

Function and rationale for used cell surface markers

11
21
22
23

23

24
24
24
27
28
30
31
32
32
33
34
34
41
43
43
59

XX



Contribution to publications and manuscripts

Deciphering transcriptomic changes elicited by viral vector vaccines against

the Ebola virus disease

Authors: Etienne Bartels, Michael Spohn, Monika Friedrich, Asisa Volz, Gerd Sutter, Christine

Dahlke, Marylyn M. Addo

Manuscript in preparation.

Parts of the dissertation are in the manuscript.

Safety and immunogenicity of a modified vaccinia virus Ankara vector vaccine

candidate for Middle East respiratory syndrome: an open-label, phase 1 trial

Authors: Till Koch, Christine Dahlke, Anahita Fathi, Alexandra Kupke, Verena Krahling, Nisreen
M.A. Okba, Sandro Halwe, Cornelius Rohde, Markus Eickmann, Asisa Volz, Thomas
Hesterkamp, Alen Jambrecina, Saskia Borregaard, My L. Ly, Madeleine E. Zinser, Etienne
Bartels, Joseph S.H. Poetsch, Reza Neumann, Robert Fux, Stefan Schmiedel, Ansgar W. Lohse,

Bart L. Haagmans, Gerd Sutter, Stephan Becker, Marylyn M. Addo

In: The Lancet Infectious Diseases
Published online 2020 April 21

DOI: 10.1016/S1473-3099(20)30248-6
PMCID: PMC7172913

PMID: 32325037

Etienne Bartels contributed to the processing of blood samples and assay implementation.

XXI



Distinct early IgA profile may determine severity of COVID-19 symptoms: an

immunological case series

Authors: Christine Dahlke, Jasmin Heidepriem, Robin Kobbe, René Santer, Till Koch, Anahita

Fathi, My L. Ly, Stefan Schmiedel, Peter H. Seeberger, ID-UKE COVID-19 study group, Marylyn

M. Addo, Felix F. Loeffler
In: medRxiv
Posted online 2020 April 17

DOI: https://doi.org/10.1101/2020.04.14.20059733

Etienne Bartels contributed to the clinical monitoring and immunological analyses.

XX



Awards & presentations

Awards

September 2019

Travel Grant — German Center for Infection Research DZIF

Attendance at 48th Annual Meeting of the German Society for Immunology

Presentations

June 2019

Deciphering the innate immune response elicited by viral vaccine vectors against emerging
infectious diseases

Bartels E., Dahlke C., Zinser M.E., Fathi A., Lassen S., Ly M.L., Assagba G.F., Volz A,, Sutter G.,
Addo M.M.

Novel Concepts in Innate Immunity, conference 2019 (poster presentation)

September 2019

Deciphering the innate immune response elicited by viral vaccine vectors against emerging
infectious diseases

Bartels E., Dahlke C., Assagba G.F., Zinser M.E., Fathi A., Lassen S., Ly M.L., Volz A., Sutter G.,
Addo M.M.

Il. Joint Meeting of the German Society for Immunology and the Italian Society of
Immunology, Clinical Immunology and Allergology (48th Annual Meeting of the German

Society for Immunology) (poster presentation)

XX






1. Introduction

1.1 Emerging infectious diseases

Emerging infectious diseases (EIDs) can result in public health challenges based on the lack of
therapeutic countermeasures leading to a transmission from human to human. EIDs can be
caused by several pathogens that “have newly appeared in a population or have existed but
are rapidly increasing in incidence or geographic range” 1. Infectious agents for potential EID
outbreaks belong to categories of bacteria, viruses, fungi, protozoa, and helminths. Most EIDs
that resulted in an outbreak have a viral origin. Emergence and transmission of EIDs are
mainly influenced by host behavior, pathogen changes, spillover events between pathogen
reservoirs to potential hosts, and environmental factors?2. EIDs are correlated with
environmental, socio-economic, and ecological factors, which create conditions for EIDs to
thrive and spread in the human population %3->. Moreover, spreading of EIDs can be driven
by war, loss of social cohesion, and natural disaster 4. Since origin and pathogen leading to an
EID outbreak are unpredictable, there is a lack of effective medical countermeasures. More
than 60 % of all EIDs have a zoonotic origin, highlighting the complexity of potential pathogens
and relevance of human-animal contacts for the incidence of EIDs >. One of the most
prominent EIDs is the Ebola virus disease (EVD), which is caused by the Ebola virus (EBOV)
and was linked to transmissions from wild animals to humans 11, The most devastating EVD
outbreak occurred in 2013-2016 resulting in more than 11,300 deaths 22, In response to
this public health emergency of international concern (PHEIC), the World Health Organization
(WHO) published a R&D blueprint list of prioritizing diseases. Filovirus-associated diseases
such as EVD and Marburg virus disease (MVD) as well as coronavirus-associated diseases
including the Middle East respiratory syndrome (MERS) and the recently occurring
coronavirus disease 2019 (COVID-19) are listed 13. Despite this list and several aims to
minimize the risk of EIDs were declared, the second largest EVD outbreak occurred between
2018-2020 in the Democratic Republic of the Congo (DRC) 4. Until the end of June 2020, this
outbreak took more than 2200 lives . Although this outbreak ended in 2020, EBOV could
reemerge in the DRC where on February 7t 2021 the Minister of Health of DRC declared an
EBOV outbreak *°.
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Furthermore, several cases with EBOV-specific symptoms occurred in Gouéké, Guinea
starting in January 2021 %', The declaration of an EBOV outbreak followed by national
authorities on February 14, This reemergence of EBOV in one of the most affected areas
emphasizes the potential threat of EBOV to public health. Therefore, effective
countermeasures such as vaccines are mandatory to prevent public health crisis caused by

EBOV.

1.1.1 Ebola virus: The causative agent for Ebola virus disease

EBOV is one of the 12 members of the Filoviridae family, which includes several human
pathogenic members such as the genera Ebolavirus and Marburgvirus 812, While the genus
Ebolavirus includes the Bundibugyo Ebola virus (BDBV), Reston Ebola virus (RESTV), Sudan
Ebola virus (SUDV), Tai Forest Ebola virus (TAFV), and Zaire Ebola virus (ZEBOV), the genus
Marburgvirus includes the Ravn virus (RAVV) and Marburg virus (MARV) (figure 1) >19-2%,

[ RAVV (09DRC variant)
RAVV (Kenya variant)

Marburgviruses (genus Marburgvirus) MARYV (Ozolins variant)
MARYV (07DRC variant)
MARYV (05DRC variant)

MARYV (Angola variant)
MARYV (Popp variant)
MARYV (Musoke variant)

[ ZEBOV (Mayinga variant)
ZEBOV (Kikwit variant)
_: TAFV (Cote d’lvoire variant)
BDBV (Uganda variant
Ebolaviruses (genus Ebolavirus) (Ve )

: SUDV (Gulu variant)
0.5 substitutions/site RESTV (Pennsylvania variant)

Filoviruses (family Filoviridae)

Figure 1: Phylogenetic tree of EBOV and MARV. The Filoviridae family includes the genus Ebolavirus and
Marburgvirus. Both genera include different viruses: BDBV: Bundibugyo Ebola virus, RESTV: Reston
Ebola virus, SUDV: Sudan Ebola virus, TAFV: Tai Forest Ebola virus, ZEBOV: Zaire Ebola virus, RAVV:
Ravn virus, MARV: Marburg virus. Full-length genomes were investigated by Bayesian analysis. Figure
modified from Conlan, S. et al., 2008 and International Committee on Taxonomy of Viruses et al.,
2012 2021,
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The first two confirmed EBOV outbreaks that occurred consecutive were detected in DRC and
Sudan starting in 1976 2223, In the following years, several outbreaks in different areas of

Africa were determined (figure 2) 24,

16,000 B Cases
14,000 I Deaths
12,000
10,000
8,000
6,000
4,000
=1 T
0 [ [ [ (===
Sierra Leone  Liberia Guinea DRC Uganda Sudan Congo Gabon

(2014-2016) (2014-2016) (2014-2016) (1976-2019) (2000-2012) (1976-2004) (2002-2005) (1994-2002)

Figure 2: EBOV outbreaks from 1976-2019. Number of cases and deaths of EBOV infected individuals during
different outbreaks in Africa are shown. Only outbreaks with more than 100 cases are depicted. Figure
modified from Ezezika, O. & Keita, A. K., 2020 %*.

Due to past outbreaks and confirmed cases collected by the Centers for Disease Control and
Prevention (CDC), Laura A. Skrip and Alison P. Galvani reported that countries for high risks of
EBOV infections are predominantly located in Middle and West Africa around the equator
(figure 3B) 2°. To date, the largest EVD outbreak started 2013 in West Africa (figure 3A)
causing 28,616 casesand 11,325 deathsin Guinea, Liberia, and Sierra Leone (cf. figure 2) 6212,
A comparison of areas prior to and after EBOV cases occurred showed trends for higher self-
medication, decreased usage of health services, and reduced antenatal-care in
2014-2015 2627, Meta-analysis of the whole West African EBOV outbreak revealed significant
reductions in the utilization of health services in endemic areas 28. Moreover, the
implementation of vaccines such as MMR decreased in Liberia and Guinea resulting in a
higher incidence over two years post EBOV outbreak 2°:39, This might also contribute to a
higher mortality rate caused by coinfections in epidemic regions emphasizing the impact of

EBOV on public health.
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Figure 3: Distribution of EBOV. A) The most devastating EVD outbreak occurred in 2013-2016 resulting in more
than 11,300 deaths in West Africa ®°. Red color indicates number of confirmed cases, where darker
color represents countries with higher numbers of confirmed cases 2. B) Due to historical outbreaks,
confirmed cases collected by CDC, and the distance to countries with a high incidence different risk
levels for EBOV infections in Africa were calculated . Black square indicates areas of West Africa
depicted in A. Red: high risk level; orange: moderate risk level; yellow: low risk level. A) Figure
modified from Coltart, C. E. M. et al., 2017 8; B) Figure modified from Skrip, L. A. & Galvani, A. P.,
2016 2.

Viruses in the genus Ebolavirus and Marburgvirus are filamentous and consist of enveloped

virions containing a single, linear, negative, non-segmented sense RNA genome
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(figure 4A,B) 183132 The EBOV genome encodes mainly for seven different proteins including
four viral proteins (VP), one nucleoprotein (NP), one glycoprotein (GP), and one
RNA-dependent RNA polymerase L (figure 4B) 33. While the host species for most filoviruses
are still unknown, there is an increasing evidence that primates and bats are infected by EBOV
as well as MARV and eventually transmit these pathogens to humans 7-101831 Filoviruses can
cause hemorrhagic fever where ZEBOV from the genus Ebolavirus showed the highest
case-fatality rate of up to 90 % 10313435 After an incubation of five to seven days, in some
cases up to two weeks, most patients develop fever, chills, muscle pain, headache, nausea,
vomiting, abdominal pain, and diarrhea 3>3%, Patients who establish a severe illness with a
fetal outcome exhibit a high viral load in their peripheral blood over the course of
infection 37:38, Since the EBOV-GP on the virus surface mediates the attachment, fusion, and
cell entry 3%, it is essential for the broad cell tropism. Due to this broad cell tropism EBOV leads
to systemic cell and tissue damage explaining the high case-fatality rate of EBOV

(cf. figure 2B) 40-43,

NP VP35 VP40 GP VP30 VP25 L

T HHHH HFEH T

Figure 4: EBOV electron microscopic image and genome structure. A) Transmission electron microscopic
image of an EBOV virion. Picture was created 1976 by Frederick A. Murphy and is provided by CDC in
Public Health Image Library (PHIL) with the identification number #1181 . B) Genome structure of
EBOV. The EBOV genome encodes for seven major proteins as indicated: nucleoprotein (NP), viral
proteins (VP), polymerase cofactor VP35, matrix protein VP40, glycoprotein (GP), hexameric zinc-
finger protein VP30, membrane-associated protein VP24, and RNA-dependent RNA polymerase L (L).
Figure created with BioRender.com, modified from Cantoni, D. & Rossman, J. S., 2018 3,

Mucosal surfaces and the skin represent entry sites for EBOV #>. At the entry site firstimmune
cells, which get into contact with EBOV, are dendritic cells (DCs) and

monocytes/macrophages. This results in an extensive secretion of cytokines and chemokines
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which initiates the migration of other immune cells, enhances coagulopathy, and increases
endothelial permeability #>->1. Moreover, infected DCs and macrophages can transport the
virus through lymph channels and the peripheral blood to lymph nodes and other tissues 3°.
Although B- and T cells are not infected, most of them undergo apoptosis in later stages of
infection 3>. Furthermore, dysregulation of T cell responses is associated with severe disease
progression, which can lead to death °2. Multilateral infections of cells and tissues like the
liver and spleen result in disseminated intravascular coagulation and finally in systemic
bleeding 3>>153, In the latest stage of an infection, necrosis of hepatocytes and tissue damage
lead to organ failure, terminal shock, and death °%. Several therapeutics to prevent lethal EVD
outcomes were investigated during outbreaks in Africa focusing on antiviral drugs to reduce
the mortality rate in humans >4. To date, no licensed anti-viral therapeutics are available to
treat the deadly EVD 4. Therefore, vaccines that induce a broad immune response resulting

in a life-long protection represent a great opportunity to combat EVD.

1.2 The immune system

The human body possesses many defense mechanisms to prevent infections with pathogens
such as viruses, bacteria, helminths, and fungi. Once a pathogen has overcome anatomical
barriers like the skin, first unspecific defense strategies including lysozyme, defensins and the
complement system are activated. While lysozymes degrade the cell wall of bacteria,
defensins destroy the cell membrane of bacteria. Moreover, the activation of the
complement system can lead to the lysis and phagocytosis of the pathogen by innate immune
cells >,

Immune cells of the innate and adaptive immune response represent comprehensive defense
mechanisms of the human body. Innate immune cells recognize pathogens by their specific
characteristics summarized as pathogen-associated molecular patterns (PAMPs) via pattern
recognition receptors (PRR) such as toll-like receptors (TLR). Also, endogenous molecules that
indicate cellular stress and death named as damage-associated molecular patterns (DAMPs)
are detected by receptors of innate immune cells. Macrophages, monocytes, DCs and
granulocytes including neutrophiles, eosinophils, and basophils are innate immune cells

which can phagocyte pathogens post detection by these receptors *6. Upon phagocytosis
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innate immune cells destroy the pathogen and secrete cytokines which are necessary for the
activation and migration of other immune cells. For instance, type | interferons (IFN) are
released by DCs resulting in an anti-viral milieu and enhanced expression of type | IFN
stimulated genes of other immune cells. Besides their phagocytic activity, DCs are mainly
professional antigen presenting cells that communicate between the innate and adaptive
immune system. Their interface activity is realized by the uptake and processing of pathogens
following antigen presentation which lead to an effective T cell activation. Furthermore,
intracellular pathogens can predominantly eradicated by killing of infected cells. The
antigen-independent recognition and killing of infected cells is realized by natural killer cells
(NK cells) >®.

Immune responses mediated by the adaptive immune system require the presentation of
antigens derived from the pathogen via self-major histocompatibility complex class | and I
(MHC-I; MHC-II) which are located on other cells. Naive CD4* Tcells bind to
antigen-MHC-II-complexes resulting in an activation and differentiation to effector cells that
can activate (T helper cells: Ty, T2, Thl7, and Tru) or repress (regulatory T cell: Treg) other
immune cells. In contrast, naive CD8* T cells interact with antigen-MHC-I-complexes leading
to a differentiation to cytotoxic T lymphocytes (CTLs) which can kill infected cells 7. After an
activation of B cells, they proliferate and differentiate to plasma cells or memory cells. While
T cells represent the cellular part of the adaptive immune response, antibodies secreted by
plasma cells are described as humoral part. These antibodies are mandatory for neutralization
and opsonization of pathogens as well as activation of the complement system 8. While the
innate immune response is unspecific and rapid, a specific long term protection is mainly

mediated by memory B and T cells post infection and vaccination >°.

1.3 Vaccination

Vaccines are one of the most powerful countermeasures for infectious diseases. Only clean
water as a public health measure has a bigger influence on mortality in the world
vaccines %961, In 1500 variolation was the first immunization approach of non-immune
individuals using infectious material from smallpox patients 623, In the following centuries,

vaccines against different pathogens including mumps, measles, rubella (MMR) as well as
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influenza, hepatitis A, B, C, and diphtheria were developed . To date, vaccines against more
than 20 different microorganisms are available and more than 20 additional vaccines against
other microorganisms are under investigation >2->4. Some vaccines like the MMR vaccine are
considered for a long-lasting immunity resulting in lifelong protection 8. Moreover, the
impact of vaccines is emphasized by their protection of potentially deadly diseases such as
poliomyelitis and smallpox 679, Prior to vaccination strategies against smallpox, up to 30 %
of infected people died 71. Global vaccination campaigns against smallpox resulted in an
eradication in 1980 772, While the WHO estimate that worldwide 2-3 million deaths are
avoided each year by implementation of vaccines ¢, other researcher calculated that even up
to 6 million deaths are prevented 73. Cases for measles, mumps, rubella, and Haemophilus
influenzae type B were reduced by >99 % in 2012 in the United States compared to decades
prior effective vaccination strategies 74776, To design effective vaccines against different

diseases several vaccine platforms were developed.

1.3.1 Vaccine platforms & their induced immune responses

Since the first vaccination against smallpox (variolation) was implemented, several vaccines
were developed based on inactivated and attenuated viruses (figure 5). While these
strategies require an isolation of the pathogen, it also results in safety concerns or reduction
of immunogenicity due to necessary pathogen inactivation. Prior to the development of other
effective vaccines, the immunogenic structures of the pathogen have to be determined. Once
these structures are identified, they can be used for several vaccine platforms (figure 5). For
instance, recombinant subunits, proteins, or synthetic peptides are based on these
structures. The goal of these vaccines is to induce an immune response specifically to the
immunogenic structure. To improve immune responses to immunogenic antigens, different
vaccine platforms were designed. For example, DNA vaccines consist of eukaryotic plasmids,
which carry a heterologous, recombinant gene of interest and are replicated in bacteria
cells 77, Purified DNA-vectored plasmids are mainly injected intramuscularly by gene-gun or
electroporation into vaccinees leading to gene production by transcription and translation 2.
Afterwards, plasmid-derived proteins can be processed and presented via MHC-I and

MHC-II 77. Also viral vector vaccines encode for heterologous, recombinant genes and are
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presented based on their viral origin by MHC-I and MHC-II 7°-82, Therefore, both platforms
result in an induced immune response to the specific gene of interest in vaccinees including
humoral and cellular immune responses 77:83-86, One of the most beneficial properties of both
platforms is given by the fact that they can also result in an induced CTL-response.
Furthermore, both platforms can encourage the magnitude of immune responses based on
their intrinsic adjuvant property caused by PAMPs such as the immune modulatory genes in
the gene-cassette of the DNA plasmids or the viral vector itself 788789,

Depending on the vector platform, viral vectors have different advantages including high
immunogenicity and safety profiles, long term gene expression, activation of adaptive and
innate immune responses as well as drawbacks like pre-exiting immunity and risks for
tumorigenesis 80-8288%0 QOnce a viral vector vaccine is administered to vaccinees, they will
develop innate and adaptive immune responses including transcriptomic changes, immune

cell activation, inductions of cytokines and antibodies 86:91-93,

classical platforms

synthetic peptides

recombinant
proteins

virus like particle

bacterial vector
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222222 o
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Figure 5: Vaccine platforms. Classical platforms and next generation platforms for vaccine development are
depicted. Figure created with BioRender.com, modified from van Riel, D. & de Wit, E. 2020; Gray,
R.,2020; Lambert, L. C. & Fauci, A. S., 2010 %*°¢
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In the last decades, measurement of seroconversion was the gold standard to determine
immune responses post vaccination. The protective role of antibodies was emphasized in
studies with patients with immunological defects, the passive protection of antibody
administration, and the success of vaccines that do not induced a T cell response %’.
Nevertheless, other immune cells are also mandatory for protective immune responses upon
vaccination. In the last decade, T cells responses are getting more important as their
activation is described to mediate protection via cellular effector functions, which is not
limited to a successful B cell activation ®2. For instance, primed mice with non-lethal Dengue
virus (DENV) strains showed protective CD4* and CD8* T cell responses which protected mice
from lethal DENV infections °°.

Newly developed system vaccinology approaches lead to comprehensive investigations of
induced immune responses by vaccines with respect to their specific mechanisms. In
particular, modern technics including high-throughput technologies facilitated a broad
investigation of global biology processes resulting in protection against diseases 190101 |nnate
immune responses such as activation of innate immune cells and cytokine profiles as well as
T cell responses and transcriptomic changes are included in systems vaccinology
approaches 01192 For instance, early gene expressions were correlated with later antibody
responses post yellow fever (YF-17D) vaccination in humans 193, Also, systems vaccinology
approaches of influenza vaccination (Inactivated Trivalent Influenza Vaccine: TIV) in humans
revealed a specific gene signature of B cells including immunoglobulin and chemokine
receptors 194,  Moreover early transcriptomic signatures were correlated with
hemagglutination (HAI) titers in vaccinated children emphasizing the power of systems
vaccinology approaches to identify potentially biomarkers for vaccine-induced protection 19,
The above-described vaccine platforms (figure 5) were also used to design effective vaccines

against EBOV.

1.3.2 Vaccines against the Ebola virus disease

Since the EBOV virion carries only the EBOV-GP on its surface, the immunogenic EBOV-GP was
predominantly used in vaccine development 4043106 (tgble 1). However, some vaccines also

included other EBOV proteins such as the EBOV-NP in vaccine formulation (table 1). While

10
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one of the first vaccination strategies with inactivated viruses was abandoned due to safety
concerns and low efficacy in non-human primates, DNA plasmids, virus like particles, and viral
vector vaccines were used for the development of vaccine candidates 1077110 Virus like
particles encoding for EBOV-GP, -NP, and -VP40 revealed antibody-mediated protections in
challenging models of nonhuman primates 119, Clinical trials of DNA-vectored vaccines
encoding for EBOV-GP of different EBOV strains and an EBOV-NP also determined
EBOV-specific antibodies and T cell responses in humans 198, Other vaccine strategies, which

were also partially used for EVD vaccines, such as live-attenuated/inactivated vaccines,

bacteria-vectored vaccines, antigen-presenting cells, protein-based vaccines, and
RNA-vectored plasmids are discussed elsewhere 43941117113,
Table 1: Selected vaccine candidates against EVD
Vaccine candidate Vaccine platform Genome target References
EBOV irradiated Concentrated, gamma- Whole EBOV 107
irradiated whole-virion
EBOV irradiated EBOVAVP3O, hydrogen Whole EBOV 114
peroxide inactivation
Libosomen- Encapsulated, gamma-
P irradiated EBOV particlesin |Irradiated EBOV 107,115
encapsulated EBOV . N
liposomes containing lipid A
DNA DNA-vectored EBOV-GP 116
EBOV-NP +two
DNA DNA-vectored EBOV-GP from 108
different EBOV strains
Virus like particle | <unJin virus derived EBOV-GP 117,118
replicons
. . . . . EBOV-GP, -NP,
Virus like particle EBOV like particles VP40 110
Ad5-EBOV Viral vector: Ad EBOV-GP 119
ChAd3-EBO-Z Viral vector: chimpanzee Ad | EBOV-GP 120
ChAd3-EBO-Z + Viral vector: chimpanzee Ad
EBOV-GP 121
MVA-BN Filo + MVA oV-G
ChAd3-EBO-Z + Viral vector: chimpanzee Ad
MVA-EBO-Z + MVA EBOV-GP 122
ChAd3-EBO-Z + Viral vector: chimpanzee Ad
Ad26-ZEBOV +Ad EBOV-GP 123

11
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_ ) EBOV-GP of two
cAd5-EBO Viral vector: chimpanzee Ad different EBOV strains 124

HPIV3-EBO-Z viral vector: human EBOV-GP 125
parainfluenza virus (HPIV)

MVA-EBOV (Mvabea) | Viral vector: MVA

+ Ad26.EBOV-GP and Ad in heterologous Four filoviridae GP 126,127
(zabdeno) prime-boost regimen
VACV-EBOV Viral vector: Vaccinia Virus EBOV-GP 107
Viral vector: Venezuelan EBOV-GP and/or
VEEV-EBOV 107,128
equine encephalitis virus EBOV-NP
84,85,127
- ® H . _ ’ ’ ’
VSV-EBOV (Ervebo®) |Viral vector: VSV EBOV-GP 129,130

Due to the broad immune response and beneficial safety profile of viral vector vaccines,
different vectors were used for EBOV vaccine candidates (table 1). Since the first viral vector
vaccine based on a modified vaccinia virus Ankara (MVA) strain was used to design a vaccine
against the hepatitis B virus (HBV), several other vaccine candidates were developed based
on the MVA platform 131133 |n a recent study, our group demonstrated that the MVA-based
viral vector vaccine MVA-MERS-S against MERS result in an induced immune signatures
including humoral and cellular immune responses 34. The immune response by MVA-MERS-S
was efficient and still tolerable in humans highlighting the potential for MVA as viral vector
against EIDs. The MVA platform was used to design different vaccine candidates encoding for
the GP of ZEBOV or for four filoviridae proteins 1%, In addtion, the vesicular stomatitis virus
(VSV), different adenovirus (Ad) strains, and the human parainfluenza virus were utilized for
the development of vaccine candidates (table 1) 433485 Viral vector platforms for vaccine
development, which were used for other diseases, are reviewed elsewhere 135136,
Investigations of different viral vector vaccine candidates revealed VSV and MVA as the most

promising platforms for EBOV vaccine designs.

1.3.3 Comparison of VSV-EBOV & MVA-EBOV

VSV-EBOV showed a rapid and protective immune response in humans and was the first
licensed vaccine that is based on a viral vector (Ervebo®) 848>127,129,130 \Whijle VSV-EBOV
additionally expresses the heterologous EBOV-GP on its surface, MVA-EBOV only encodes for
the respective EBOV-GP gene (figure 6) 13’. Another MVA platform called MVA-BN® by

12
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Bavarian Nordic was used to design a viral vector vaccine against EBOV (MVA-BN-Filo:
Mvabea®) 138139 Ervebo® was licensed in a single-dose immunization, whereas Mvabea® was
licensed in a heterologous prime boost vaccination with the Ad26-based vaccine Zabdeno®
(Ad26.EBOV-GP) 126,127,140 \While the licensed Mvabea® encodes for four filoviridae proteins
including the GP of ZEBOV, SUDV, MARV and NP of TAFV 126, MVA-EBOV encodes only for the
genetic information of the ZEBOV-GP. One important property of the viral vector MVA is that
it cannot replicate in humans and therefore is a replication-deficient strain 133, In contrast,

VSV is a replication-competent strain, which replicates in human cells to some extent 37,

VSV-EBOV MVA-EBOV

Figure 6: Viral vector vaccines against EBOV. Left: VSV-EBOV (Ervebo®) expressing the EBOV-GP on its surface
instead of the VSV-GP. Right: MVA-EBOV encoding for the EBOV-GP gene. Figure created with
BioRender.com; left side (VSV-EBOV) modified from Poetsch et al., 2019 %

Ervebo® revealed a 100 % protection in macaques and 97,5 % in human ring vaccination
studies during the EVD outbreak in the DRC in 2018 109141142 However, the protection
induced by MVA-EBOV encoding for the ZEBOV-GP has not been determined in humans, since
no clinical trial was conducted to date. Transcriptomic changes including transcripts for innate
and anti-viral immunity as well as B cell activation were observed in VSV-EBOV vaccinated
cynomolgus macaques °3. Moreover, VSV-EBOV vaccinated humans revealed an increased
secretion of IP-10 which was linked to later antibody responses 2. Interestingly,
non-VSV-EBOV vaccinated cynomolgus macaques also showed an increased expression of
IP-10 post EBOV challenge emphasizing the relevance of induced IP-10 signatures °3.
Furthermore, the innate and adaptive immune signature can be modified by non-coding

micro RNAs (miRNA). miRNAs exhibit a negative post-transcriptional regulation of

13
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protein-coding mRNAs via not fully understood mechanisms 143-146_ Changes in the profile of
several miRNAs were observed upon VSV-EBOV vaccination in humans and linked to adaptive
immune responses °1.

Although several vaccines such as VSV-EBOV showed a high efficacy in men and women, there
is an increasing evidence that men and women respond differently to outer stimuli including

viral infections and their therapeutic countermeasure 1477151,

1.4 Sex differences in infectious diseases

The manifestation and magnitude of immune responses to infectious diseases can differ
between men and women. In general, the incidence and severity of infectious diseases are
enhanced in men compared to women including diseases caused by viruses, bacteria, fungi,
and parasites 147152153 Following sections will focus on sex-based differences in the immune
responses to viral infections and vaccinations. Sex-based differences in bacterial, mycotic, and

parasitic infections are summarized elsewhere 152154155,

1.4.1 Sex differences in the immune response

The frequency of immune cells can differ in the peripheral blood between men and women.
While Kverneland et al. reported only tendencies for increased amounts of B- and T cells in
women measured via a standardized flow cytometry protocol ¢, other colleagues described
partly significantly elevated frequencies of immune cells including B cells, T cells, myeloid DCs
(mDCs), and monocytes in women and female non-human primates 71, The immune
response can be shaped and influenced by different aspects like (i) gender and
socio-economic factors including behavior, environment, and constitution of each individual,
(ii) biological factors including epigenetic modifications, imprinting of some genes, and sex
chromosomes as well as (iii) molecular conditions such as microbiota and sex
hormones (figure 7) 147,150,152,159—162_

Gender and socio-economic factors influence infections with pathogens by determining the
individuals, which get into contact with infected reservoirs. Since many index patients of

various EBOV outbreaks were infected in the forest by contaminated bushmeat, these

14
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patients were suggested to be predominantly men who work more often in the forest
compared to women. Moreover, it is postulated that women had a lower case-fatality rate
compared to men, who stay longer in their community after the day of symptom onset 163,
Nevertheless, women are mainly infected during outbreak progression, since they generally
take care of sick people, highlighting the relevance of socio-economic factors during EBOV

outbreaks 164,
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Figure 7: Sex difference in immune responses to external stimuli. Reasons for sex-based differences including
sex chromosomes, sex hormones, microbiota, and socio-economic factors are depicted on the left
side. These differences can result in different magnitudes of immune responses in men and women
after exposure to outer stimuli like viral infections and the administration of vaccines. Above the
diagram different phases of the immune response are depicted. Figure created with BioRender.com;
modified from Klein, S. L., 2012 **7; Markle, J. G. & Fish, E. N., 2014 ®*; Klein, S. L. et al., 2010 1%

Furthermore, sex hormones such as estrogen, progesterone, and testosterone can influence
immune cells 196, These steroid hormones are present in men as well as women at different
levels. While testosterone is defined as “male sex hormone”, estrogen and progesterone are

typically “female sex hormones”. In terms of estrogen its immune-modulatory function is
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mediated by binding estrogen-specific receptors (ESR), which exhibit a transcriptional
activation or repression 9. Genes which carry an ESR responsive-element are directly
regulated by estrogen-ESR complexes, whereas the regulation of other genes is indirectly
modified by the recruitment of other regulatory proteins 1917 Estrogen can shape the
response of several immune cells, since B cells, T cells, macrophages, NK cells, neutrophils,
and DCs express estrogen receptors 9. This can lead to a higher cytokine secretion in women
post infection and vaccination. For instance, IFNa is stronger enhanced in pDCs derived from
women mediated by TLR7 post viral stimulation resulting in elevated immune responses on
the one hand and in a higher risk for immunopathology on the other hand 168-170, Besides
IFNa secretion this included also increased mRNA levels of 13 /FNa subtypes and IFNB 71,
Moreover, higher basal mRNA levels of the IFN regulatory factor 5 (IRF5) correlate with
increased estrogen receptor 1 (ESR1) mRNA levels elucidating enhanced IFNa levels in
women 199, Interestingly, immune cells like monocytes can also be higher activated in men
indicating a testosterone-biased immune response 172, Testosterone treated whole blood
derived from women showed in vitro an increased secretion of IL-12 and IL-13 by monocytes
compared to untreated monocytes 3. In addition, reduced testosterone concentration in
aged mice indicated a poor outcome of influenza A virus infection 174, Therefore, sex
hormones can have manifold effects on the immune response.

Moreover, specific transcription of genes that are located on the sex chromosome X (X-linked)
can lead to sex-based differences in the immune response to external stimuli 7>, Several
immune-related genes are located on the X-chromosome including TLR7/8, cytokine
receptors including the CXC chemokine receptor 3 (CXCR3), and transcriptional factors like
forkhead-box P3 (FOXP3) 160176177 Genes such as TLR7, which can escape from
X-chromosome inactivation (XCl), are elevated in women compared to men resulting in
enhanced IFN type | immune cell response upon TLR7 activation 178180 A higher IFN type |
response leads to a comprehensive activation of the immune system including several
immune cells and an expression of IFN-stimulated genes that delimit viral spreading 8. On
the one hand this canresult in faster clearance of the virus. On the other hand, this might also
lead to enhanced immunopathology in women compared to men. All these different aspects
influence the immunocompetence of men and women resulting in an altered immune

signature also in response to viral infections.
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1.4.2 Sex differences in viral infections

In general, men develop a lower innate and adaptive immune response to viruses, whereas
women have to suffer from enhanced immunopathology effects resulting in a worse outcome
compared to men (figure 7) 7. According to this, a sex-based incidence for influenza A
infection with an increased fatality rate in the female population was described 82, Moreover,
a sex-biased progression to the human immunodeficiency virus (HIV)-mediated acquired
immunodeficiency syndrome (AIDS) was detected. Although women have commonly lower
plasma RNA levels of HIV 183, the progression of AIDS is elevated in women compared to
men 18, |n addition, women also exhibit an increased prevalence for the herpes simplex virus
(HSV) and a higher risk for HSV anterior uveitis 18418 |n contrast to HSV, the HBV serum
prevalence and DNA titer are higher in men than in women 187188 Accordingly, the risk to
develop HBV related hepatocellular carcinoma (HCC) is enhanced in men compared to
women 8, Furthermore, men are more prone to hepatitis C virus (HCV) infections. In
accordance, a higher HCV incidence as well as progression to HCV-related HCC were
determined in men 10,

In addition, emerging viruses indicated a sex-biased incidence and severity of illness related
to socio-economic, gender, and sex related factors. While the severe acute respiratory
syndrome coronavirus 1 (SARS-CoV-1), Middle East respiratory syndrome coronavirus
(MERS-CoV), severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), Nipah virus, and
hantavirus revealed an increased incidence in men, the dengue virus exhibited a higher
incidence and more severe cases in girls and women 164191-199 Seyere disease progression of
COVID-19 occurred predominantly in SARS-CoV-2 infected men 197198200 \Whijle men had an
increased cytokine secretion mediated by innate immune cells and an enhanced activation of
non-classical monocytes, women exhibited an elevated T cell response upon SARS-CoV-2
infection 201, To date, sex-based differences in immune responses to EBOV are not properly
investigated where differences in EBOV infection are mainly related to socio-economic and
gender aspects rather than biological factors 22, Epidemiological studies revealed a tendency
that men are more frequently infected by EBOV than women 293, Finally, all these examples
highlight the complexity of sex-based immune responses to viral infections and lead to the

question whether they should be considered in vaccination.
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1.4.3 Sex differences in vaccination

Sex differences in infections lead to the assumption that vaccines, which are based on
inactivated pathogens, components of the pathogen, or viral vectors, also result in different
protective immune responses in men and women. In the last decade, sex-based differences
in vaccination were described including influenza, measles-mumps-rubella, tetanus, and
diphtheria vaccines 16>204-206 |n general, women develop a stronger immune response to
vaccination than men 148.207.208 They benefit from a higher magnitude of humoral and cellular
immune responses but have to suffer from more adverse reactions than men, explicitly
described for adults and children (figure 7) 148. Moreover, different transcriptomic profiles
were detected post vaccination and were associated with different outcomes in men and
women 165209

Half-dose vaccination against influenza with TIV, licensed in different seasons 2000-2001 and
2004-2005, revealed sufficient immune response with significant higher antibody titers in
women 205210211 |n addition, the live vaccinia virus (VACV) vaccine (Dryvax®) exhibited a
sex-biased immune response post vaccination in humans. Besides higher neutralizing titers in
women 212, different cellular immune responses between men and women were detected.
While men had significantly higher antigen-specific total IFNy ELISPOT responses and IL-13
secretion, women showed enhanced antigen-specific IL-2 and IL-10 secretion upon Dryvax®
vaccination 213, Moreover, a meta-analysis of a next generation replication-deficient smallpox
vaccine based on MVA (MVA-BN: Imvamune®) showed higher specific antibody titer in men
compared to women 214, Also, the live attenuated yellow fever vaccine 17D (YF-17D) caused
more adverse reactions in women 2>, Furthermore, transcriptome analysis indicated that
innate immune responses including TLR-signaling are elevated in women post YF-17D 165,
However, no clear sex-based differences in the antibody titer were determined 216-213, While
in a double-blind clinical trial of the WHO-17D and Brazilian 17DD substrain against YF no
sex-biased immune responses were observed 2/, increased antibody titers were detected in
men in a double-blind clinical trial of YF-17D manufactured in the USA and United
Kingdom 26, To date, sex-based differences in the immune response to viral vector vaccines
are not well understood. No sex-based differences in the immune signature to VSV-EBOV or

MVA-EBOV were observed until now 220221, Hence, further investigations are needed to
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address sex-based differences in vaccination, reduce side effects in women and improve

immune responses in men.

1.5 Aim of this study

Viral vectors can serve as excellent vaccine platforms to expeditiously develop and implement
vaccines in response to EID outbreaks such as EBOV. In 2019, Ervebo® was the first licensed
viral vector vaccine, which is based on the VSV platform (VSV-EBOV) 127:129.130 | gddition, the
MVA platform was utilized to develop a vaccine against EBOV (MVA-EBOV). Most insights for
vaccine-induced immune responses are linked to the induction of pathogen-specific
antibodies and their neutralizing capacity.

Exact mechanisms of innate immune signatures by viral vector vaccines remain inadequately
understood. Therefore, the overarching hypothesis of this study was that VSV-EBOV and
MVA-EBOV induce distinct innate immune signatures which are influenced by the viral vector

and sex of each individual.

This hypothesis was investigated in two specific aims:
1. To decipher immune signatures induced by viral vector vaccines against EBOV.

For this aim in vitro stimulation models of hPBMCs using VSV-EBOV and MVA-EBOV were
implemented to investigate innate immune signatures longitudinally. System biology
approaches such as analyses of cytokine profiles, activation of innate immune cells, and
transcriptomic changes provided necessary information to dissect viral vector

vaccine-induced immune signatures.

2. To analyze vector- and sex-specific differences in the innate immune response to

VSV-EBOV and MVA-EBOV.

The understanding of vector-specific responses would elucidate the impact of viral vectors to
immune signatures, while the identification of sex-based differences is necessary to reduce

adverse reactions in women and increase immunity in men. This could lead to optimized
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vaccine dosage and individualized immunization approaches, which ensure a maximal

immune protection of both sexes.
In conclusion, insight into induced immune responses by VSV-EBOV and MVA-EBOV may help

to accelerate and facilitate further developments and implementations also for future vaccine

or immunotherapies based on VSV and MVA.
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2.

2.1

Materials

Consumable materials

All plastic consumable materials, which were used for methods described in section 3, were

purchased at Bio-Rad Laboratories GmbH, eBioscience Inc., Eppendorf AG, Merck KGaA,

Sarstedt AG & Co. KG, STEMCELL Technologies Inc., and Sigma-Aldrich Chemie GmbH.

2.2

Table 2:

Study cohort

Blood donors for in vitro stimulations of hPBMCs using rMVA

Sex Subject ID# Age

12 27

14 30

15 41

17 29

Female 28 33

31 35

32 26

167 42

256 28

260 29

8 28

27 28

166 30

Male

226 28

250 27

262 32
Female Range (median) 26-42 (30)
Male Range (median) 27-32 (28)
All donors Range (median) 26-42 (29)
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Table 3:

Blood donors for in vitro stimulations of hPBMCs using VSV-EBOV

Sex Subject ID# Age

14 28

17 29

28 33

29 38

Female 31 35

34 28

109 38

167 42

209 27

260 29

8 28

27 28

30 28

32 43

33 34

Male 117 39

164 33

228 32

262 32

268 27
Female Range (median) 27-42 (31)
Male Range (median) 27-43 (32)
All donors Range (median) 27-43 (32)

22



Materials

Table 4:  Blood donors for in vitro stimulations of hPBMCs using MVA-EBOV

Sex Subject ID# Age

14 28

28 33

31 35

Female 36 27

109 38

209 27

269 25

27 28

33 34

37 28

38 62

Male 43 31

164 33

228 32

262 32

270 29
Female Range (median) 27-38 (28)
Male Range (median) 28-62 (32)
All donors Range (median) 27-62 (32)

Table 5: Blood donors used for analysis of transcriptomic changes upon stimulation. Transcriptomic changes

were analyzed using the nanoString® technology (section 3.9) and RNA-Seq after VSV-EBOV in vitro

stimulations.
Sex Subject ID# Age
14 28
29 38
Female
209 27
260 29
117 39
164 33
Male
228 32
262 32
Female Range (median) 27-38(29)
Male Range (median) 32-39 (33)
All donors Range (median) 27-39 (32)
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Table 6:

were analyzed via RNA-Seq (section 3.9) after MVA-EBOV in vitro stimulations.

Blood donors used for analysis of transcriptomic changes upon stimulation. Transcriptomic changes

Sex Subject ID# Age
14 28
36 27
Female
109 38
209 27
33 34
164 33
Male
228 32
262 32
Female Range (median) 27-38 (28)
Male Range (median) 32-34 (33)
All donors Range (median) 27-38 (32)

2.3 Eukaryotic cell lines
Table 7:  Eukaryotic cell lines for in vitro stimulation models of eukaryotic cells
Cell line | Origin - organism Tissue Cell type Company Catalog #
Afri k ATCC®
Verogl | .ricanereenmonkey . cc®, ATCC® CCL-
cells (Cercopithecus Kidney Epithelial cells | Manassas, 31"
aethiops) USA
THp-1  |Human Peripheral |\ ocytes | DSMZ ACC16
(Homo sapiens) blood
2.4 Chemicals, media, and buffer
Table 8: Chemicals
Name Additional information | Catalog# |Company
10x TBE-buffer Agarose gel _ 574795 Slgma_—AIdrlch Chemie GmbH,
electrophoresis Taufkirchen, Germany
Agarose gel ThermoFisher Scientific Inc.,
DNA | 10416014
>0 bp adder electrophoresis 04160 Waltham, USA
Acarose Agarose gel A9539- Sigma-Aldrich Chemie GmbH,
. electrophoresis 250G Taufkirchen, Germany
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Materials

With 0.75% ethanol;

Fisher Scientific GmbH,

Chlorof 7386
orotorm for RNA isolation Schwerte, Germany
Used with cell counter Bio-Rad Laboratories GmbH
C ti hamb 145-0011 !
SIS EEEr T20 Feldkrichen, Germany
. Sigma-Aldrich Chemie GmbH,
Crystal violet Plaque assay C6158 Taufkirchen, Germany
ThermoFisher Scientific Inc.,
DAPI Immunofluorescence D1036 Waltham, USA
. Merck Millipore KGaA,
dd H20 Milli-g Darmstadt, Germany
DEPC-treated H,0 | RNA elution T1432 | C@rl Roth GmbH + Co.KG,
Karlsruhe, Germany
In combination with
DMSO cell media for 34869 S|gma.—AIdr|ch Chemie GmbH,
long term storage of Taufkirchen, Germany
cells (10 %)
. ThermoFisher Scientific Inc.,
dNTPs cDNA synthesis 18427-013 Waltham, USA
0.1 M supplied with ThermoFisher Scientific Inc.,
DTT 1 44
SuperScript™ 80800 Waltham, USA
0.5 M, pH 8.0, RNase- ThermoFisher Scientific Inc.,
EDTA free AM92606G Waltham, USA
Ethanol Surface disinfection 29805000 Th Ggyer GmbH & Co. KG,
(70 %) Renningen, Germany
Ethanol RNA isolation 64-17.5 | Merck KGaA, Darmstadt,
Germany
Ethidium bromide Agarose gel ' 100027642 ThermoFisher Scientific Inc.,
electrophoresis Waltham, USA
Fetal calf serum Merck KGaA, Darmstadt
? 1 D 7 ?
FCS inactivation at 56°C 0817 Germany
Glvcine Immunofluorescence 50046- Sigma-Aldrich Chemie GmbH,
¥ 250g Taufkirchen, Germany
Coprecipitant during ThermoFisher Scientific Inc.,
GlycolBlue™ AM951
ycolBiue RNA isolation 9515 Waltham, USA
\ Buffer for density . . .
Hank's balanced ) Sigma-Aldrich Chemie GmbH,
i gradient H6648 )
salt solution . . . Taufkirchen, Germany
centrifugation (Ficoll)
Medium for density
gradient . . .
Sigma-Aldrich Chemie GmbH,
Histopaque®-1077 | centrifugation (Ficoll), | H8889 - . I !
. Taufkirchen, Germany
with
Pen/Strep (1 %)
Irmtra.cellular Eﬁg:ﬁ;;d fixation 00-8222-49 eBioscience Inc., San Diego,
fixation buffer USA
cytometry
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Materials

Sigma-Aldrich Chemie GmbH,

Isopropanol RNA isolation 348638.5L Taufkirchen, Germany
Medium for density
™ gradient STEMCELL Technologies Inc.,
Lymphoprep centrifugation 07811 Grenoble, France
(SepMate™)
ThermoFisher Scientific Inc.
R i DNA hesi 1 !
andom primer c synthesis S$13309 Waltham, USA
. ThermoFisher Scientific Inc.,
RNase OUT Reverse transcription 10777019 Waltham, USA
inactivation of cell Ecolab Deutschland GmbH
™ 1 ’
=2 O [0 culture waste (4 %) 3030910 Monheim am Rhein, Germany
TBE Agarose gel ' 574795 S|gma.—AIdr|ch Chemie GmbH,
electrophoresis Taufkirchen, Germany
TriReagent® RNA isolation 93289 S|gma.-AIdr|ch sy
Taufkirchen, Germany
. T9284- Sigma-Aldrich Chemie GmbH
Triton X-100 I fl ’
riton mmunotitorescence 100ml Taufkirchen, Germany
Trizol RNA storage + isolation | 93289 Slgma.-AIdnch Chemie GmbH,
Taufkirchen, Germany
. Sigma-Aldrich Chemie GmbH,
Trypan blue Cell counting T8154 Taufkirchen, Germany
Ultra pure™ ThermoFisher Scientific Inc.
DNase-, RNase-f 10977-035 ’
destilled water EEE WINERERIES Waltham, USA
UltraComp Compensation flow 4287713 eBioscience Inc., San Diego,
eBeads™ cytometry USA
Live dead staining in
fl t try, . .
Zombie NIR™ Sl 423106 | Biolegend Inc., San Diego, USA

APC-Cy7 channel,
dilution: 1:500
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Table 9: Media and buffer
Name Aditional information | Catalog# |Company
Solution for plaque
assay
containing 5 ml
10x MEM,
2. i
1% '93 ml sodium
methylcellulose ez,
soluti‘(’)n 1.25 ml Hepes (1 M),
15.82 ml distilled
water, and
25 ml sterile
methylcellulose (2 % in
distilled water)
PBS with 4 % PFA (flow
Fixation buffer cytometry staining) or
2 % (Plaque assay)
. Sigma-Aldrich Chemie GmbH,
Hepes 1 Min water 83264 e
Cell culture medium
for hPBMCs,
hPBMCs medium | RPMI-1640 with
L-glutamine (1 %)
Pen/Strep (1 %)
Si -Aldrich Chemie GmbH
L-Glutamine Cell culture G7513 IZERALEL AN e i sin
Taufkirchen, Germany
MEM-eagle Medium M2279 Slgma'—AIdrlch Chemie GmbH,
Taufkirchen, Germany
Plaque assay MO0512- Sigma-Aldrich Chemie GmbH
Methylcellul ’ ’
ethylcetitiose autoclaved prior usage | 100G Taufkirchen, Germany
Flow cytometry Sigma-Aldrich Chemie GmbH,
Paraformaldehyde staining (4 %) P6148 Taufkirchen, Germany
PBS Phgsphate buffered S0615 Merck KGaA, Darmstadt,
saline Germany
Penicillin (Pen), . . .
Strentomvcin Cell culture P433- Sigma-Aldrich Chemie GmbH,
promy 100ML Taufkirchen, Germany
(Strep)
. R8758- Sigma-Aldrich Chemie GmbH,
AL Sl el 500ML Taufkirchen, Germany
Sodium Sigma-Aldrich Chemie GmbH,
bicarbonat Plaque assay 56014 Taufkirchen, Germany
Si -Aldrich Chemie GmbH
Staining medium | PBS + 2 % FCS D8862 L

Taufkirchen, Germany
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Vero81 medium

Cell culture medium
for Vero81 cells, MEM-
earl with

Pen/Strep (1 %)
Glutamine (1 %)

2.5

Laboratory equipment

Table 10: Laboratory equipment

Name

Additional information

Company

BD LSRFortessa™

Flow cytometry

Becton Dickinson GmbH,
Heidelberg, Germany

Centrifuge

5810R
X3R

Eppendorf AG, Hamburg,
Germany

ThermoFisher Scientific Inc.,
Waltham, USA

ChemiDoc Touch
Imaging System

Agarose gel documentation

Bio-Rad Laboratories GmbH,
Feldkrichen, Germany

Counting slide

Used with TC20 cell counter

Bio-Rad Laboratories GmbH,
Feldkrichen, Germany

New Brunswick Scientific,

Freezer U101 Inova, -80°C Eppendorf AG, Hamburg,
Germany
Liebherr-International

Fridge 4°C, -20°C Deutschland GmbH, Biberach

an der Rif3, Germany

Gel chamber and comb

Agarose gel electrophoresis

Bio-Rad Laboratories GmbH,
Feldkrichen, Germany

Heating plate

IKAMAG?® RCT, Fisher Scientific
GmbH, Schwerte, Germany

Incubator

Model CB, cell culture: 37°C;
5% CO;

Fa. BINDER GmbH, Tuttlingen,
Germany

Laminar flow cabinet

Maxisafe 2020
KS12 hera safe

ThermoFisher Scientific Inc.,
Waltham, USA

Light microscope

Inverted microscope, cell
culture

KERN & SOHN GmbH, Balingen,
Germany

Lightcycler 96

gPCR cyler

Eppendorf AG, Hamburg,
Germany

Liquid nitrogen tank

MVE HEco 800-190,
Long term storage of hPBMCs

and eucaryotic cell lines
(-190°C)

MVE Biological Solutions,
Georgia, USA
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Locker for hazardous
substances

With ventilation

asecos GmbH, Griindau,
Germany

Mastercycler

Vapo.protect; PCR cycler

Eppendorf AG, Hamburg,
Germany

Microwave

Sharp Electronics GmbH,
Hamburg, Germany

Milli-Q purification
system

Distilled water

Merck Millipore KGaA,
Darmstadt, Germany

Nanodrop

Measurement of DNA and RNA
concentration

DeNovix Inc., Wilmington, USA

nCounter® SPRINT
Profiler

Expression analysis

NanoString Technologies® Inc.,
Seattle, USA

Confocal laser scanning

Olympus Europa SE & Co. KG,

Olympus IX-81 microscope Hamburg, Germany
. . Integra Biosciences GmbH,
Hlgeilooy Hlgsiloey 2 Biebertal, Germany
Pipett 2 ul Gilson Inc., Middleton, USA
E f AG, H
Pipetts 10, 100, 200, 1000 pl SDCEIT 8, kTl T,

Germany

RNA/DNA bench

UVC/T-M-AR

Grant-bio, Fisher Scientific
GmbH, Schwerte, Germany

Shaker

Eppendorf AG, Hamburg,
Germany

Stratacooler

Slow freezing of hPBMCs
and eucaryotic cell lines

Agilent Technologies Inc., Santa
Clara, USA

Table centrifuge

200 pl, 1.5 ml, and 2 ml tubes

Biozym Scientific GmbH,
Hessisch Oldendorf, Germany

TC20™ automatic cell
counter

Cell counting of hPBMCs,
Vero81, and THP-1

Bio-Rad Laboratories GmbH,
Feldkrichen, Germany

Thermomix

ThermoMixer® Comfort

Eppendorf AG, Hamburg,
Germany

UV-light irradiation

Visualization of agarose gel
electrophoresis

Bio-Rad Laboratories GmbH,
Feldkrichen, Germany

Vortexer

Vortexe-Genie 2

Scientific Industries Inc.,
Bohemia, USA

Water bath

37°C/56°C

GFL GmbH, Burgwedel,
Germany
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2.6 DNA oligonucleotides

Table 11: DNA oligonucleotides

Primer Direction | Sequenz (5'-3") Addltlonél
information
s Forward | CTGGAACGGTGAAGGTGACA e e
Reverse |AAGGGACTTCCTGTAACAATGCA gene
Forward | GTTTCACCACCACCAGGAGC Obtained from
CLEC5A Cheng, Y. etal.,
Reverse |GGCATTCTTCTCACAGATCC 2016 22
GAPDH Forward |GTCGGTGTGAACGGATTTGG Housekeeping
Reverse |TTCCCATTCTCGGCCTTGAC gene
MBS Forward | GGCAATGCGGCTGCAA Housekeeping
Reverse | GGGTACCCACGCGAATCAC gene
or Forward | TGACACTGGCAAAACAATGCA T et
Reverse |GGTCCTTTTCACCAGCAAGCT gene
Forward | TGAAATTATTCCTGCAAGCCAATT Provided by HPI,
IP-10 Hamburg (Virus
Reverse |CAGACATCTCTTCTCACCCTTCTTT Immunology,
Marcus Altfeld)
Detection of
Forward | GGTAGAGTTTTATAACGAAGTAGCCAGTT MVA-EBOV or
MVA-UDG rMVA—stlmuIated
cells obtained
Reverse |CTCGTTTATTTCTAAGCGGTTGTTT from Chahroudi, A.
et al., 2006 223
Forward |GAC CTT GTATCCTTG AAA GCC ]
R CAT TTG TGT TCT GCC CAC TC Detection of VSV-
VSV-NP CVerse EBOV-stimulated
FAM-TGCT TCC AGA ACC AGC GCA GAT GAC
Probe cells
AAA-BBQ
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2.7 Kits
Table 12: Kits
Name Additional information Catalog # Company
- One-step qPCR (viral load of Applied Biosystem,
AgPath-ID RNA virus) AM1005 Waltham, USA
Human immunology , ) XT-CSO- nanoStrlng
anel v2 Expression analysis HIM2-12 Technologies® Inc.,
P Seattle, USA
) , Roche Molecular
KAPA RNA HyperPrep | Library preparation for KK8541 e
kit RNA-Seq .
Swiss
Customized panel
. analytes: IL-1, IL-2, IL-4, IL-6, BioLegend Inc., San
LEGENDplex IL-8, IL-10, IL-12, IP-10, IFNa, Diego, USA
IFNy, MCP-1, MIG, and TNFa
Pre-defined anti-virus
response panel
analytes: IL-1B, IL-6, IL-8, BioLegend Inc., San
LEGENDplex™ 740390
_— IL-10, IL-12p70, IP-10, TNFa, Diego, USA
IFNAL, IFNA2/3, IFNa2, IFNB,
IFNy, and GM-CSF
) ) New England Biolabs
NEBN Itrall RNA |L f
. eXF Ultra ibrary preparation for E7770L GmbH, Frankfurt am
library kit RNA-Seq .
Main, Germany
iagen N.V., Venlo,
QiAamp® DNA Mini kit | DNA isolation 51304 Qiag
Netherlands
One-step qPCR (viral load of
T ® . - .
SenS|M|x. SYBR DNA virus) QT650-05 Merld!an.Blos§|ence
No-ROX kit two-step qPCR (gene Inc., Cincinnati, USA
expression)
SP reagent kit NovaSeq 6000 reagent kit 20040326 Ml gl

Germany
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2.8 Enzymes

Table 13: Enzymes

Name Additional information Catalog # Company
ThermoFisher
DNase | Degrades DNA 18068-015 Scientific Inc.,
Waltham, USA
Biozym Scientific
E/Ieii H5 Taq Master | pp 331126 GmbH, Hessisch
Oldendorf, Germany
New England Biolabs
RNase H Degrades RNA M0297S GmbH, Frankfurt am
Main, Germany
ThermoFisher
SuperScript™ Il cDNA Synthesis 18080044 Scientific Inc.,
Waltham, USA
Sigma-Aldrich
Trypsin-EDTA 1M +0.02 % EDTA T3924 ISR,

Taufkirchen,

Germany
29 Antibodies
Table 14: Fluorochrome-conjugated antibodies used for section 4.1.2 and 6
Epitope Fluorochrome Dilution Clone Company
) BioLegend Inc.,
CD1c FITC 1:50 L161 San Diego, USA
CcD3 APC-Cy7 1:100 SK7 Biolegend Inc.,
y ' San Diego, USA
Becton
Dickinson
CD11b BUV395 1:100 D12 GmbH,
Heidelberg,
Germany
BioLegend Inc.,
CD11 APC 1:100 S-HCL-3
¢ San Diego, USA
CD14 BV711 1:33.3 M5E2 SRS Iy,
B San Diego, USA
CD16 BV510 1:33.3 3G8 BioLegend Inc.,
T San Diego, USA
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CD19

APC-Cy7

1:100

SJ25C1

BioLegend Inc.,
San Diego, USA

CD40

PE

1:100

5C3

BioLegend Inc.,
San Diego, USA

CD83

Bv421

1:100

HB15e

BioLegend Inc.,
San Diego, USA

CD86

PE-CF5948

1:50

1T2.2

BioLegend Inc.,
San Diego, USA

CD141

PE-Cy7

1:33.3

M80

BioLegend Inc.,
San Diego, USA

CD303

PerCP-Cy5.5

1:33.3

201A

BioLegend Inc.,
San Diego, USA

HLA-DR

BV785

1:33.3

L243

BioLegend Inc.,
San Diego, USA

Anti EBOV-GP

FITC

1:100

Kindly provided
by the Bernhard
Nocht Institute
(Virus
Immunology,
César Mufioz-
Fontela)

Table 15: Fluorochrome-conjugated antibodies used for section 6.1.5

Epitope

Fluorochrome

Dilution

Clone

Company

CD3

BUV395

1:50

SK7

Becton
Dickinson
GmbH,
Heidelberg,
Germany

CD11c

APC

1:100

S-HCL-3

BioLegend Inc.,
San Diego, USA

CD14

BV711

1:33.3

M5E2

BioLegend Inc.,
San Diego, USA

CD16

BV510

1:33.3

3G8

BioLegend Inc.,
San Diego, USA

CD19

PerCP-Cy5.5

1:50

HIB19

BioLegend Inc.,
San Diego, USA

CD56

Pacific Blue

1:50

HCD56

BioLegend Inc.,
San Diego, USA

HLA-DR

BV785

1:33.3

L243

BioLegend Inc.,
San Diego, USA
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2.10 \Viruses

Table 16: Viruses

Name Properties Additional information
Kindly provided by the Ludwig Maximilian
Recombinant MVA encodes University of Munich (Virology, Gerd
rMVA for GEP and mCherr Sutter), generated by homologous
y recombination of MVA, promoter for GFP:
Pvgf, promoter for mCherry: P11 224-226
Recombinant MVA encodes Kindly provided by the Ludwig Maximilian
MVA-EBOV . . . .
for EBOV-GP University of Munich (Virology, Gerd Sutter)
VSV-EBOV | Recombinant VSV encodes The licensed VSV-EBOV vaccine (Ervebo®)
(Ervebo®) for EBOV-GP was passaged by the infection of BHK cells
2.11 Software and database

Table 17: Software and database

Name

Additional information

Company

BD FACSDiva™

v8.0.1

Becton Dickinson GmbH,
Heidelberg, Germany

©bioRender, Toronto,

BioRender BioRender.com
Canada
BioVenn Https://www.biovenn.nl/ven | Hulsen, T., de Vlieg, J. &
ndiagram.tk/create.php Alkema, W., 2008 2?7
Flowlo V10 Flowlo LLC, Becton Dickinson
GmbH, Heidelberg, Germany
EV10-ASW v4.2, for confocal laser Olympus Europa SE & Co.

scanning microscope XI-81

KG, Hamburg, Germany

GraphPad Software,

software

GraphPad Prism v7 +v8 Californian, USA
Image) with Fiji plugin NIH, Maryland, USA
LEGENDplex data analysis VT 4 V8 VigeneTech Inc.,

Massachusetts, USA

Mendeley

Citation of references

Elsevier B.V., Amsterdam,
Netherlands

Microsoft Office

Word, Excel, Power Point

Microsoft Corporation,
Washington, USA

nCounter® advanced
analysis software v2.0.115

with R3.3.2 and Xquartz

NanoString Technologies®
Inc., Seattle, USA
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nSolver™

v4

NanoString Technologies®
Inc., Seattle, USA

PubMed

Https://pubmed.ncbi.nlm.ni
h.gov/

National Center for
Biotechnology Information

Webgestalt

http://webgestalt.org/

WEB-based GEne SeT
Analysis Toolkit by Zhang et
al., 2005; Wang et al., 2013;
Wang et al., 2017; Liao et al.,
2019 228-231
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3. Methods

3.1 Cell culture

To investigate the immune response to viral vector vaccines upon in vitro stimulation of
eukaryotic cells, primary human peripheral blood mononuclear cells (hPBMCs), the
eukaryotic cell line THP-1 derived from peripheral blood of an acute monocytic leukemia
patient, and Vero81 cells derived from Cercopithecus aethiops kidney (verda reno; green
kidney) were used. hPBMCs were freshly isolated from whole blood donations of different
healthy individuals (section 3.2). The monocyte cell line THP-1 was obtained from DSMZ and

the epithelial cell line Vero81 was purchased from ATCC®.

3.1.1 Maintenance

Cell culture experiments were performed under sterile conditions in a biosafety two
laboratory. To this end, cells were cultured in a humidified growth chamber at 37°Cand 5 %
CO,. Long term storage conditions included -190°C, cell type specific media and 10 % dimethyl
sulfoxide (DMSO). For cultivation, adherent Vero81 cells were detached with
trypsin-ethylenediaminetetraacetic (EDTA, 0.02 %) after reaching a confluence higher than
80 %. Prior to detaching, media were decanted and cells were washed with phosphate
buffered saline (PBS). Afterwards, the cells were incubated 3 min with trypsin at 37°C. The
trypsin reaction was stopped by adding fresh media including MEM-earl with 5 % fetal calf

serum (FCS), 1 % penicillin, and streptomycin (pen/strep) as well as 1 % L-glutamine.

3.1.2 Counting

To calculate the amount of hPBMCs, THP-1 cells, and Vero81 cells, an automated cell counter
TC20™ by Bio-Rad Laboratories GmbH was used. To this end, 10 ul of a Trypan Blue and cell
suspension mixture (1:1) were measured. While hPBMCs range in size between 6-17 nm,

THP-1 cells and Vero81 cells were analyzed in a range of 11-21 nm.
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3.2 Blood samples

Blood donations from participants of the Hamburg healthy cohort were approved by the
ethics committee of the Medical Association Hamburg (PV4780) and conducted at the
University of Hamburg Eppendorf, Germany, and its associated institutes (Bernhard-Nocht
institute for Tropical Medicine and Heinrich Pette Institute for Experimental Virology,
Hamburg, Germany). The study group included only individuals who were able to consent to
all necessary terms and did not have an anemia or positive serology for HCV, HIV, or HBV.
Comprehensive tables of all anonymized individuals are shown in table 2-6. The collection of

whole blood samples was done by trained staff using 9 ml EDTA-tubes.

3.3 Isolation of hPBMCs density gradient centrifugation

To isolate hPBMCs from whole blood samples of healthy individuals (section 3.2) a gradient
density centrifugation was performed. An in-house gradient density centrifugation protocol
called Ficoll (section 3.3.1) and a modified protocol by STEMCELL Technologies Inc. called
SepMate™ (section 3.3.2) were utilized. In both protocols all reagents were heated up to 37°C

prior to hPBMCs isolation. All centrifugation steps were performed at room temperature (RT).

3.31 Using Ficoll

The in-house Ficoll protocol was performed with a Histopaque®-1077 density gradient
medium by Sigma-Aldrich Chemie GmbH. A maximum of 27 ml whole blood was transferred
to one 50 ml tube and centrifuged for 10 min at 200 x g. Afterwards, the upper 8 ml of each
tube were transferred into a new tube and handled like described in section 3.3.3 to collect
plasma. Remaining blood was filled up to 30 ml with Hanks balanced salt solution (Hanks) and
layered on top of 14 ml Histopaque®-1077. Following centrifugation with no breaks
(accelerate: 1; break: 0) and 500x g for 30 min, the hPBMC layer was harvested and
transferred into a new 50 ml tube. Enriched hPBMCs were washed twice with 40 ml Hanks
and a centrifugation at 600 x g for 10 min with breaks on (accelerate: 9; break: 9). Afterwards,

the hPBMCs were resuspended in cell media and counted (section 3.1.2). Cells were either
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directly used for in vitro stimulation assays (section 3.5) or frozen at -190°C for long-term

storage (section 3.1.1).

3.3.2 Using SepMate™

For hPBMCs separation 50 ml SepMate™ tubes with 15 ml Lymphoprep™ density gradient
medium by STEMCELL Technologies Inc. were used. Whole blood samples were diluted 1:1 in
PBS containing 2 % FCS and pipetted on top of the Lymphoprep™. The centrifugation was
performed with 1200 x g for 10 min at RT and breaks on (accelerate: 9; break: 9). Following
centrifugation, the first 8 ml of each tube were added to a new tube and handled like
described in section 3.3.3 to collect plasma. Enriched hPBMCs were pipetted into a new tube,
washed two times with 40 ml PBS containing 2 % FCS and centrifugated at 500 x g for
8 min in. Upon washing, hPBMCs were counted (section 3.1.2) in cell media and used for

in vitro stimulation assays (section 3.5) or stored for long term at -190°C (section 3.1.1).

3.3.3 Plasma separation

In order to collect cell-free plasma from whole blood samples, the liquid phase collected
during the hPBMCs separation in section 3.3.1 and 3.3.2 was centrifuged at 1000 x g for

15 min at RT. After centrifugation, plasma samples were aliquoted and stored at -80°C.

3.4 Plaque assay

Plaque assays were performed to determine the infectivity of viruses. The viral vector vaccine
VSV-EBOV (Ervebo®) was passaged by the infection of baby hamster kidney cells (BHK).
Multiplied 2" line VSV-EBOV were used in plaque assays. One day prior to the infection, 6-:10°
Vero81 cells were seeded per well of a six well cell culture plate and incubated overnight at
37°Cand 5 % CO; to obtain a confluent monolayer. Next day, the media were removed and
Vero81 cells were infected with 1 ml of a 10-fold serial dilution of VSV-EBOV (10-3-10°). After
1hat37°Cand5 % CO;, 2 ml of a 2 % methylcellulose solution were added to each well. After
24 h incubation at 37°C and 5 % CO,, cells were fixed with 2 % paraformaldehyde (PFA) for

15 min.
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For visualization, plaques were stained with 1 ml crystal violet for 10 min at RT. Afterwards,
crystal violet was decanted and removed by several washing steps with distilled water. The
virus titer was described as plaque forming unit per ml (PFU/ml) and calculated with the

formula [1].

PFU _ (X plaques -dilution factor a) + (X plaques -dilution factorb)
- mlvirus soultion
well

[1]
ml -number of wells counted

Y. Plaques = sum of counted plaques of one dilution in x wells
number of wells counted= all counted wells for all dilutions

ml virus soultion=1 ml were used for viral infection

3.5 In vitro stimulation assay

To reveal induced immune signatures by viral vector vaccines, in vitro stimulation assays were
performed. To this end, hPBMCs were stimulated in vitro using two different viral vector
vaccines MVA-EBOV and VSV-EBOV. Besides these viral vector vaccines, a recombinant MVA
(rMVA) strain, which encodes for GFP and mCherry, was used to establish the in vitro
stimulation protocol and related methods (section 6.1).

To perform in vitro stimulation assays, freshly isolated hPBMCs were used (section 3.3.2).
Since serum can contain sex hormones like estrogens, the whole in vitro stimulation assay
was performed in RPMI-1640 (containing L-glutamine) without any sera. After isolation,
hPBMCs were rested at 10-10° cells/ml in 50 ml tubes for 1 h at 37°Cand 5 % CO,. Upon 1 h
resting, hPBMCs were stimulated with a multiplicity of infection (MOI) of 1 using rMVA,
MVA-EBOV or VSV-EBOV respectively, and incubated for 1 h (mixed every 15 min). To
calculate the amount of viral stock, which is necessary to stimulate a specific cell count with

a MOl of 1, the formula in [2] was used.

[2]  volume virus stock [pl] = ——nceded |PFU,poqeq = MOI - cell count
PFUyirys stock /M
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Upon 1 h of stimulation, hPBMCs were centrifuged at 600 x g for 5 min at RT. Afterwards, the
supernatant was decanted and hPBMCs were resuspended in 2-10° cells/ml of fresh
RPMI-1640. Afterwards, hPBMCs were incubated at 37°C, 5 % CO,up to 47 h.

Besides cell-culture supernatants, cells for isolation of nucleic acids (section 3.6, 3.7) and cells
for cell stainings were collected at different time points. For each condition stimulated and
unstimulated controls were analyzed. Cell-culture supernatants and samples for RNA or DNA
isolation were harvested immediately after hPBMCs isolation and 1 h, 3 h, and 6 h upon
stimulation. To this end, stimulated and their unstimulated counterparts were centrifuged for
3 min at 6,000 xg and 4°C. While supernatants were stored at -20°C for further analysis
(section 3.12.1), cell-pellets were washed once with PBS and stored dry at -20°C in terms of
DNA or at -80°C resuspend in TRl Reagent® Sigma-Aldrich Chemie GmbH in terms of
RNA-isolation. Furthermore, hPBMCs were harvested immediately after isolation as well as
6 h, 12 h, and 24 h upon stimulation to analyze the expression of surface markers. Both,
stimulated and unstimulated samples were stained (section 3.12) with the antibody panel of
choice immediately after harvesting (section 2.9, table 14-15). Additionally, cell-culture

supernatants from 12 h and 24 h were collected and stored at -20°C for further analysis.

3.6 DNA isolation

To analyze the viral load of DNA viruses like rMVA and MVA-EBOV, whole DNA was isolated
from in vitro stimulated hPBMCs. One DNA isolation-mixture consisted of 10° cells in 200 pl
PBS, 20 ul proteinase K, and 200 ul AL lysis buffer. DNA was extracted by the usage of the
QiAamp® DNA Mini Kit by Qiagen and corresponding spin protocol for blood and body fluids

by the manufacturer.

3.7 RNA isolation

After in vitro stimulation of hPBMCs, the total RNA was isolated by phenol-chloroform-
extraction and an in-house protocol. One RNA isolation-mixture consisted of 5-10° cells, 1 ml
TRI Reagent® (Sigma-Aldrich Chemie GmbH), and 200 ul chloroform. The RNA isolation-

mixture was inverted for 30 s and incubated on ice for 5 min. After a centrifugation at
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12000 x g for 15 min, the upper aqueous phase was harvested and mixed with 500 pl
isopropanol as well as 1 ul of a co-precipitant GlycolBlue™ (ThermoFisher Scientific Inc.). This
solution was incubated at RT for 10 min following a second centrifugation at 12000 x g for
5 min at 4°C. Next, supernatant was decanted and total RNA was washed twice with 75 %
ethanol (diluted in ultra pure™ distilled water). Subsequent to the last centrifugation step,
RNA pellet was air dried for 10 min at RT, resuspended in 30 pl diethyl pyrocarbonate (DEPC)
treated water and incubated for 10 min on ice. Upon determination of RNA concentration

with a Nanodrop, RNA was aliquoted and stored at -80°C.

3.8 Polymerase Chain Reaction (PCR)

The amplification of DNA or RNA by a polymerase chain reaction (PCR) can be used to
determine the viral load of stimulated hPBMCs and/or the expression level of a gene of
interest. Different PCR methods were performed after DNA or RNA isolation (section 3.6, 3.7).

All forward and reverse primers, which were used for PCR, are shown in table 11 section 2.6.

3.8.1 Gradient PCR

Prior to gene expression analysis or viral load determination, a gradient PCR was performed
to optimize the annealing temperature of each primer pair. One 20 ul PCR reaction consisted
of 10 ul Red HS Tag Master Mix (Biozym Scientific GmbH), 0.8 pl forward and reverse primer
(400 nM), 2 ul cDNA (section 3.8.4) and 6.4 ul nuclease free water. A gradient PCR was
performed with 12 consistent temperature steps between 55-65°C and the underneath

depicted PCR program (table 18).

Table 18: Gradient PCR program

Cycles Temperature Duration Notes
1x 95°C 1-2 min Initial denaturation
95°C 15s Denaturation
40x 55-65°C 15s Annealing
72°C 60 s Extension
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Agarose Gel Electrophoresis

For the visualization of all PCR-amplificons upon gradient PCR an agarose gel electrophoresis
was used. One agarose gel consisted of 3 g agarose (2 % (w/v)), 145 ml nuclease free, distilled
water, and 5 ml 10x TBE-buffer. The gel solution was heated up until a homogenous solution
has formed. Afterwards, 7.5 pl ethidium bromide (10 mg/ml) were added to the gel solution
and cooled down in a gel chamber with a comb. 10 pl of PCR product were added to each
camber of the comb. The ladder consisted of 4 ul nuclease free, distilled water, 1 pul 6x TriTrak
DNA Loading Dye, and 1 pl GeneRuler 50 bp DNA ladder (0.5 pg/ul, ThermoFisher Scientific
Inc.). An agarose gel electrophoresis run was performed in 0.5 % TBE buffer and 85V for
90 min. Finally, DNA bands were visualized by UV light irradiation and evaluated with the

software Imagel.

3.8.2 Quantitative PCR

To analyze the viral load a quantitative PCR (qPCR) was used with a one-step protocol. First,
total RNA or DNA were isolated from in vitro stimulated hPBMCs and their unstimulated
counterparts (section 3.5). The gPCR was performed with at least duplicates of each sample.

After gPCR, the viral load was calculated as described in section 3.8.3.

One-step qPCR

The viral load of rIMVA and MVA-EBOV were determined by the usage of the SensiMix™ SYBR®
No-ROX kit by Meridian Bioscience Incorporated. One 25 pl one-step qPCR reaction consisted
of 12.5 ul SensiMix™ SYBR® No-ROX, 0.625 pl forward and reverse primer for an MVA-specific
uracil-DNA-glycosylase (UDG) (10 uM), 9.25 ul DEPC treated water and 2 ul DNA (60 ng,

diluted in DEPC treated water). The one-step qPCR program is depicted below in table 19.
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Table 19: gPCR program: viral load of DNA viruses and gene expression

Cycles Temperature Duration Notes
1x 95°C 10 min Polymerase activation
95°C 15s Denaturation
40x 58°C 15s Annealing
72°C 15s Extension

To investigate the viral load of VSV-EBOV the AgPath-ID™ one-step RT-PCR by ThermoFisher
Scientific Inc. and VSV nucleoprotein (NP)-specific primer were used. One 12.5 pl one-step
gPCR reaction consisted of 6.25 pul 2x RT-PCR Buffer (ThermoFisher Scientific Inc.), 0.5 pl 25x
RT-PCR Enzyme MIX, 0.75 ul forward and reverse primer (10 uM), 0.25 ul probe (0.2 uM), and
4 ul RNA (50 ng, diluted in DEPC treated water). The one-step qPCR program is depicted

underneath in table 20.

Table 20: One-step qPCR program: viral load of RNA viruses

Cycles Temperature Duration Notes
. 50°C 15 min Preincubation
X
95°C 10 min Polymerase activation
95°C 10s Denaturation
45x ;
60°C 40s Annealing

3.8.3 Quantification of gPCR results

In order to define the viral load of in vitro stimulated hPBMCs, qPCR results were absolutely
quantified by a standard curve method. Each qPCR run included 6-8 standard curve samples
of a 10-fold serial dilution. DNA/RNA with known concentrations of the viral stock solution,
which were also used for the in vitro stimulation assays, were utilized in duplicates. The mean
of each dilution replicate was visualized in a Ct-dilution plot (Ct: cycle threshold). Only

standard curves with R>>0,99 were used for quantification.
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The general formula of a straight line [3] in standard curve methods can be applied to a
Ct-dilution plot [4]. To quantify the unknown amount of viral nucleic acids in samples of

interest, the transformed formula in [5] were used.

B] fx)=m-x+b

[4] Ct value = m - amount,ycieic acia + b

Ctvalue-b

(5] amountyycieic acid = m

By using the calculated DNA/RNA amount in each sample [5], the copy number of the specific
virus (rMVA/MVA-EBOV or VSV-EBOV) can be determined [6] 2327234,

amountyycieic acida - (avogadro constant)

[6] copy number = ; —
lenght - (1-10°) - average molecular weight nucleic acid

avogadro constant = 6,022 - 10?3
average molecular weight dsDNA = 660
average molecular weight sSRNA = 340
lenght of amplificate (MVA-UDG) = 54
lenght of amplificate (VSV-NP) =131

3.8.4 Reverse transcription (RT-PCR)

To investigate the expression level of a gene of interest a reverse transcription is mandatory
to generate complementary DNA (cDNA), which can be analyzed in a semi-quantitative PCR
(semi-gPCR) (section 3.8.5). To this end, the SuperScript™ Ill reverse transcriptase by
ThermoFisher Scientific Inc. was used. Prior to amplification 500 ng of RNA were mixed with
1 ul random primer (6 uM) as well as 1 pl dNTPs (10 mM) and filled up to 13 pl with DEPC
treated water. Following 5 min at 65°Cand 1 minonice, 5 ul first strand buffer (ThermoFisher
Scientific Inc.), 1 pl dithiothreitol (DTT), 1 ul RNase out (ThermoFisher Scientific Inc.) as well

as 1 pl SuperScript™ Il (200 units/ul) were added. Afterwards, the cDNA synthesis was
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performed at 25°C for 5 min, following 50°C for 50 min and a final incubation at 70°C for
15 min. To remove the initial RNA, all samples were incubated at 37°C for 20 min with

RNase H.

3.8.5 Semi-quantitative PCR (semi-qPCR)

To analyze the expression of genes of interest a semi-gPCR was used with a two-step protocol.
First, total RNA was isolated from in vitro stimulated hPBMCs and their unstimulated
counterparts (section 3.5). Afterwards, a RT-PCR was performed to generate cDNA
(section 3.8.4). The semi-qPCR was performed with at least duplicates of each sample. After

semi-gPCR the gene expression was calculated as described in section 3.8.6.

Two-step semi-qPCR

Upon cDNA synthesis (section 3.8.4), the expression of a gene of interest was investigated by
a two-step semi-qPCR. To this end, the SensiMix™ SYBR® No-ROX kit by Meridian Bioscience
Inc. and specific primers (table 11 section 2.6) were used. A semi-qPCR reaction consisted of
12.5 pl SensiMix™ SYBR® No-ROX, 0.625 ul forward and reverse primer (10 uM), 2 pl cDNA
(section 3.8.4), and 9.25 ul nuclease free water. The semi-qPCR program is depicted above in

table 19.

3.8.6 Quantification of semi-qPCR results

To determine the relative expression of a gene of interest, the AACt method (2-22%t) was used.
First, the mean of all duplicates including housekeeping genes (in this case HPRT, cf.
section 6.2) and genes of interest were calculated. Second, the mean Ct value of the gene of
interest from one sample was subtracted by the mean Ct value of HPRT from the same sample
leading to ACt [7]. To normalize all expression values to the unstimulated 0 h control, the
mean of all ACt values of unstimulated 0 h control was calculated and subtracted from ACt
resulting in AACt [8]. Afterwards, the AACt were used to calculate the relative mRNA

expression of a gene of interest [9].
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[7] mean Cttarget gene — mean Ctreference gene — ACt
[8] ACt—mean ACty,stimuiatedon = AACt

[9] relative mRNA expression = 2744Ct

To calculate the fold change of a gene of interest, the relative mRNA expression [9] of

stimulated samples can be divided by unstimulated samples of the same time point [10].

relative mRNA expression of gene Xstimuiated sample

[10]

reletive mRNA expression of gene Xynstimulated sample

3.9 NanoString®

Transcriptome changes upon in vitro stimulation were analyzed using a human immunology
panel v2 (XT-CSO-HIM2-12) by nanoString®. This enzyme-free gene expression analysis is
based on the hybridization of target RNA and the target-specific capture probe as well as
reporter probe, which carry a target-specific color-coded barcode. The molecular counting of
each color-coded barcode allows a simultaneous multiplex measurement for all targets. The
human immunology panel v2 includes 594 immune related genes and 15 reference genes. All
included genes, their annotation and pathway affinity can be found on the nanoString®

homepage (https://www.nanostring.com).

For transcriptome analyses of VSV-EBOV, stimulated hPBMCs derived from 8 donors (4 men
and 4 women; section 2.2, table 5) of three time points were used. To this end, unstimulated
hPBMCs after hPBMCs separation (0 h) and 1 and 6 h after stimulation were analyzed. 75 ng
RNA were used and handled according to the manufacturer recommendations (nanoString®
expression-panel manual, 2020). All samples were analyzed at the UKE with a nCounter®
SPRINT Profiler by nanoString®. The performance quality check, normalization, evaluation,
and visualization of the results were done with the nSolver™ Software v4, the nCounter®
advanced analysis software v2.0.115 with R3.3.2 and XQuartz as well as GraphPad Prism v7
and v8. Only runs and samples with no serious performance or quality warnings were included

in further analysis and normalized to 15 reference genes. Further information of the nSolver™
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Software v4 and related tools can be found on the nanoString® website

(www.nanostring.com).

3.10 RNA-Sequencing

To investigate transcriptomic changes after in vitro stimulations comprehensively, a
sequencing of total RNA (RNA-Seq) was performed at the Quantitative Biology Center (QBiC)
and c.ATG in cooperation with the NGS Competence Center Tibingen (NCCT)
(section 3.5 +3.7). The library preparation for all VSV-EBOV—stimulated samples was
conducted with the NEBNext Ultra Il RNA library kit by New England Biolabs®. For all
MVA-EBOV—stimulated samples the KAPA RNA HyperPrep kit by Roche was used. The
RNA-Seq was based on the Illumina technology and performed with the lllumina
NovaSeq6000 including a depth of more than 21 million clusters in mean and more than
60,000 genes. Besides 6 h in vitro stimulated hPBMCs, unstimulated hPBMCs (0 h and 6 h)
were also analyzed. All in DEPC treated water diluted RNA samples were stored and shipped
at -80°C. VSV-EBOV- and MVA-EBOV-stimulated hPBMCs derived from 8 donors (4 men and
4 women; section 2.2, table 5-6) of three time points were investigated via RNA-Seq. To this
end, unstimulated hPBMCs after hPBMCs separation (0 h), post 6 h in vitro cultivation, and

6 h after stimulation were analyzed.

3.11 Immunofluorescence

For immunofluorescence studies, stimulated and unstimulated counterparts were stained in
imaging dishes by IBIDI®. For the immunofluorescence staining of adherent Vero81 cells the
cells were seeded first in imaging dishes and finally stimulated after 12 h. In contrast, hPBMCs
were seeded in imaging dishes after an in vitro stimulation. Upon stimulation the cells were
fixed with 200 ul 4 % PFA for 15 min at RT, following three times washing with PBS. To
permeabilize Vero81 cells and hPBMCs, Triton X-100 (0.1 % in PBS) was used. After an
incubation at RT for 5 min, cells were washed three times with PBS. Following an incubation
with 200 ul glycine (0.1 M in PBS) at RT for 15 min, cells were washed two times with PBS and
blocked by 200 ul FCS (1.5 % in PBS) for 15 min at RT. Afterwards, the blocking solution was
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removed and 200 pl DAPI (1:1,000 in PBS) was added for 2 h at RT. Following three times
washing with PBS for 5 min, 1 ml PBS was added to each imaging dish. Stained cells were
analyzed immediately after staining with a confocal laser scanning microscope XI-81 by

Olympus.

3.12 Flow cytometry

Flow cytometry stainings and analyses of hPBMCs were performed to analyze the expression
of selected surface markers on several immune cell subsets. Besides the detection of the cell
size and granularity via forward- and sideward-scatters, the method also allows the
determination of surface markers by fluorochrome-conjugated antibodies.

Prior to staining of surface markers from hPBMCs, cells were washed twice with
staining-buffer consisting of PBS, 1 % FCS, and 1 mM EDTA. Afterwards, hPBMCs were stained
in 96-well plates with 100 pl staining buffer and different panels related to the objective of
choice. All used antibodies are shown in section 2.9, table 14-15. Following an incubation at
37°Cfor 15 min, the cells were washed three times with staining buffer and incubated at 37°C
for 15 min with 4 % PFA. After three washing steps with staining buffer cells were
resuspended in 100 pul and stored in the dark at 4°C until measurement. All samples of one
experiment were analyzed on the same day with a BD LSRFortessa™ and a FACSDiva software
version 8.0.1. The results were evaluated with the software FlowJo v10 and visualized with

GraphPad Prism v8.

3.12.1 Bead-based immunoassay

For the investigation of secreted cytokines by immune cells after an in vitro stimulation the
supernatants of stimulated and unstimulated hPBMCs were analyzed by a bead-based
immunoassay. Here, a pre-defined human anti-virus response LEGENDplex™ panel by
BioLegend with the analytes: IL-1B, IL-6, IL-8, IL-10, IL-12p70, IP-10, TNFa, IFNAL, IFNA2/3,
IFNa2, IFNB, IFNy, and GM-CSF or a customized panel with the analytes: IL-1B, IL-2, IL-4, IL-6,
IL-8, IL-10, IL-12, IP-10, IFNa, IFNy, MCP-1, MIG, and TNFa was used. The analysis of all

supernatants was performed according to the manufacturer (LEGENDplex™ Multi-Analyte
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Flow Assay Kit Manual, 2020). All samples were recorded on the same day of assay
implementation with a BD LSRFortessa™ and a FACSDiva software version 8.0.1. The results
were evaluated with LEGENDplex Data Analysis software by VigeneTech Inc. and visualized

with GraphPad Prism v7 and v8.

3.13 Statistical analysis

For statistical tests of a given hypothesis, the software GraphPad Prism v7 and v8 were used.
Prior to analysis, every data set was tested for Gaussian distribution. A D’Agostino-Pearson
omnibus test in case of eight or more values and a Shapiro-Wil test in case of three to seven
values was performed. Since all data sets were nonparametric, the depicted figures in
section 4 and section 6 represent the median of the specific data set. Furthermore, only the
t-test-based, unpaired, nonparametric Mann-Whitney test was utilized to proof a given
hypothesis for significance. The p-values are indicated as follows: p <0.05 *; p <0.01 **;
p <0.001 ***; p £0.0001 ****,

To identify differentially expressed gens (DEG) in nanoString® and RNA-Seq analysis different
cutoffs were used. Since the nanoString® immunology panel contains only 594 genes, a cutoff
with a log2fold change <-1 or 2 1 and a p-value < 0.001 was used. To reduce noise of slightly
up- or downregulated genes in RNA-Seq analysis, a log2fold change <-1.5 or 21.5 and a
p-value < 0.01 were chosen. The analysis of RNA-Seq raw fastqg-files was performed by
Michael Spohn from the University Medical Center Hamburg-Eppendorf, Bioinformatics Core,

Hamburg, Germany. To this end, he calculated the log2 fold changes.
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4, Results

In vitro stimulations of freshly isolated hPBMCs using VSV-EBOV and MVA-EBOV were
implemented and analyzed longitudinally to elucidate induced immune signatures by both
viral vector vaccines (figure 8). Using these in vitro stimulation assays, a comprehensive
revelation of immune responses including cytokine secretion, activation of innate immune
cells, and transcriptomic changes were investigated (figure 8). Furthermore, differences in
the immune signature due to the different vectors VSV or MVA as well as sex-based
differences to viral vector vaccines were evaluated.

Infectious 2" line VSV-EBOV (cf. section 6.1.1, S.1) of the licensed Ervebo® as well as a not
licensed MVA-EBOV were used for in vitro stimulations of hPBMCs. All in vitro stimulations of
freshly isolated hPBMCs derived from healthy donors (cf.section2.2, table 2—6 and
section 3.3) were performed in RPMI-1640 medium (no further supplements;
cf. section 6.1.2, S.2-3) and at a multiplicity of infection (MOI) of 1 (cf. section 6.1.3, S.4).
Effective in vitro stimulations of Vero81 cells and hPBMCs were confirmed by flow cytometry,
immunofluorescence, and semi-gPCR (cf. section 6.1.4-6.1.6, S.5-8). In addition, information
of established analytic methods including qPCR and flow cytometry to monitor induced

immune responses by VSV-EBOV and MVA-EBOV are summarized in section 6.2 (cf. S.9-10).
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Figure 8: Experimental setup for immune monitoring upon stimulation. Freshly isolated hPBMCs were
stimulated using VSV-EBOV or MVA-EBOV, respectively. To this end, whole hPBMCs derived from 20
different donors were in vitro stimulated with VSV-EBOV (section 2.2, table 3) and 16 with MVA-EBOV
(section 2.2, table 4) (MOI 1). Induced immune responses were investigated via several methods
including gPCR, bead-based immunoassays, immunofluorescence (IF), and flow cytometry to monitor
the immune signature over time (section 3.8-3.12). Samples were collected longitudinally at different
time points as indicated in the following sections. Figure created with BioRender.com; VSV-EBOV
modified from Poetsch et al., 2019

4.1 Induced immune signature by VSV-EBOV and MVA-EBOV

Since innate immune cells can initiate and shape adaptive immune responses to infection as
well as vaccination 2357241, very early immune responses upon stimulation were the center of
investigation. Moreover, a trained innate immunity of monocytes and antigen presentation
via DCs represents important mechanisms in vaccine-induced immunity >>°%242, Therefore,
the in vitro induced cytokine profile of hPBMCs by the viral vector vaccine VSV-EBOV was
investigated via bead-based immunoassays (section 4.1.1). Moreover, the activation status of
monocytes and DCs was assessed via flow cytometry upon in vitro stimulations using

VSV-EBOV and MVA-EBQV, respectively (section 4.1.2).

4.1.1 Cytokine profile upon stimulation

One of the first responses to external stimuli like the administration of vaccines is the release
of cytokines, which can lead to immune cell activation and migration to the entry site 92243244,
The secretion of IL-1B, IL-2, IL-4, IL-6, IL-8, IL-10, IL-12, interferon gamma-induced protein 10

(IP-10), interferon alpha (IFNa), IFNy, monocyte chemoattractant protein 1 (MCP-1), tumor
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necrosis factor alpha (TNFa) as well as CXC-ligand 9 (CXCL9) were analyzed based on their
antiviral function and capacity to modulate the immune response upon
stimulation 47:92,251,141,243,245-250  To this end, a customized bead-based immunoassay by
BioLegend (LEGENDplex™, section 3.12.1) was utilized to investigate in vitro stimulated
hPBMCs using VSV-EBOV.

While the secretion of IL-2, IL-4, IL-6, IL-12, IFNa, and IFNy was low or not detectable over
time (data not shown), IL-1B, IL-8, IL-10, IP-10, MCP-1, TNFa, and CXCL9 revealed a higher
dynamic over time (figure 9). In general, the secretion of cytokines peaked at later time points
between 12 h and 24 h post-stimulation (figure 9). Whereas for the majority of analyzed
cytokines VSV-EBOV-stimulated samples showed a low induction compared to unstimulated
samples, IP-10 was significantly induced 24 h after stimulation. While the secretion of IP-10
increased from 11.6 pg/ml to 24.0 pg/ml in median (N=20) for stimulated hPBMCs,
corresponding unstimulated samples revealed 2.1 pg/ml in median after 12 h of stimulation
and 10.7 pg/ml 24 h post-stimulation. Additionally, 24 h post-stimulation MCP-1 (p=0.08)
showed the highest secretion in median (N=20) with 18.3 pg/ml compared to unstimulated

samples with 13.6 pg/ml.
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Figure 9: Cytokine secretion of stimulated hPBMCs using VSV-EBOV. Freshly isolated hPBMCs were in vitro
stimulated with a MOI of 1. The cytokine profile was analyzed via a customized LEGENDplex™ by
BioLegend (section 3.12.1) including the analytes: IL-1B, IL-8, IL-10, IP-10, MCP-1, TNF-a, and CXCL9,
data not shown for: IL-2, IL-4, IL-6, IL-12, IFNa, and IFNy. Each graph represents the cytokine secretion
[pg/ml] of 2-:108 hPBMCs over time in unstimulated (black) and stimulated (blue) samples. Each dot
indicates a different donor (N=20), the top of each bar represents the median, and black error bars
the 95 % confidence interval (Cl) of the median. For significance determination the t-test based
unpaired, nonparametric Mann-Whitney test was performed. The p-values are indicated as follows:
p <0.05 * and p £0.01 **; p-value for MCP-1 0.08 after 24 h, for TNF-a 0.08 after 1 h.

In contrast, IL-1B, IL-8, and TNFa exhibited in median the highest induction compared to
unstimulated samples already after 12 h, whereas stimulated to unstimulated amounts were
0 pg/mlto 5.6 pg/ml, 61.2 pg/ml to 120.0 pg/ml, and 1.0 pg/ml to 2.6 pg/mlin median (N=20),
respectively. IL-10 and CXCL9 showed only a minor induction for nine or six different donors,
respectively, whereas the other donors exhibited no induction. Six cytokines out of 13
analytes were chosen for an overall analysis based on their high dynamic over time. In median
the total cytokine response including IL-1B, IL-8, IL-10, IP-10, MCP-1, and TNFa increased from
149.6 pg/ml to 302.4 pg/ml, highlighting an overall cytokine induction of 102.1 % (figure 10).
While the amount of MCP-1, IL-8, and IP-10 was twice as high after 24 h compared to 12 h,
TNFa revealed an induction of 58.1 % and IL-10 of 4.5 %. In contrast, the secretion of IL-13
was 66.1 % lower after 24 h compared to 12 h. Both time points revealed comparable
composition of cytokines where IL-8, IP-10, and MCP-1 were the most prominent cytokines
(figure 11). However, the proportion of IL-1B and IL-10 peaked 12 h upon stimulation and

decreased to later time points. Finally, a VSV-EBOV in vitro stimulation of hPBMCs showed a
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distinct cytokine signature where 24 h showed twice as high cytokine amounts compared to

12 h.
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Figure 10: Cytokine profile of stimulated hPBMCs using VSV-EBOV. Freshly isolated hPBMCs were in vitro
stimulated with a MOI of 1 following cytokine measurements via a customized LEGENDplex™ by
BioLegend (section 3.12.1). This bead-based immunoassay included the analytes: IL-1B, IL-8, IL-10,
IP-10, MCP-1, TNFa, data not shown for: IL-2, IL-4, IL-6, IL-12, IFNa, IFNy, and CXCL9. Each bar
represents the cytokine secretion [pg/ml] in median (N=20) per 2:10® hPBMCs including IL-1B (red),
IL-8 (orange), IL-10 (green), IP-10 (blue), MCP-1 (purple), and TNFa (grey) O h, 12 h or 24 h
post-stimulation.

VSV-EBOV 12 h VSV-EBOV 24 h IL-1B8
IL-8
IL-10
IP-10
MCP-1

TNFa

Total cytokine response: Total cytokine response:
149.6 [pg/ml] 302.4 [pg/ml]

Figure legend is depicted on page 56.
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Figure 11: Total cytokine profile of stimulated hPBMCs using VSV-EBOV. Freshly isolated hPBMCs were in vitro
stimulated with a MOI of 1, following cytokine measurements via a customized LEGENDplex™ by
BioLegend (section 3.12.1). This bead-based immunoassay included the analytes: IL-1B, IL-8, IL-10,
IP-10, MCP-1, TNFa, data not shown for: IL-2, IL-4, IL-6, IL-12, IFNa, IFNy, and CXCL9. Each pie chart
represents the cytokine secretion [pg/ml] per 2-10° hPBMCs in median (N=20). The cytokines
IL-1PB (red), IL-8 (orange), IL-10 (green), IP-10 (blue), MCP-1 (purple), and TNFa (grey) are shown post
12 h or 24 h VSV-EBOV stimulation. Under each pie chart the whole cytokine secretion [pg/ml] for all
depicted cytokines per 2:10° hPBMCs is shown.

4.1.2 Activation of DC & monocyte subsets

Besides the amount of secreted cytokines, the activation of immune cell subsets represents
an indication for induced immune responses upon stimulation. Innate immune cells such as
monocytes and DCs initiate the first responses against infections where DCs also represent
an interface between innate and adaptive immunity. To this end, these immune cells were
analyzed upon in vitro stimulation of hPBMCs with VSV-EBOV or MVA-EBOV, respectively.
After separation hPBMCs were harvested at different time points (O h, 6 h, 12 h, and 24 h
post-stimulation) and stained with fluorochrome-conjugated antibodies (section 3.5 & 3.12).
To investigate the activation status of different DC and monocyte subsets the expression of
CD40, CD83, and CD86 were analyzed by flow cytometry. For this approach hPBMCs derived
from 20 different donors for VSV-EBOV and 16 different donors for MVA-EBOV in vitro
stimulations (section 2.2, table 3-4) were investigated. All single, live CD3-CD19-, HLADR* cells
were analyzed based on their expression of CD11b (figure 12A). While DC subsets including
pDCs, CD16" DCs, CD141* DCs, and CD1c*CD11c* DCs exhibit no expression of CD11b
(figure 12B), monocyte cell subsets including classical (CD14*CD167), intermediate
(CD14*CD16*), and non-classical (CD149™mCD16*) monocytes are CD11b* (figure 12C). The
expression of activation markers on these immune cell subsets were analyzed in stimulated
and unstimulated samples (figure 12D). The function of each surface marker and the rationale

for investigation are summarized in table 21.
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Figure 12: Gating strategy to investigate innate immune cells. In order to investigate the expression of the
activation markers CD40, CD83, and CD86 on monocyte and DC subsets the cells were stained with
fluorochrome-conjugated antibodies (section 3.12) and analyzed using the LSRFortessa™ by BD. (A)
All single, live & Dump-, HLADR* cells were analyzed in FlowJo based on their expression of CD11b. (B)
DC subsets (CD11b’) were divided in pDCs (CD303*CD11c*), CD1c CD16* DCs, CD1c CD141* DCs, and
CD1c*CD11c* DCs. (C) Monocyte subsets (CD11b*) were distinguished based on their expression of
CD14 and CD16, where CD14*CD16 are classical monocytes, CD14*CD16* are intermediate
monocytes, and CD149™CD16* are non-classical monocytes. (D) All DC and monocyte subsets were
analyzed based on their expression of CD40, CD83, and CD86.
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Table 21: Function and rationale for used cell surface markers

Epitope | General function Rationale
Identificati f diff t DC
CD1c Antigen presentation entification ot dirreren
subsets
CD3 TCR-component, activation of T cells Exclude T cells
. i Differentiate between monocyte
CD11b |Cell adhesion, phagocytosis 2nd DC subsets
Identificati f diff t DC
CD11c Cell adhesion, chemotaxis entirication ot ditteren
subsets
CD14 Receptor function, bind LPS
- - Monocyte cell subsets
D16 Fc receptor, phagocytosis, antibody-
dependent cellular cytotoxicity
BCR co- ivati liferati
D19 C co rc'ece.ptor, activation, proliferation, Exclude B cells
differentiation of B cells
CD40 Receptor for CD40L, cell activation
CDS3 Fxpressed by actl\{ated cel!s, can have an Activation marker
immune suppressive function
CDS6 Expressed on antigen presenting cells (APCs)
costimulatory signal for T cell activation
CD141 | Thrombomodulin cofactor for thrombin Identification of CD141* DCs
CD303 | C-type lectin with several functions Identification of pDCs
HLA-DR | MHC-Il receptor, antigen presentation Focus on antigen-presenting cells

Activation of monocyte cell subsets upon VSV-EBOV and MVA-EBOV stimulation

Upon VSV-EBOV in vitro stimulations of hPBMCs no statistically significant differences

compared to unstimulated counterparts were detected. However, non-classical monocytes

exhibited a tendency for an increased expression of CD83 and CD86 (figure 13A—C) compared

to unstimulated counterparts. The expression of CD83 peaked 12 h after stimulation where

the median MFI was 2.6 times higher upon stimulation compared to unstimulated samples.

In addition, the CD86 expression on non-classical monocytes showed the highest difference
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between stimulated and unstimulated samples with a fold change of 1.32 12h
post-stimulation. Intermediate monocytes showed 1.21 times higher median CD83 MFI upon
12 h VSV-EBOV stimulation. Moreover, CD86 expression on intermediate monocytes
exhibited a fold change of 1.15 compared to unstimulated counterparts 24 h
post-stimulation.

While no tendency for an altered expression of CD40 on monocyte cell subsets was detected
post VSV-EBOV stimulation, all monocyte cell subsets had an elevated expression 24 h after
MVA-EBOV stimulations (figure 14A). Compared to unstimulated samples the median
CD40 MFI increased slightly for classical monocytes with a fold change of 1.05, for
intermediate monocytes 1.12, and for non-classical monocytes 1.15 post MVA-EBOV
stimulation. In addition, the expression of CD83 on classical and intermediate monocytes
peaked 12 h or 24 h, respectively, upon MVA-EBOV stimulation (figure 14B). In contrast to
VSV-EBOV, MVA-EBOV stimulation resulted in significant altered expressions of CD83 and
CD86 (figure 14B, C). Here, the median MFI expression of CD83 was 1.2 and 3.0 times higher
upon stimulation for classical and intermediate monocytes, respectively, post 24 h
stimulation (figure 14B). Moreover, MVA-EBOV stimulation also led to a significantly
decreased expression of CD86 on classical, intermediate, and non-classical monocyte cell
subsets over time compared to unstimulated counterparts (figure 14C). All monocyte cell
subsets showed the highest significant decrease with a 0.2 to 0.3 fold change 12 h post
MVA-EBOV stimulation.

Finally, this approach revealed differences in the activation of monocyte cell subsets upon
in vitro stimulation of hPBMCs using VSV-EBOV and MVA-EBOV, respectively. While upon
VSV-EBOV stimulation mainly intermediate and non-classical monocytes showed a tendency
for an enhanced activation based on their expression of CD83 and CD86, MVA-EBOV
stimulation led primarily to a higher expression of CD40. Here, only MVA-EBQOV resulted in a
significant upregulation of CD83 on intermediate monocytes and downregulation of CD86 on

all monocyte cell subsets.
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Figure legend is depicted on page 62.
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Figure 13: Expression of activation markers on monocytes upon VSV-EBOV stimulation. The expression of
A) CD40, B) CD83, and C) CD86 on classical (CD14*CD16, dots), intermediate (CD14*CD16*, triangle),
and non-classical monocytes (CD149™CD16*, square) were analyzed via flow cytometry (section 3.12,
antibodies table 14) upon in vitro stimulation of whole hPBMCs using VSV-EBOV (MOI 1). All samples
were gated as described in figure 12. Besides unstimulated (grey) also stimulated samples (blue) were
investigated based on the MFI of all three activation marker. The maximum of each bar represents
the median including error bars indicating the 95 % Cl. No statistically significant differences in the
expression of CD40, CD83, and CD86 were detected using the t-test based unpaired, nonparametric
Mann-Whitney test. The p-values are indicated as follows: p<0.05*; p<0.01 **; p<0.001 ***;
p <0.0001 **** Analyzed samples N=20 (section 2.2, table 3).
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Figure 14: Expression of activation markers on monocytes upon MVA-EBOV stimulation. The expression of

A) CD40, B) CD83, and C) CD86 on classical (CD14*CD16, dots), intermediate (CD14*CD16*, triangle),
and non-classical monocytes (CD149™CD16*, square) were analyzed via flow cytometry (section 3.12,
antibodies table 14) upon in vitro stimulation of whole hPBMCs using MVA-EBOV (MOI 1). All samples
were gated as described in figure 12. Besides unstimulated (grey) also stimulated samples (orange)
were investigated based on the MFI of all three activation marker. The maximum of each bar
represents the median including error bars indicating the 95 % Cl. For significance determination the
t-test based unpaired, nonparametric Mann-Whitney test was performed. The p-values are indicated
as follows: p<0.05%*, p<0.01** p<0.001***5 p<0.0001**** Analyzed samples N=16
(section 2.2, table 4).

Activation of pDCs and CD1c¢*CD11c* DCs upon VSV-EBOV or MVA-EBOV stimulation

DCs are one of the first immune cells to come in contact with a viral infection or

administration of vaccines and are important in the communication of innate and adaptive

immunity 44748,
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Different DC subsets exhibited a distinct expression profile of the activation marker CD40,
CD83, and CD86. In accordance with the monocyte cell subset findings, a VSV-EBOV in vitro
stimulation revealed no statistically significant modification in the expression of these
activation markers on pDCs and CD1c*CD11c* DCs. After an in vitro stimulation, CD1c*CD11c*
DCs exhibited a higher dynamic of CD40, CD83, and CD86 on its surface compared to pDCs
(cf. section 6.3 S.11A,B). Moreover, CD1c*CD11c* showed a slightly increased expression of
CD86 compared to unstimulated samples peaking at 12 h post-stimulation. Here, the median
MFI was 1.1 times higher post-stimulation (figure 15).

While pDCs and CD1c*CD11c* DCs had a significantly reduced expression of CD86 post
MVA-EBOV stimulations, CD40 and CD83 exhibited no statistically changes over time
(cf. section 6.3 S.12A,B). CD86 on pDCs showed a significantly decreased expression 24 h
post-stimulation with a fold change of 0.6. In contrast, CD1c*CD11c* DCs revealed a decreased

expression compared to unstimulated counterparts for all time points (figure 16).
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Figure 15: Expression of CD86 on pDCs and CD1c*CD11c* DCs upon VSV-EBOV stimulation. The expression of
CD86 was analyzed via flow cytometry (section 3.12, antibodies table 14) upon in vitro stimulation of
whole hPBMCs using VSV-EBOV (MOI 1). All samples were gated like described in figure 12. Besides
stimulated (blue) also unstimulated samples (grey) were investigated based on the MFI of CD86. Dots
indicate pDCs and triangle CD1c*CD11c* DCs. The maximum of each bar represents the median
including error bars indicating the 95 % CI. No statistically significant differences in the expression of
CD40, CD83, and CD86 were detected using the t-test based unpaired, nonparametric Mann-Whitney
test. The p-values are indicated as follows: p<0.05 *; p<0.01 **;, p<0.001 ***;, p<0.0001 ****,
Analyzed samples N=20 (section 2.2, table 3).

65



Results

*kk

*k%k

*%

40000+ Mock control
® pDCs
E 30000- . A cpic'cpblic’DCs
'g' .
‘o N * VSV-EBOV stimulation
& 20000+ " :
=1 X ® pDCs
ﬁ ‘ + +
@ * i . A cDic'cbhi1ic DCs
Q 100004 a : AT.
(& ] de
: % EF:
v - g
L XX ;l TS LEE 4
T T T T T 11 T T 1 T 1T 171
0 61224 0 61224 0 61224 0 6 1224

time post stimulation [h]

Figure 16: Expression of CD86 on pDCs and CD1c*CD11c* DCs upon MVA-EBOV stimulation. The expression of
CD86 was analyzed via flow cytometry (section 3.12, antibodies table 14) upon in vitro stimulation of
whole hPBMCs using MVA-EBOV (MOI 1). All samples were gated like described in figure 12. Besides
stimulated (blue) also unstimulated samples (orange) were investigated based on the MFI of CD86.
Dots indicate pDCs and triangle CD1c*CD11c* DCs. The maximum of each bar represents the median
including error bars indicating the 95 % ClI. For significance determination the t-test based unpaired,
nonparametric Mann-Whitney test was performed. The p-values are indicated as follows: p < 0.05 *;
p<0.01**;, p<0.001 ***; p <0.0001 ****, Analyzed samples N=16 (section 2.2, table 4).

Activation of CD141* and CD16* DCs upon VSV-EBOV or MVA-EBOV stimulation

CD1c DC subsets revealed mandatory functions in the response to viruses due to their ability
to cross-present antigens for CTL differentiation/activation 22, These CD1c DCs including
CD16* and CD141* DCs exhibited only tendencies for an altered expression of CD40, CD83,
and CD86 upon VSV-EBOV stimulation (cf.section 6.3, S.13A,B). Specifically, CD141* DCs
showed an elevated expression of CD86 24 h post-stimulation (median MFI 6807 vs. 8235)
(figure 17). While upon VSV-EBOV stimulation mainly CD86 showed an enhanced expression,
an MVA-EBOV stimulation resulted in an elevated expression of CD40 on CD141* DCs 24 h
post-stimulation (cf. section 6.3, S.14). Here, the median MFI exhibited a fold change of 1.45

post-stimulation. Moreover, CD83 and CD86 showed significantly altered expression upon
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stimulation using MVA-EBOV (figure 18). The CD83 expression was significantly decreased on

CD141* DCs with a fold change of 0.5 and 0.2 12 h and 24 h post MVA-EBOV in vitro

stimulation (figure 18A), whereas CD86 was significantly reduced on CD16* DCs with a fold

change of 0.8 6 h after stimulation (figure 18B).
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Figure 17: Expression of CD86 on CD16* and CD141* DCs upon VSV-EBOV stimulation. The expression of CD86
was analyzed by flow cytometry (section 3.12, antibodies table 14) upon in vitro stimulation of whole
hPBMCs using VSV-EBOV (MOI 1). All samples were gated as described in figure 12. Besides stimulated
(blue) also unstimulated samples (grey) were investigated based on the MFI of CD86. Dots indicate
CD16* and triangle CD141* DCs. The maximum of each bar represents the median including error bars
indicating the 95 % CI. No statistically significant differences in the expression of CD86 was detected
using the t-test based unpaired, nonparametric Mann-Whitney test. The p-values are indicated as
follows: p<0.05* p<0.01** p<0.001***; p<0.0001 **** N=20
(section 2.2, table 3).

Analyzed samples
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Expression of CD83 and CD86 on CD16* and CD141* DCs upon MVA-EBOV stimulation. The
expression of A) CD83 and B) CD86 were analyzed by flow cytometry (section 3.12, antibodies
table 14) upon invitro stimulation of whole hPBMCs using MVA-EBOV (MOI 1). All samples were gated
as described in figure 12. Besides stimulated (orange) also unstimulated samples (grey) were
investigated based on the MFI of CD83 and CD86. Dots indicate CD16* and triangle CD141* DCs. The
maximum of each bar represents the median including error bars indicating the 95 % CI. For
significance determination the t-test based unpaired, nonparametric Mann-Whitney test was
performed. The p-values are indicated as follows: p<0.05%*, p<0.01** p<0.001***;
p <0.0001 **** Analyzed samples N=16 (section 2.2, table 4).
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In brief, an in vitro stimulation of hPBMCs using VSV-EBOV mainly revealed tendencies for an
enhanced expression of CD86 on CD1c*CD11c* and CD141* DCs. In contrast, an MVA-EBOV
stimulation led to a higher expression of CD40 on CD141*. Furthermore, only MVA-EBOV
stimulations revealed significant reductions of mainly CD86 expressions on monocyte cell
subsets as well as DC subsets compared to unstimulated samples. Therefore, VSV-EBOV and
MVA-EBOV may induce different immune responses upon stimulation. Whether these

differences are also determined by an altered transcriptomic profile needs to be investigated.

4.2 Transcriptomic changes upon in vitro stimulation

To investigate the immune signature upon in vitro stimulation in more detail, comprehensive
transcriptomic analyses were performed. A combination of different approaches was used to
gain more knowledge on differentially expressed genes (DEG) upon VSV-EBOV or MVA-EBOV
in vitro stimulation of hPBMCs (section 3.5) (figure 19). First, the nanoString® technology was
used to receive more insights for induced transcriptomic changes upon in vitro stimulations
using VSV-EBOV. These findings were validated by gPCR and expanded by RNA-Sequencing
(RNA-Seq) to gain more knowledge on transcriptomic changes upon VSV-EBOV or MVA-EBOV
in vitro stimulations (figure 19). Using different gene sets and pathway analyses the

functionality of all DEG were investigated post-stimulation.
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Figure 19: Experimental setup to decipher transcriptomic changes. Freshly isolated hPBMCs were in vitro
stimulated using VSV-EBOV or MVA-EBOV, respectively. hPBMCs derived from 20 different donors
were stimulated with VSV-EBOV (section 2.2, table 3) and 16 with MVA-EBOV (section 2.2, table 4)
(MOI 1). The transcriptomic profile of whole hPBMCs was investigated via qPCR, the nanoString®

technology and RNA-Seq to monitor immune signatures over time. Figure created with

BioRender.com, nanoString® symbol obtained from Cesano, A. 2015 2%,

4.2.1 Revealing transcriptomic changes using the nanoString® technology

Transcriptome changes upon in vitro stimulation were analyzed using a human immunology
panel v2 by nanoString® (section 3.9). This panel is an enzyme-free gene expression analysis
based on the hybridization of target-RNA and a specific capture probe as well as
target-specific color-coded barcode reporter probes. Molecular counting of each color-coded
barcode allows a simultaneous multiplex measurement for all targets. The human
immunology panel v2 includes 594 immune-related genes and 15 reference genes. For
transcriptome analyses of in vitro stimulated hPBMCs using VSV-EBOV, total RNA from
hPBMCs derived from 8 donors (sex ratio 50:50, section 2.2, table 5) at three different time
points was investigated. To this end, unstimulated hPBMCs after isolation (0 h) and early after
stimulation (1 h and 6 h) were analyzed. By comparing unstimulated and stimulated samples,
the influence of VSV-EBOV on transcriptomic changes was addressed. All genes which

exhibited a log2 fold change <-1 or 2 1 and a p-value <0.001 were counted as DEG.

While after 1 h of VSV-EBOV in vitro stimulation 66 DEG including 33 up- and 33
downregulated genes were detected, 135 DEG including 51 up- and 84 downregulated genes

were observed 6 h post-stimulation (figure 20A). Therefore, VSV-EBOV seems to influence the
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transcriptomic profile of stimulated samples. Furthermore, longer stimulations had a stronger
effect on transcriptomic changes compared to short term stimulations. Both time points
shared only 29 DEG (figure 20B) indicating that the gene expression is influenced and changed
by VSV-EBOV over time.
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Figure 20: Number of DEG upon VSV-EBOV stimulation of hPBMCs. Total RNA of 1 h and 6 h in vitro stimulated
and unstimulated samples (N=8, section 2.2, table 5) was analyzed via a human immunology panel
microarray by nanoString® (section 3.9). Genes, which exhibited a log2 fold change <-1or>1and a
p-value < 0.001 compared to unstimulated samples (0 h), were counted as DEG. DEG of 1 h stimulated
samples are depicted in grey and those of 6 h stimulation are depicted in black. A) Number of DEG
post 1 h and 6 h are shown. B) DEG in 1 h, 6 h or in both stimulations are depicted. Venn diagram
designed with BioVenn a web-based application 2?7,

Additionally, a principal component analysis (PCA) revealed distinct differences between
stimulated and unstimulated samples (figure 21). In particular, PC1 and PC2 showed
differences between 0 h unstimulated and 1 h or 6 h stimulated samples indicating an
influence of VSV-EBOV to transcriptomic changes. The PCA revealed a bigger difference
between unstimulated and 6 h stimulated samples compared to shorter stimulations

indicating a higher impact for long term stimulations to transcriptomic changes.
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Figure 21: Principal component analysis of stimulated hPBMCs using VSV-EBOV. Total RNA of 1 h and 6 h
VSV-EBOV-stimulated (MOI 1) and 0 h unstimulated samples (N=8, section 2.2, table 5) was analyzed
via a human immunology panel microarray by nanoString® (section 3.9). Here, the first four principal
components of genes and selected covariates are shown. Unstimulated 0 h (orange), 1 h stimulated
(brown) and 6 h stimulated (blue) hPBMCs are depicted. PCA were performed with the nSolver™
Software v4, the nCounter® advanced analysis software v2.0.115 including R3.3.2 and XQuartz.

To gaininsight into the functionality of DEG upon stimulation, an over-representation analysis
(ORA) was performed based on the reactome database of the top five regulated pathways.
ORA of differently up- or downregulated genes showed distinct signatures for pathway
enrichment (figure 22). While three pathways are associated to differently up- and
downregulated genes post 1 h stimulation (figure 22A), only one pathway included differently
up- and downregulated genes after 6 h stimulation (figure 22B). Moreover, an induction of
pathways with an anti-viral function was detected 6 h post-stimulation compared to 1 h. After
6 h stimulation upregulated genes belonged to interleukin, cytokine, and chemokine
signaling. Furthermore, the anti-inflammatory IL-10 signaling was also elevated 6 h upon
stimulation. Nevertheless, immunoregulatory interactions between Iymphoid and
non-lymphoid cells belonged to downregulated pathways indicating a well-regulated but not

overwhelming anti-inflammatory response.
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Figure 22: ORA of DEG after VSV-EBOV stimulation. Total RNA of A) 1 h and B) 6 h VSV-EBOV in vitro stimulated
(MOI1) and 0h unstimulated samples (N=8, section 2.2, table 5) was analyzed via a human
immunology panel microarray by nanoString® (section 3.9). Genes, which exhibited a log2 fold change
<-1or>1and ap-value <0.001 compared to unstimulated samples 0 h upon hPBMC isolation, were
counted as DEG. Enrichment ratios were calculated with the web tool: webgestalt.org 2227231 using
only the top 5 pathways of up- or downregulated genes with a false discovery rate (FDR) < 0.05.
Pathways which contain only differently upregulate gens (blue), downregulated genes (red), and
up- as well as downregulated genes (orange), are depicted.

To verify genes that are associated with the determined pathways, all genes of 1 hand 6 h
were depicted in a volcano plot (figure 23). The volcano plots highlighted that 6 h of
stimulation induced a stronger dynamic of transcriptomic changes, since more genes showed
a higher fold change upon 6 h of stimulation (figure 23B) compared to 1 h (figure 23A). In
particular, two genes called /IP-10 and C-type lectine 5A (CLEC5A) exhibited a stronger
induction post 6 h with a log2 fold change of 6.9 and 5.5, respectively. Both have

pro-inflammatory functions resulting in potentially diminished infections. However, IP-10 and

73



Results

CLEC5A can also facilitate or promote infections and their pathogenicity 25425, IP-10 can
mediate chemotaxis of CXCR3* cells, proliferation, apoptosis, regulation of cell growth, and
angiogenesis in infections 27260, CLEC5A can act as a ligand for several viruses like dengue,
influenza, and the Japanese encephalitis virus resulting in enhanced viral pathology based on
induced pro-inflammatory cytokine secretion 2617263, Moreover, several genes with a
pro-inflammatory/anti-viral function were enhanced post-stimulation. While the expression
of IL-1a increased over time emphasized by an elevated log2 fold change from 4.25 to 5.2,
GBP1, IDO1, and MCP-1 were first upregulated upon 6 h of stimulation with log2 fold changes

of 3.2, 3.5, and 3.7, respectively.
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Figure 23: Volcano plots of stimulated hPBMCs using VSV-EBOV. Total RNA of A) 1 h and B) 6 h VSV-EBOV
in vitro stimulated (MOI 1) and 0 h unstimulated samples (N=8, section 2.2, table 5) was analyzed via
a human immunology panel microarray by nanoString® (section 3.9). Genes, which exhibited a log2
fold change < -1 or 2 1 and a p-value < 0.001 compared to unstimulated 0 h controls, were counted
as DEG. A) While in the left volcano plot all analyzed genes 1 h after stimulation are shown, B) all
genes 6 h post-stimulation are depicted in the right volcano plot. Black dots indicate DEG and grey
dots represents not DEG separated by dotted lines.

To validate the expression of IP-10 and CLEC5A a semi-qPCR was performed (section 3.8.5).
First, the relative expression of both genes to unstimulated samples (0 h) was calculated with

the AACt method (2-22%). This analysis revealed an expression of /P-10 and CLEC5A over time
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(cf. section 6.4.1, S.15). While 12 out of 20 samples showed a higher expression of IP-10 6 h
post-stimulation, CLEC5A was elevated in 10 samples compared to unstimulated samples
(figure 24).

Using the relative expression of IP-10 and CLEC5A, the fold change of VSV-EBOV-stimulated
samples was calculated. Thereby, stimulated and unstimulated samples of the same time
point were compared to determine the fold change over time (section 3.8.6). This analysis
revealed an elevated expression of /P-10 and CLEC5A peaking at 6 h post VSV-EBOV

stimulation with a fold change of 1.6 and 1.4, respectively (figure 25).
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Figure 24: Relative expression of IP-10 and CLEC5A after VSV-EBOV stimulation. Total RNA of 6 h was analyzed
via semi-qPCR (section 3.8.5; section 2.6, primer sequence table 11). Besides VSV-EBOV in vitro
stimulated (MOI 1; blue) also unstimulated samples (grey) were investigated. Each dot indicates a
different blood donor (N=20, section 2.2, table 3). Stimulated and unstimulated samples of the same
donor are connected via black lines. A) The relative expression of IP-10 is depicted. B) The relative
expression of CLEC5A is shown. Relative expressions were calculated with the AACt method
(section 3.8.6). While 12 samples showed a higher expression of IP-10, CLEC5A was elevated in 10
samples compared to unstimulated samples.

75



Results

A B VSV-EBOQV stimulation

c

< K]

k=) @

8 60 . 8 100

2 30+ S 50

% 5+ ° ° .I- E’ 5L oo

e. 5 § 5+ °

a

o 4 3 4-

- Q

® 37 2 3

E [ ] t_u [ ]

5 24 e g 294 . .

S ° *'e

5 1_ .. g, 1_ Py

S ol 3 & ol et

he) 3] I

o 1 3 1 3 6
[t

time post stimulation [h] time post stimulation [h]

Figure 25: Fold change of IP-10 and CLEC5A after VSV-EBOV stimulation. Total RNAof 0 h, 1 h, 3 h, and 6 h was
analyzed via semi-qPCR (section 3.8.5; section 2.6, primer sequence table 11). Besides VSV-EBOV
invitro stimulated (MOI 1; blue) also unstimulated samples (grey) were investigated. Each dot
indicates a different blood donor (N=20, section 2.2, table 3). The maximum of each bar represents
the median including the 95 % Cl. A) The fold change of IP-10is depicted. B) The fold change of CLEC5A
is shown. Relative expressions were calculated with the AACt method and used to calculate the fold
change (section 3.8.6).

Finally, a distinct transcription profile of in vitro stimulated hPBMCs using VSV-EBOV could be
observed. Especially, genes with an anti-viral function including IP-10, CLEC5A, GBP1, IL-1a,

IDO1, and MCP-1 were elevated 6 h post-stimulation.

4.2.2 Comprehensive analysis of transcriptomic changes using RNA-Seq

To investigate transcriptomic changes upon in vitro stimulation in more depth, RNA-Seq
analysis of VSV-EBOV as well as MVA-EBOV-stimulated samples were performed
(section 3.10). Total RNA of unstimulated (0 h and 6 h) and 6 h stimulated samples was
analyzed. The RNA-Seq was based on the Illumina technology and included more than 60,000
genes with a depth of approximately 21 million clusters in average. By comparison of
unstimulated and stimulated samples, the influence of VSV-EBOV or MVA-EBOV on
transcriptomic changes should be addressed. To this end, all genes which exhibited a log2 fold

change <-1.5 or > 1.5 and a false discovery rate (FDR) < 0.01 were counted as DEG.
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Using unstimulated hPBMCs after isolation (0 h) (section 3.3) a validation of induced
transcriptomic changes due to VSV-EBOV or MVA-EBOV 6 h post-stimulation as well as 6 h of
in vitro cultivation was performed. While a 6 h in vitro stimulation using VSV-EBOV showed
643 DEG including 420 up- and 223 downregulated genes compared to 0 h, 6 h unstimulated
samples exhibited 299 DEG containing 284 up- and 15 downregulated genes (figure 26A).
Moreover, an MVA-EBOV stimulation resulted in a higher number of DEG compared to
unstimulated counterparts. In this case, an MVA-EBOV stimulation resulted in 3,599 DEG
containing 1,749 up- and 1,850 downregulated genes, whereas unstimulated samples
exhibited 2,262 DEG including 1,013 up- and 1,249 downregulated genes (figure 26A). In
addition, both stimulations shared up to 68.0 % of their differently up- or downregulated
genes with fractions of unstimulated counterparts (figure 26B,C). After 6 h of VSV-EBOV
stimulation, 242 of all differently up- and 13 of all downregulated genes were also differently
expressed in unstimulated 6 h samples (figure 26B). In contrast, upon MVA-EBOV stimulation
484 genes were differently up and 792 were differently downregulated in stimulated and
unstimulated samples post 6 h (figure 26C). While a VSV-EBOV stimulation led to 643 DEG,
MVA-EBOV resulted in 3,599 DEG (figure 26D). Both stimulations shared 170 significantly
upregulated and 110 downregulated genes. Therefore, MVA-EBOV induced 5.6 times more
DEG compared to VSV-EBOV.
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Figure legend depicted on page 79.
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Figure 26: Number of DEG upon VSV-EBOV or MVA-EBOV stimulation. Total RNA of 6 h in vitro stimulated
(MOI 1) as well as 0 h and 6 h unstimulated samples (N=8 section 2.2, table 5-6) was analyzed via
RNA-Seq (section 3.10). Genes which exhibited a log2 fold change < -1.5 or 2 1.5 and an FDR < 0.01
compared to unstimulated 0 h controls were counted as DEG. A) While the number of DEG upon
VSV-EBOV in vitro stimulation are depicted in blue, all DEG after MVA-EBOV stimulation are shown in
orange. Grey bars indicate the specific unstimulated counterparts. B, C) Number of up- and
downregulated genes which are differently expressed in stimulated, unstimulated or in both fractions,
are depicted in Venn diagrams. Besides stimulated samples (VSV-EBOV: blue; MVA-EBOV: orange)
also unstimulated samples (grey) are shown. D) Venn diagram of MVA-EBOV and VSV-EBOV 6 h
post-stimulation represents genes, which are differently expressed in VSV-EBOV-stimulated (blue),
MVA-EBOV-stimulated (orange) or in both. Venn diagram designed with BioVenn a web-based
application %/,
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To investigate the impact of both stimulations on the expression profile of hPBMCs a PCA was

performed. Both stimulations exhibited differences between stimulated and unstimulated

samples (figure 27-28). While VSV-EBOV in vitro stimulations showed no distinct cluster for

stimulation conditions, MVA-EBOV exhibited three separated clusters. Nevertheless,

stimulated and unstimulated samples from different donors clustered together post

VSV-EBOV stimulation indicating that VSV-EBOV also induced transcriptomic changes over

time.

After an MVA-EBOV stimulation a high variance in PC1 was observed indicating a bigger

difference in the expression profile of stimulated (6 h) compared to unstimulated (0 h or 6 h)

samples. Thereby, an MVA-EBOV stimulation revealed a variance of 52 % between stimulated

and both unstimulated samples (figure 28).
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Figure 27: PCA of stimulated hPBMCs using VSV-EBOV. Total RNA of 6 h in vitro stimulated (MOI 1) as well as
0 h and 6 h unstimulated samples (N=8 section 2.2, table 5) was analyzed via RNA-Seq (section 3.10).
Here, the first two principal components of analyzed genes are shown. 0 h unstimulated (red), 6 h
unstimulated (green), and 6 h stimulated (blue) hPBMCs are depicted.
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Figure 28: PCA of stimulated hPBMCs using MVA-EBOV. Total RNA of 6 h in vitro stimulated (MOI 1) as well as
0 h and 6 h unstimulated samples (N=8 section 2.2, table 6) was analyzed via RNA-Seq (section 3.10).
Here, the first two principal components of analyzed genes are shown. 0 h unstimulated (red), 6 h
unstimulated (green), and 6 h stimulated (blue) hPBMCs are depicted.

Whole gene expression profiles upon stimulation using VSV-EBOV or MVA-EBOV depicted in
hierarchical clustering heat maps were distinct between stimulations of both viral vector
vaccines (cf. section 6.4.2, S.16—17). Furthermore, 6 h VSV-EBOV- or MVA-EBOV-stimulated
and unstimulated samples showed different transcriptomic signatures
(cf. section 6.4.2, S.16-17). To elucidate the functionality of all these DEG, pathway analysis
including ORA and generally applicable gene-set enrichment (GAGE) were performed. An ORA
of all DEG revealed the pathway chemokine receptors bind chemokines among the top 5 most
regulated pathways upon 6 h VSV-EBOV stimulation compared to 0 h unstimulated controls
(figure 29). In contrast, DEG induced by MVA-EBOV belonged to pathways including
interferon signaling, cytokine signaling, and immunoregulatory interactions between
lymphoid and non-lymphoid cells. Although unstimulated counterparts of VSV-EBOV and
MVA-EBOV stimulations also exhibited several DEG (cf. figure 26) after 6 h, no specific
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antiviral or pro-inflammatory pathway was detected in unstimulated 6 h samples of both

stimulations (cf. section 6.4.3, 5.18).
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Figure 29: ORA of DEG after stimulations using VSV-EBOV or MVA-EBOV. Total RNA of 6 h in vitro stimulated
(MOI'1) and 0h unstimulated samples (N=8, section 2.2, table 5-6) was analyzed via RNA-Seq
(section 3.10). Genes, which exhibited a log2 fold change <-1.5 or > 1.5 and an FDR < 0.01 compared
to unstimulated 0 h controls, were counted as DEG. Enrichment ratios were calculated with the web
tool: webgestalt.org 222! using only the top 5 of pathways with an FDR < 0.05. VSV-EBOV (blue) and
MVA-EBOV (orange) 6 h in vitro stimulations are depicted.

Moreover, a GAGE based on the Kyoto encyclopedia of genes and genomes (KEGG) revealed
different induced pathways in VSV-EBOV and MVA-EBOV-stimulated hPBMCs. Compared to
unstimulated 0 h controls, VSV-EBOV-stimulated samples had mainly upregulated cytokine-
cytokine receptor interactions and chemokine signaling pathways (cf.section 6.4.4, 5.19).
However, no significant gene ontology (GO) terms could be detected for
VSV-EBOV-stimulated samples. A GAGE based on KEGG revealed for MVA-EBOV-stimulated
samples primarily upregulated pathways for NOD-like receptor signaling and Influenza A
response (cf. section 6.4.4, S.20). Additionally, significantly GO terms for upregulated genes
including defense response to virus (GO:0051607) and response to virus (GO:0009615) were
detected in MVA-EBOV-stimulated samples. In addition to ORA, neither a GAGE based on
KEGG nor GO terms indicated significant regulated pathways in unstimulated 6 h samples

compared to unstimulated 0 h controls.
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All genes of VSV-EBOV and MVA-EBOV-stimulated as well as unstimulated 6 h counterparts
were normalized to unstimulated 0 h and depicted in volcano plots indicating their log2 fold
changes and corresponding FDR (figure 30—31, cf. section 6.4.5, S.21-22). In addition to the
number of DEG (cf. figure 26), an MVA-EBOV stimulation revealed more genes with a higher
log2 fold change and FDR compared to stimulations with VSV-EBOV (figure 30-31). Therefore,
both viral vector vaccines generated transcriptomic changes, whereas MVA-EBOV had a
higher impact on the expression than VSV-EBOV.

The finding that the activation marker CD40, CD83, CD86 were differently expressed on
immune cells upon in vitro stimulation (cf. section 4.1.2) was encouraged by RNA-Seq. While
VSV-EBOV showed tendencies for an altered expression of these activation markers on
monocyte and DC subsets compared to unstimulated counterparts, an MVA-EBOV
stimulation revealed significant reductions especially for CD86. For CD40 and CD83 no
differential expression was detected via RNA-Seq post VSV-EBOV or MVA-EBOV stimulation.
However, VSV-EBOV led to a slightly upregulation of CD86 with a log2 fold change of 1.3,
whereas an MVA-EBOV stimulation resulted in a reduction with a log2 fold change of -2.0.
The upregulation of CD80, a closely related factor of CD86, upon VSV-EBOV stimulation
strengthen the hypothesis that VSV-EBOV led to an upregulation of CD86.

In addition to the transcriptomic signature deciphered by the nanoString® technology
(cf. section4.2.1), CLEC5A was among the most induced genes upon 6 h VSV-EBOV
stimulation with a log2 fold change of 2.7 (figure 30). Also, IP-10, IL-1a, GBP1, MCP-1, and
IDO1 showed in RNA-Seq analysis an elevated expression with a log2 fold change of 1.3, 1.8,
1.7,1.6,and 1.7, respectively, emphasizing an anti-viral response upon VSV-EBOV stimulation.
MVA-EBOV stimulations also led to an elevated expression of IP-10, IL.-1c, GBP1, MCP-1, and
IDO1, where corresponding log2 fold changes were 4.9, 2.7, 3.8, 2.1, and 3.2, respectively
(figure 31). In contrast to VSV-EBOV, CLEC5A was not differently expressed after an
MVA-EBOV stimulation. One of the most induced expressions by MVA-EBOV was IFNB1 with
a log2 fold change of 8.3. Moreover, other IFNs like IFNa1 and IFNy showed enhanced log?2
fold changes of 2.2 and 2.6, respectively. In contrast, none of these three IFNs were differently
expressed after a VSV-EBOV stimulation. These findings indicate further differences in
induced immune responses to both viral vector vaccines and are consistent with findings that

both viral vector vaccines exhibited different anti-viral immune signatures.
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Volcano plot of stimulated hPBMCs using VSV-EBOV. Total RNA of 6 h in vitro stimulated (MOl 1) and
0 h unstimulated samples (N=8, section 2.2, table 5) was analyzed via RNA-Seq (section 3.10). Genes,
which exhibited a log2 fold change < -1.5 or > 1.5 and an FDR < 0.01 compared to unstimulated O h
controls, were counted as DEG. All detected genes upon VSV-EBOV stimulation are shown. Each dot
indicates a different gene and darker color represents DEG and lighter color not DEG separated by

dotted lines.
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Figure 31: Volcano plot of stimulated hPBMCs using MVA-EBOV. Total RNA of 6 h in vitro stimulated (MOI 1)
and 0 h unstimulated samples (N=8, section 2.2, table 6) was analyzed via RNA-Seq (section 3.10).
Genes, which exhibited a log2 fold change <-1.5or > 1.5 and an FDR < 0.01 compared to unstimulated
0 h controls, were counted as DEG. All detected genes upon MVA-EBOV stimulation are shown. Each
dot indicates a different gene and darker color represents DEG and lighter color not DEG separated
by dotted lines.

Furthermore, a hierarchical clustering heat map of IFN signaling was generated due to its
important role in viral infections and vaccination, a strong enrichment in ORA as well as high
induction for single genes in stimulated samples. This analysis was based on the reactome
database wherethe geneset IFN signaling included 228 genesin total. Out of these 228 genes,
5 were differently expressed in stimulated and/or unstimulated samples of VSV-EBOV
(figure 32). Here, hPBMCs derived from two different blood donors showed a higher induction
in unstimulated samples compared to VSV-EBOV-stimulated once indicating that VSV-EBOV

induced not in all hPBMCs the same induction. In contrast, an MVA-EBOV stimulation
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revealed 73 DEG in stimulated and/or unstimulated samples (figure 33). While 53 genes
showed an elevated expression in MVA-EBOV-stimulated samples, 19 genes had a decreased
expression compared to 0 h unstimulated controls. Only few genes in the lower third of the
heat map exhibited a slightly higher expression in unstimulated 6 h compared to stimulated
samples. This emphasizes the differences in the induced transcriptomic changes of VSV-EBOV
and MVA-EBOV-stimulated samples. Moreover, most unstimulated samples revealed no

stimulus-specific transcriptomic changes especially in MVA-EBOV-stimulated samples.
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Figure 32: Hierarchical clustering heat map of VSV-EBOV stimulations. Total RNA of 6 h VSV-EBOV in vitro
stimulated (MOI 1) and unstimulated samples (N=8, section 2.2, table 5) was analyzed via RNA-Seq
(section 3.10). Genes which exhibited a log2 fold change < -1.5 or > 1.5 and an FDR < 0.01 were
counted as DEG. Selected genes belong to IFN signaling based on the reactome database, where the
gene set IFN signaling included 228 genes in total (only DEG are shown). Besides unstimulated 0 h and
6 h controls, also 6 h stimulated samples are depicted. Each condition is separated in further columns
indicating different blood donors.
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Figure 33: Hierarchical clustering heat map of MVA-EBOV stimulations. Total RNA of 6 h MVA-EBOV in vitro
stimulated (MOI 1) and unstimulated samples (N=8, section 2.2, table 6) was analyzed via RNA-Seq
(section 3.10). Genes which exhibited a log2 fold change < -1.5 or 2 1.5 and an FDR < 0.01 were
counted as DEG. Selected genes belong to IFN signaling based on the reactome database, where the
gene set IFN signaling included 228 genes in total (only DEG are shown). Besides unstimulated 0 h and
6 h controls, also 6 h stimulated samples are depicted. Each condition is separated in further columns
indicating different blood donors.
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4.3 Sex differences upon in vitro stimulation

Over the course of a lifetime immune responses to viral infections as well as vaccination
differs between men and women. In general, women develop a greater immune response
after vaccination than men 147148 They benefit from a higher magnitude of humoral and
cellularimmune responses but have to suffer from more adverse reactions compared to men.
To decipher sex-specific differences in the immune response to VSV-EBOV or MVA-EBOV

in vitro stimulations, all data of section 4.1 and 4.2 were stratified by sex.

4.3.1 Immune signature of men and women upon stimulation

Immune status

First, technical issues which can influence the immune response post-stimulation were
investigated. The amount of stimulation reagent is relevant to ensure the same stimulation
condition. Here, no differences in the copy number of VSV-specific NP or MVA-specific UDG
were determined via gPCR in stimulated hPBMCs derived from men and women (data not
shown). Moreover, no correlation between the copy number of virus-specific genes and the
cytokine secretion measured by LEGENDplex™ (cf. section 4.1.1) was detected. To this end,
potential sex differences in the immune response are suggested to be not related to technical
issues of the in vitro stimulation assay.

Furthermore, the pre-stimulation statuses of innate immune cells in hPBMCs derived from
men and women were investigated. Accordingly, the frequency of monocytes including
classical, intermediate, and non-classical monocytes as well as DCs including CD1c*CD11c*,
CD16%, CD141* DCs, and pDCs were analyzed prior in vitro stimulation (0 h) (figure 34-35).
Although minor differences between both sexes were detected in the composition of these
immune cell subsets used for VSV-EBOV (figure 34) and MVA-EBOV (figure 35) stimulations,
these differences were not statistically significant. This suggests that potential sex-based

differences are not related to different immune statuses of men and women.
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Figure 34: Frequency of innate immune cells in samples used for VSV-EBOV stimulation. The amount of
different innate immune cell subsets measured via flow cytometry and corresponding cell staining
(section 3.12, antibodies table 14) was stratified by sex. Frequencies of unstimulated 0 h samples are
shown. Here, a purple color indicates samples derived from women (N=10) and blue from men (N=10).
Each dot represents a different blood donor (N=20; section 2.2, table 3). All analyzed immune cell
types are depicted on the x-axis. Specific gating strategies for each subset are shown in figure 12
(section 4.1.2). The maximum of each bar represents the median including error bars indicating the
95 % Cl. No statistically significant differences in the frequency of innate immune cells were detected

using the t-test based unpaired, nonparametric Mann-Whitney test. The p-values are indicated as
follows: p<0.05 *; p<0.01 **; p<0.001 ***; p < 0.0001 ****,
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Figure 35: Frequency of innate immune cells in samples used for MVA-EBOV stimulation. The amount of
different innate immune cell subsets measured via flow cytometry and corresponding cell staining
(section 3.12, antibodies table 14) was stratified by sex. Frequencies of unstimulated 0 h samples are
shown. Here, a purple color indicates samples derived from women (N=7) and blue from men (N=9).
Each dot represents a different blood donor (N=16; section 2.2, table 4). All analyzed immune cell
types are depicted on the x-axis. Specific gating strategies for each subset are shown in figure 12
(section 4.1.2). The maximum of each bar represents the median including error bars indicating the
95 % Cl. No statistically significant differences in the frequency of innate immune cells were detected
using the t-test based unpaired, nonparametric Mann-Whitney test. The p-values are indicated as
follows: p <0.05 *; p < 0.01 **; p <0.001 ***; p < 0.0001 ****,

Cytokine profiles

Since cytokine profiles can differ between men and women upon stimulation, resulting in
altered immune responses, the cytokine secretion measured via a customized LEGENDplex™
(section 3.12.1) was stratified by sex. Overall, the cytokine induction upon in vitro stimulation
using VSV-EBOV peaked at 12 h or 24 h post-stimulation (cf. section 4.1.1 figure 9). For the
analytes IL-1B, IL-2, IL-4, IL-6, IL-10, IL-12, CXCL9, MCP-1, IFNa, IFNy, and TNFa no statistically
significant sex-based difference in the secretion was detected (data not shown). When
normalized to specific unstimulated counterparts, IL-8 and IP-10 exhibited tendencies for
different secretions in men and women. In this case, women showed an increased secretion

for IL-8 and men exhibited a higher secretion of IP-10 (figure 36). Despite these differences
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on the protein level not being statistically significant, transcriptomic changes including IP-10

revealed more insight into sex-based differences (section 4.3.2).
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Figure 36: Secretion of IL-8 and IP-10 upon VSV-EBOV stimulations stratified by sex. Freshly isolated hPBMCs
were in vitro stimulated with a MOl of 1 using VSV-EBOV. The cytokine secretion of IL-8 and IP-10 was
analyzed via a customized LEGENDplex™ by BioLegend (section 3.12.1). The graph represents the
cytokine secretion [pg/ml] of 2:10® hPBMCs over time in 12 h and 24 h stimulated samples, which
were normalized to their specific unstimulated samples. Each dot indicates a different donor (N=20,
section 2.2, table 3). While the secretion of IL-8 (left side) and IP-10 (right side) by hPBMCs derived
from women are depicted in purple (N=10), samples derived from men are shown in blue (N=10).

Immune cell activation

Although significant or at least strong tendencies for sex-based differences in the expression
of CD40, CD83 or CD86 on monocyte and DC subsets were detected, these differences were
not reliable due to the lack of significant differences between stimulated and unstimulated
counterparts (data not shown). Therefore, MVA-EBOV and VSV-EBOV may induce a similar
activation of monocytes and DCs derived from men and women. Whether this will also lead

to similar overall immune signatures of innate immune cells needs to be determined.
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4.3.2 Changes in the transcriptomic profile differ between men and women

Using the nanoString® technology

First insight into sex-based differences upon in vitro stimulation measured via cytokine
secretion assays (cf. section 4.3.1) was extended by transcriptomic changes. Here, the
nanoString® technology revealed different signatures 6 h post VSV-EBOV stimulation. Genes
which exhibited a log2 fold change of <-1 or 21 and p-value < 0.001 were counted as DEG.
Both sexes showed comparable numbers of DEG 1 h post-stimulation (figure 37A). After 6 h
of stimulation 142 DEG including 40 up- and 102 downregulated genes were detected in
samples derived from women, whereas in samples derived from men 86 DEG including 31 up
and 55 downregulated genes were identified. Hence, women exhibited 46 % more differently
downregulated genes than men. Out of all DEG women and men shared 77 genes upon 6 h of
stimulation indicating that nearly the half of all DEG in women were also differently expressed

in men (figure 37B).
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Figure legend depicted on page 93.
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Figure 37: Number of DEG stratified by sex after VSV-EBOV stimulation. Total RNA was isolated 0 h, 1 h, and
6 h after VSV-EBOV in vitro stimulations (MOI 1) of hPBMCs and analyzed using a microarray by
nanoString® (section 3.9, N=8 sex ratio 50:50, section 2.2, table 5). Genes, which exhibited a log2 fold
change <-1 or 21 and a p-value < 0.001 compared to unstimulated samples 0 h, were counted as
DEG. DEG of women are depicted in purple and those of men are depicted in blue. Lighter color
indicates 1 h post-stimulation, whereas darker color represents 6 h upon stimulation. A) Number of
DEG post 1 h and 6 h stratified by sex are shown. B) DEG of women, men or both are depicted post
6 h stimulations. Venn diagram designed with BioVenn a web-based application 277,

Although different numbers of DEG were detected indicating different immune responses,
DEG in men and women belonged to similar pathways (figure 38). An ORA of the top 3 most
induced pathways revealed mainly an induction of cytokine signaling in immune system and
immune system. Nevertheless, women showed a higher enrichment ratio for these pathways
aswellas aninduction of DEG for innate immune system, whereas men exhibited aninduction

for signaling by interleukins.

== \\omen

Cytokine signaling in immune system
y g g y == \Men

Innate immune system

Immune system

Signaling by interleukins

Cytokine signaling in immune system

Immune system

| | T | | |
0 5 10 15 20 25

Enrichment ratio

Figure 38: ORA of DEG after stimulation stratified by sex. Total RNA of 6 h VSV-EBOV in vitro stimulated (MOI 1)
and 0 h unstimulated hPBMCs (N=8 sex ratio 50:50, section 2.2, table 5) was analyzed via a human
immunology panel microarray by nanoString® (section 3.9). Genes, which exhibited a log2 fold change
<-1or 21 and a p-value < 0.001 compared to unstimulated samples 0 h, were counted as DEG.
Enrichment ratios of DEG were calculated with the web tool: webgestalt.org 2227231 using only the top
3 of pathways with an FDR <0.05. Pathways elevated in women (purple) and in men (blue) 6 h
post-stimulation are shown.

Moreover, women revealed a higher dynamic of selected pre-defined gene sets including
response to virus, response to external stimulus, and response to stress (figure 39). The global

significance score, which summarizes differential expression in each gene set with respect to
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up and down regulation, showed a high induction of the gene sets response to virus and
response to stress for women 6 h post VSV-EBOV stimulation. In contrast, these gene sets
were slightly decreased in men or on a similar level over time. In addition to differences in
the number of DEG, this may be another hint for sex-based differences in transcriptomic

changes post-stimulation using VSV-EBOV.
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Figure 39: Direct global significance scores of selected gene sets stratified by sex. Total RNA of 6 h VSV-EBOV
in vitro stimulated (MOI 1) and 0 h unstimulated hPBMCs (N=8 sex ratio 50:50, section 2.2, table 5)
was analyzed via a human immunology panel microarray by nanoString® (section 3.9). The analysis
was done with the nSolver™ Software v4, the nCounter® advanced analysis software v2.0.115 with
R3.3.2 and Xquartz. Direct global significance scores, which summarize differential expression in each
gene set, for 3 different “response to” gene sets are depicted. The algorithm to calculate the global
significance score is described by nanoString® as follows: “The directed global significance score is
calculated as the square root of the mean signed squared t-statistic for the genes in a gene set, with
t-statistics coming from the linear regression underlying our differential expression analysis”
(described in the nCounter® advanced analysis software v2.0.115 part of the nSolver™ Software v4).
While purple symbols represent samples derived from women, blue symbols indicate samples derived
from men. Dots: response to virus; Triangle: response to external stimulus; Square: response to stress.

Additionally, analyses of samples derived from one sex revealed differences in the expression
of previously described genes. Women had a log2 fold change of 4.2 for IP-10
post-stimulation, whereas men exhibited an elevated log2 fold change of 7.1. Also, MCP-1
and IDO1 were increased in men with a log2 fold change of 5.4 and 2.2 compared to women
with 1.8 and 0.4, respectively. However, the previously described induction of anti-viral genes
including CLECA, GBP1, and IL-1a was comparable in men and women [5.2 vs. 5.7, 2.8 vs. 1.5,
5.3 vs. 4.6]. IP-10, MCP-1, and IDO1 showed no significant sex-based differences in whole
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analyses comparing samples derived from men and women directly. However, this could be
a hint for sex-based differences in the expression of vital genes for induced transcriptomic
changes by viral vector vaccines. Due to the sample size a validation with more blood donors

should be performed to strengthen these findings for sex-based differences.

Using RNA-Seq

Also, RNA-Seq data were satisfied by sex resulting in first insight into sex-specific differences
upon stimulation with VSV-EBOV or MVA-EBOV. Although differences in the whole gene
expression profile were induced due to different conditions rather than sex (cf. section 4.2.2,
figure 27-28), variations in the expression of single genes were detected (figure 40).
According to the PCA of VSV-EBOV-stimulated samples (cf.section 4.2.2, figure 27), no
significant changes in DEG were detected between men and women. In contrast, MVA-EBOV
in vitro stimulations induced slightly different signatures of DEG in both sexes (figure 40).
While hPBMCs derived from men led to 6 DEG (figure 40; upper third), women exhibited 11
DEG (figure 40; lower third). However, most genes which were differently expressed in men
and women were also elevated in unstimulated 6 h samples to a lower extent. This
emphasizes that an MVA-EBOV stimulation increase the expression of these genes but only

to a low magnitude. To this end, both sexes revealed comparable transcriptomic changes.
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Figure 40: Sex differences in transcriptomic changes after MVA-EBOV stimulation. Total RNA of 6 h MVA-EBOV

in vitro stimulated (MOI 1) and unstimulated samples (N=8, section 2.2, table 6) was analyzed via
RNA-Seq (section 3.10). Genes which exhibited a log2 fold change < -1.0 or > 1.0 and an FDR< 0.1
were counted as DEG. Besides unstimulated 0 h and 6 h controls, also 6 h stimulated samples are
depicted. Each condition is separated in samples derived from men (blue) and women (purple) where
single columns indicating different blood donors.
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5. Discussion

The Ebola virus disease (EVD) is a life-threatening illness in humans that can resultin a severe
diseases progression with 50-90 % deaths in diagnosed cases. EVD, one of the most severe
viral hemorrhagic fever, is caused by the Filovirus Ebola virus (EBOV). This virus caused several
outbreaks in the past, leading to many deaths due to the lack of efficient medical
countermeasures. The most affected areas are countries in West and Middle Africa where the
two biggest outbreaks occurred in Guinea, Liberia, and Sierra Leone from 2013-2016 and in
the Democratic Republic of the Congo (DRC) from 2018-2020. A high case-fatality rate, the
existence of other endemic infectious diseases, and reduced access to medical maintenance
due to the proceeding of EBOV epidemics are reasons for the high number of deaths. Several
vaccine candidates were investigated to prevent further outbreaks of these fatal illness and
provide protective, cost-effective therapeutics to low-income countries.

In the last decades, several new vaccine platforms were developed (section 1.3.1, figure 5).
One of these platforms are viral vector vaccines which showed beneficial safety and
immunogenicity profiles in clinical trials against EIDs 8134, Thus, different viral vector vaccines
based on the platforms VSV and MVA were licensed to prevent the emerging EVD 126:127,130,
While the replication-competent VSV-EBOV (Ervebo®) was licensed in a single-dose
immunization, the replication-deficient MVA-BN-Filo® (Mvabea®) was liciensed in a
heterologous prime-boost regimen with Ad26.ZEBOV-GP (Zabdeno®) 126:127,125,130,140
To date, most insights into vaccine-induced immunogenicity are based on the induction of
specific antibodies. During the second largest EBOV outbreak in the DRC, VSV-EBOV was
frequently used. Nevertheless, exact mechanisms of induced immune signatures, especially
innate immune responses, remain inadequately understood. Innate immune responses can
shape and influence the adaptive immunogenicity and therefore contribute to vaccine
efficacy. Due to its early manifestation innate immunity is difficult to analyze in clinical trials
and therefore is not well investigated until now. Also, the impact of different vectors on the
immune response remain inadequately elucidated.

Hence, this study aimed to decipher induced immune responses by two viral vector vaccines
against EBOV, the licensed Ervebo® (VSV-EBOV) and MVA-EBOV, which was not tested in

clinical trials until now (cf. section 1.3.3). Although immune sigantures in humans
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including humoral and cellular immune responses were described post VSV-EBOV
vaccination 8692109141142 'nqg correlates of protection were determined for VSV-EBOV so far.
Furthermore, VSV-EBOV revealed a 100 % protection in macaques and 97.5 % in human ring
vaccination studies during the EVD outbreak in the DRC 109.141.142 |n contrast, the potentially
protective immune response of MVA-EBOV needs be determined. While the licensed
VSV-EBOV additionally expresses the heterologous EBOV-GP on its surface, MVA-EBOV
encodes only for the genetic information of the EBOV-GP 137, Moreover, responses to
vaccines can differ between men and women, including humoral and cellular
immunity 148165204-206 |n order to investigate immune signatures induced by VSV-EBOV and
MVA-EBOV in men and women comprehensively, in vitro stimulation assays were performed

in the present study.

5.1 In vitro stimulation models

In vitro stimulation models represent a powerful tool to gain insights into immune responses
elicited by viruses and vaccines. The understanding of underlying mechanisms in viral
infections such as the EBOV-GP binding to specific cell surface GPs could be enhanced by
in vitro models 264265 They also contributed to the understanding of mechanisms that may
result in vaccine-induced immunogenicity leading to optimization approaches in vaccine
design 266, The investigation of in vitro MVA-stimulated monocyte-derived DCs (moDCs)
revealed an activation of moDCs which could explain the immunogenicity of MVA in absence
of an effective replication in hPBMCs of this attenuated vaccine vector 267. Subsequently, in
vivo mice models verified that DCs are main targets for MVA and are required for
MVA-induced immunogenicity 268, Models such as the modular immune in vitro construct
(MIMIC™) were developed to ensure standardized testing systems that reflect the human
immune system in vitro 26°-271, Similar to the in vivo situation the MIMIC™ system showed an
age-dependent antibody production as well as T cell response post-stimulation with a
trivalent influenza vaccine (TIV) 271, Furthermore, network analysis of transcriptional changes
post YF-17D vaccination in humans and in vitro stimulations using the MIMIC™ system

exhibited similar transcriptional nodes indicating a comparable transcriptional profile upon

98



Discussion

YF-17D in vivo and in vitro immunizations 22, Moreover, in vitro vaccine quality checks of
different batches help to avoid animal experiments and consequently contribute to the 3Rs
principle (replace, reduce, and refine animal models) 273-27>, They can also be used to screen
for efficient medications. For instance, several agents with a potentially anti-viral function
against EBOV such as ion channel inhibitors and anti-microbial substances were identified by
in vitro models 276,

Onthe other hand, in vitro models generally represent the immune system at a distinct phase
of its development 277, Moreover, they exhibit different conditions like cell density, cell-cell
interaction and surrounding milieus compared to in vivo characteristics 277. Although for
example MIMIC™ responds similar to TIV administration in humans, it is limited in the variety
of immune cell types and representation of lymphoid organs. In addition, adaptive immune
responses and underlying mechanisms are difficult to investigate with in vitro models until
now. Many important discoveries in immunology and vaccinology were made with in vivo
models using inbred animals and their genetic modification 2’8, However, animal models like
mice do not reflect the human immune system in every detail 2’8. Some pathogens induce a
comparable disease progression in animals compared to humans, whereas others such as
EBOV induces different pathologies and do not result in lethal outcome in wild type
mice 279,280'

Finally, in vitro models are meaningful tools if more information is needed prior in vivo studies
or other testing systems reach their limitations. For instance, the innate immune response

cannot be well addressed comprehensively in clinical trials due to its early manifestation.

Here, in vitro stimulation assays of freshly isolated hPBMCs were implemented and monitored
longitudinally to decipher induced immune signatures by VSV-EBOV and MVA-EBOV on mRNA
and protein level. Analytical techniques included transcriptomic changes, cytokine secretion,
and activation of innate immune cells. Furthermore, differences in the immune signature due
to different viral vectors and sex-based differences in response to both viral vector vaccines
VSV-EBOV and MVA-EBOV were evaluated.

Prior stimulations of hPBMCs, in vitro stimulation assays and corresponding analytic methods
were established (cf. section 6.1-6.2, S.1-10). Based on cytokine secretions, amount of live

cells upon stimulation, and the literature a MOI of 1 was used (cf. section 6.1) 267,281-283,

99



Discussion

Freshly isolated hPBMCs were exposed for 1 h to the viral vector vaccines and harvested
longitudinally at several time points post-stimulation for different analytic methods such as
flow cytometry, bead-based immunoassays, and gene expression analysis (figure 8-40). Post
1h exposure, the inoculum was substituted with fresh media according to the
literature 268281,284.285  \Moreover, an efficient in vitro stimulation using VSV-EBOV or
MVA-EBOV was determined by transcriptomic changes over time in stimulated hPBMCs, the
identification of viral antigens, an induced cytokine secretion, and an altered expression of
activation markers on monocytes and DCs (cf. section 4.1, 6.1 and 6.3). In contrast to the
present study, in vitro investigations of the live attenuated viral vaccine YF-17D against the
yellow fever virus (YF) were performed in serum supplemented media for 24 h 281, Also,
in vitro stimulations of freshly isolated hPBMCs using the MVA and VSV vaccine vector were
performed in serum supplemented media 28>2%%, As investigations of sex differences were also
of interest, hPBMCs were cultured in serum-free media to hamper the contact to sex
hormones like estrogen, which is contained in the commonly used FCS 287, A reduction of
estrogen by charcoal-stripped FCS was not used, since estrogen and other steroids cannot be
completely eradicated by charcoal dextran 287-289, Moreover, comparable live cell counts and
activation statuses of in vitro models using THP-1 cells cultured in serum-containing and
serum-free media strengthen a usage of serum-free media for human cells
(cf. section 6.1, S.2—-3). Thus, a hormone-biased investigation of sex differences after in vitro
stimulation was reduced.

Single cell suspensions can potentially be used to investigate the immune response upon
stimulation on specific cell types in detail 221.2°0-2%2_ However, commonly used murine and
human models of monocyte-derived DCs and macrophages are reported to consist of
different subsets and do not exhibit the same properties and functional capacities as in vivo
DCs and macrophages 2°3-2%5, Furthermore, single cell suspensions do not reflect the
comprehensive immune system, since not all immune cell subsets are present. Hence, whole
hPBMCs represent the in vivo characteristic better than mono cell cultures.

Besides altered cytokine responses and activation of innate immune cells, different
transcriptomic profiles were also detected using the nanoString® technology and RNA-Segq.
These transcriptomic analyses revealed induced anti-viral responses after in vitro stimulations

that were mainly consistent with the literature (cf.section4.2-4.3 and 6.4) 93296297,
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Finally, in vitro stimulations using VSV-EBOV and MVA-EBOV induced distinct immune
signatures, highlighting that in vitro stimulation assays were effective and therefore can be

used to investigate immune responses upon stimulation with viral vector vaccines.

5.2 VSV-EBOV induces a distinct cytokine profile

One of the first immune responses to vaccines is the release of cytokines, which can lead to
activation and migration of immune cells to the entry site 9>243, Furthermore, the activation
of different innate immune cells by a natural infection, vaccination or released cytokines can
modulate the innate-adaptive interface. Induced cytokine secretions of hPBMCs by in vitro
stimulations using VSV-EBOV were investigated in the present study via bead-based
immunoassays (cf. section 4.1.1). Out of 13 tested cytokines, interleukins (IL) including IL-1,
IL-8, IL-10, interferon gamma-induced protein 10 (IP-10), monocyte chemoattractant
protein 1 (MCP-1), and tumor necrosis factor alpha (TNFa) revealed an induction over time
compared to unstimulated samples (cf. section4.1.1, figure 9-11). In general, a higher
amount was detected 24 h after stimulation compared to 12 h. While the composition of
these six elevated cytokines in in vitro stimulations did not change at later time points, IP-10,
MCP-1, and IL-8 revealed a twice as high amount after 24 h compared to 12 h stimulation. In
particular, IP-10 exhibited a significant induction 24 h post-stimulation compared to
unstimulated counterparts. Sources of enhanced IP-10 and MCP-1 secretion could be
monocytes and DCs, which are described to produce high amounts of these cytokines upon
activation 281298299 Moreover, non-structural and truncated surface EBOV-GP molecules are
released by EBOV-infected cells and activate non-infected macrophages and DCs, resulting in
a massive cytokine secretion of pro- and anti-inflammatory cytokines such as IL-1, IL-6, IL-8,
TNFa, and IL-10390-302 |jkewise monocytes revealed an activation by EBOV infections
mediated via TLR4 and EBOV-GP release by infected immune cells >%302-304 |n this manner
activated monocytes contribute for example to NK cell activation by IL-18 and IL-12 secretion
and therefore are mandatory for a comprehensive immune cell activation 39,

An early induction of IP-10 was correlated to an increased antibody response post VSV-EBOV

vaccination °2. Hence, an IP-10 response upon VSV-EBOV stimulations might contribute to a
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beneficial vaccine-induced immunogenicity. The IP-10 secretion of hPBMCs derived from
vaccinees was also increased post EBOV-specific ex vivo stimulation 8. Besides VSV-EBOV,
immunizations with YF-17D, another live attenuated viral vaccine that replicates only to some
extent in humans, resulted in an altered cytokine profile 266, EBOV and YF both carry a single
stranded RNA genome and are mainly endemic in Africa 1825306307 |n yjtro stimulations using
YF-17D exhibited similar cytokine profiles compared to present VSV-EBOV in vitro
stimulations. For instance, YF-17D primarily revealed an increased secretion of IP-10 and
MCP-1 103281 The role of IP-10 to vaccine-induced immunogenicity was emphasized by YF-17D
and TIV, since IP-10 also showed significantly elevated amounts one or three days post YF-17D
and TIV administration 193308 |P-10 has diverse functions including chemotaxis of CXCR3*
cells, proliferation, apoptosis, regulation of cell growth, and angiogenesis in infections 2°°-260,
Based on the immune status of the host and the pathogen IP-10 can facilitate or diminish viral
infections 2°>. However, in VSV-EBOV vaccination IP-10 is rather beneficial than harmful due
to its link to increased EBOV-specific antibodies °2. In the present study, the IP-10 effect is
encouraged by a slightly increased expression of IL-8 and MCP-1, which also act in a
pro-inflammatory and chemoattractant fashion 399310, Furthermore, MCP-1 and six additional
cytokines/chemokines that have a monocyte-related function were detected in VSV-EBOV
vaccinees one day after vaccination 31, The described in vitro signatures and in vivo studies
strengthen the contribution of monocytes to effective vaccine-induced immunogenicity.

EBOV and VSV-EBOV carry both the EBOV-GP on their surface which mediates cell attachment
and entry 3°. Furthermore, both are enveloped and contain a non-segmented RNA genome
that encodes for a RNA-dependent RNA polymerase and several viral proteins 833312, The
RNA genome, the exposed immunogenic EBOV-GP, and other viral structures such as matrix
proteins and nucleoproteins can act as PAMPs resulting in a PRR-mediated activation of the
innate immune system post EBOV infection or VSV-EBOV vaccination. A natural EBOV
infection and vaccination induce similar cytokine profiles. Both, EBOV infections and
VSV-EBOV vaccination in humans induced IL-1, IL-6, I[L-8, [IP-10, TNFa, and
MCP-1 46:51,311,313,314 | contrast to vaccination, a natural EBOV infection can lead to a massive
cytokine storm leading to immunopathology. IP-10 and MCP-1 were also elevated in
VSV-EBOV in vitro-simulated samples emphasizing the impact of these cytokines upon

infection and vaccination. These responses might be EBOV-GP-specific, since EBOV infections
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as well as in vivo and in vitro VSV-EBOV studies revealed an induction. However, unspecific
innate immune responses mediated by TLR stimulation based on viral structures could also
explain comparable signatures upon infection and in vivo as well as in vitro studies of EBOV
and VSV-EBOV. For instance, viral RNA will be unspecifically detected by diverse TLRs
including TLR3, TLR7, and TLRS8 resulting in a pro-inflammatory and anti-viral response 3%.
Nevertheless, EBOV-GP alone induced a pro-inflammatory immune response suggesting that
observed cytokine inductions in vitro could be EBOV-specific 3%4. In vitro investigations using
mouse derived macrophages and human derived monocytes revealed an increased
expression of TNFa, IL-1B, and IL-6 304, Additionally, in vivo immunizations using EBOV-GP
revealed an induction of innate cytokines including IL-1B, IL-6, TNFa, and MCP-1 3%, Although
these data indicate that specificimmune responses to EBOV-GP are also detectable in in vitro
studies, they could not verify an EBOV-GP-specific response measured by an IP-10 and MCP-1
secretion. To confirm EBOV-specific responses and determine correlates of protection more
investigations are needed.

Furthermore, the vector itself can lead to an induced innate and adaptive immune response
post-stimulation or vaccination °°. The in vitro stimulation of hPBMCs using VSV led mainly to
increased secretion of IP-10, TNFa, and IFNa 2%, Moreover, antigen-specific adaptive
signatures were linked to the vector VSV post VSV-EBOV vaccination in humans. The
investigation of hAPBMCs from vaccinees revealed VSV-specific CTLs with an elevated secretion
of IFNy, IL-2, and TNFa upon stimulation using inactivated VSV wild type (VSVwt) 8,
Additionally, CTL responses were detected in VSV-EBOV vaccinees 8¢, Besides increased
specific antibodies, CTL responses are also elevated in EBOV survivors compared to
non-survivors indicating that CTL responses contribute to survival 316317, Moreover, MVA
infected moDCs and whole hPBMCs revealed an enhanced secretion of IP-10 and MCP-1
emphasizing the impact of viral vectors to vaccine-induced immunogenicity 2°%318, Whether
CTL signatures are also present in MVA-EBOV vaccinees need to be determined. Since
adaptive signatures such as CTL responses cannot be determined via in vitro stimulations, the
present study could not predict adaptive immunogenicity induced by VSV-EBOV and
MVA-EBOV.

While VSV-EBOV  immunizations led to inductions of monocyte related

cytokines 86:311,314,316317 - FBQV infections induce a stronger and more comprehensive
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secretion of cytokine profiles #6>%313, Finally, in vitro stimulations and vaccinations using
VSV-EBOV as well as natural EBOV infections revealed due to its virus characteristics a

comparable anti-viral cytokine signature.

5.3 VSV-EBOV and MVA-EBOV modify the expression of activation markers

on monocyte and DC subsets

Since DCs and monocytes can determine later immune responses to infections as well as
vaccination, the activation status of these immune cells was assessed via flow cytometry upon
in vitro stimulation using VSV-EBOV and MVA-EBOV, respectively (cf. section4.1.2,
figure 12-18) 235-241,

5.3.1 Activation of monocyte cell subsets

After in vitro stimulation using VSV-EBOV mainly intermediate and non-classical monocytes
revealed a tendency for an enhanced activation based on their expression of CD83 and CD86.
Interestingly, a higher frequency of CD86* monocytes was determined three days post
vaccination in VSV-EBOV vaccinees °2. Additionally, the YF-17D vaccine resulted in an elevated
frequency of CD86* monocytes peaking seven days post vaccination, indicating a
vaccine-dependent expression of activation markers on innate immune cells %3, In contrast
to trends for an increased expression of CD83 and CD86 post VSV-EBOV in vitro stimulation,
MVA-EBOV led to a significant upregulation of CD83 on intermediate monocytes and
downregulation of CD86 on classical, intermediate, and non-classical monocytes. After TIV
vaccination an elevated frequency of intermediate monocytes with an increased amount of
cytokine-positive cells was detected, indicating an activation of monocytes upon
vaccination 31°, The elevated frequency of CD86* monocytes in VSV-EBOV vaccinees showed
a negative correlation with antibody responses °2. Although the co-stimulatory signal
mediated by CD86 is required for T cell proliferation, activation, and finally efficient antibody
production, a suppressive function of activated inflammatory monocytes has been described

in ovalbumin (OVA) or hemagglutinin (HA) vaccinated mice 2°°. Moreover, an activation of
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human monocytes mediated by several TLRs led to a reduced expression of CD86 in a partially
IL-10 dependent manner 320321 A decreased expression of CD80 and CD86 on monocytes
prior to TIV vaccination was also correlated with seroconversion upon vaccination 321, This
further indicates that a reduced expression of CD86 might be a prediction marker for
vaccine-induced immunogenicity. Hence, in the present study the significantly decreased
expression of CD86 on monocytes after MVA-EBOV in vitro stimulations might indicate an
increased anti-viral response with a stronger potential to initiate seroconversion, which might

be more effective compared to VSV-EBOV.

5.3.2 Activation of DC subsets

In accordance with a natural EBOV infection 268285 the vector MVA infects antigen presenting
cells (APCs) and predominantly DCs as shown in the present study. To this end, different DC
subsets were investigated based on their ability to express the activation marker CD40, CD83
or CD86. In addition to the monocyte cell subset findings, a VSV-EBOV in vitro stimulation
revealed no statistically significant altered expression of CD40, CD83, and CD86 on pDCs,
CD1c*CD11c* DCs, CD1cCD16* DCs, and CD1cCD141* DCs. Interestingly, a higher frequency
of CD86* DCs was determined three days post VSV-EBOV vaccination in humans, where the
elevated frequency of CD86* DCs showed a negative correlation with antibody responses 2.

In contrast, pDCs, CD1c*CD11c* DCs, and CD1c'CD141* DCs exhibited a significantly lower
expression of CD86 in MVA-EBOV in vitro stimulated samples compared to unstimulated
counterparts. In addition to activated monocytes, an increased DC activation mediated via
CD86 might also lead to a vaccine-induced counter-regulatory response 922%°, Accordingly,
reduced expression of CD86 on DCs post MVA-EBQOV in vitro stimulation might increase later
immune responses. This hypothesis is emphasized by the decreased expression of CD86 on
monocytes that share several markers and cellular characteristics with DCs. Furthermore,
CD83 showed a significantly decreased expression on CD1c'CD141* DCs post MVA-EBOV
in vitro stimulation.

However, whole DCs derived from lymph nodes of DNA-vaccinated mice showed an induction
of CD40 and CD86 322, Moreover, immature and mature DCs are described to express CD40

and CD86 to a higher extent upon bacterial DNA stimulation 323, Furthermore, viral stimuli

105



Discussion

including the YF-17D vaccine led to an induction of the activation marker CD83 and CD86 on
human moDCs and CD86 on myeloid DCs and pDCs 193281 These discrepancies may be
explained by the usage of in vivo studies or by different immune responses due to different
stimulation mechanisms. While vaccines like YF-17D and VSV-EBOV contain a RNA genome,
DNA-vectored vaccines as well as MVA-based vaccines consists of DNA resulting in different
TLR recognition of innate immune cells 78307312 The site of antigen expression could
potentially contribute to these differences. Different sites of transcription and replication
such as the cytoplasm in case of YF-17D, VSV- and MVA-based vaccines or the nucleus in case
of DNA plasmid-vaccines result in different mechanisms of immune cell activation 78324-327,
Accordingly, different pathways will be activated leading to different responses. An in vitro
stimulation of human moDCs using MVA resulted in a slightly upregulated expression of CD83
and CD86 2%, However, they used a 5 times higher MOI of MVA compared to the present
study and observed only a low, not significant MFI of 17 for CD83 and 55 for CD86 compared
to isotype controls. Higher MFIs were only detected in populations of MVA* murine bone
marrow-derived DCs (BMDC) post-stimulation where ten times higher MOIs were used 28,
While these studies performed stimulations with single cell suspensions, in vitro stimulations
using VSV-EBOV and MVA-EBOV were performed with whole hPBMCs. Hence, VSV-EBOV and
MVA-EBOV stimulation assays represent immune responses elicited by different immune cell
types and therefore reflect the in vivo situation better than single cell suspensions.
Nevertheless, single cell stimulation indicated that MVA and MVA-based vaccines might not
induce the expression of activation markers on DCs. Furthermore, some viral infections of DCs
result in an increased immune response and fast clearance of the virus, whereas others
including CMV, measles, and HIV dampen the immune response 3287331, This strengthens the
findings of VSV-EBOV and MVA-EBOV in vitro stimulations, which showed different
tendencies for DC activation.

In the present study, a significant reduction of CD86 on pDCs, CD1c*CD11c* DCs, and CD1c
CD141* DCs as well as of CD83 on CD1cCD141* DCs was detected post MVA-EBOV
stimulation, whereas VSV-EBOV indicated no significant altered expression of these markers.
Whether this is mediated by MVA and results inan increased immune response due to a lower
cross-regulatory effect or a decreased immune response based on less DC activation needs to

be determined.
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5.4 VSV-EBOV and MVA-EBOV alter the transcriptomic profile of
stimulated hPBMCs

Since transcriptomic changes were detected and correlated to antibody titers post
vaccination, they represent insights into mechanisms that may result in protection of
vaccinees 93:296,297.332. To decipher transcriptomic changes by in vitro stimulations using
VSV-EBOV and MVA-EBOV comprehensively the nanoString® technology and RNA-Seq were
utilized (cf. section 4.2, figure 19-33).

5.4.1 VSV-EBOV and MVA-EBOV induced different anti-viral signatures in hPBMCs

A screening for altered gene expressions in VSV-EBOV-stimulated hPBMCs using the
nanoString® technology revealed several differentially expressed genes (DEG) over time with
bigger differences in PCA after 6 h of stimulation than 1 h. Moreover, the number of DEG was
two times higher after 6 h compared to 1 h in VSV-EBOV in vitro stimulated hPBMCs. In
addition, transcriptomic changes peaked 1 day post VSV-EBOV vaccination in humans where
later time points returned to baseline 2%/, In contrast, a VSV-EBOV vaccination of cynomolgus
macaques led to delayed transcriptomic changes. A higher number of DEG was detected
seven days post vaccination compared to three days post vaccination in cynomolgus
macaques °32%¢, Vaccinated cynomolgus macaques showed a similar number of DEG post
vaccination compared to in vitro VSV-EBOV stimulations 2°¢, However, stricter cutoffs with a
log2 fold change of > 2 may explain this low transcriptional induction in vivo. After VSV-EBOV
in vitro and in vivo stimulation, an anti-viral signature were detected. While the top
upregulated pathways of DEG included cytokine, interleukin, and chemokine signaling post
VSV-EBOV in vitro stimulation, induced GO terms of vaccinated cynomolgus macaques
included but are not limited to immune system process, receptor signaling pathways,
response to cytokines, and defense response 932%_ Accordingly, VSV-EBOV resulted in vivo to
a comprehensive systemic anti-viral response, whereas in vitro stimulations mainly induced
cytokine responses 9329,

Also, RNA-Seq analysis of VSV-EBOV in vitro stimulations revealed distinct transcriptomic

signatures. These signatures were comparable to the findings with the nanoString®
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technology and could be expanded by RNA-Seq due to the higher number of analyzed genes.
After 6 h of a VSV-EBOV in vitro stimulation 643 DEG were detected in the present study. In
contrast, MVA-EBOV induced 5.6 times more DEG 6 h post in vitro stimulation compared to
VSV-EBOV. In addition, VSV-EBOV vaccinees showed more than 5,000 differently expressed
genes peaking one day post vaccination and returning to baseline in the following 20 days 2°7.
Furthermore, unstimulated samples also exhibited DEG after 6 h of in vitro cultivation. The
number of DEG were higher in stimulated compared to unstimulated samples. Additionally,
ORA, KEGG, and GO term analysis revealed no significantly responses in unstimulated samples
and therefore DEG in unstimulated samples were interpreted as background noise.
Moreover, both in vitro stimulations using VSV-EBOV and MVA-EBOV exhibited differencesin
a PCA of stimulated and unstimulated samples emphasizing a specific altered transcriptomic
profile upon stimulation. Since some VSV-EBOV-stimulated and unstimulated samples
clustered together post 6 h, the transcriptomic changes by VSV-EBOV might be not so strong
compared to MVA-EBOV-stimulated samples which did not cluster together with
unstimulated samples.

While a VSV-EBQOV in vitro stimulation resulted mainly in a pathway induction of chemokine
receptors bind chemokines in ORA, MVA-EBOV primarily induced pathways for interferon
signaling and cytokine signaling. This highlights distinct transcriptomic profiles by VSV-EBOV
and MVA-EBOV stimulations. Despite one study that indicated an induced IFN signaling upon
natural EBOV infections of cynomolgus macaques, no enhanced IFN signaling in EBOV
infections was determined 333, Since the difference between VSV-EBOV, MVA-EBOV and EBOV
are manifold, several reasons could explain different pathway inductions such as different
viral origins and different kinetics of in vitro and in vivo stimulations. Also, suppressive
mechanisms mediated by EBOV-VP24 and -VP35 might explain a lower induction of IFN
signaling in natural EBOV infections 3347339, VSV-EBOV vaccinated cynomolgus macaques
showed a slight induction for IFN signaling after EBOV challenge emphasizing a
vaccine-specific induction, since IFN signaling was not elevated post EBOV infections 3340, By
using murine BMDC, MVA stimulations also revealed an induction of type I IFN-specific genes
and an increased secretion of type | IFNs in a TLR-independent manner 341342, The vaccina
virus vaccine called Aventis-Pasteur WetVax® (APSV) revealed IFN-induced and TNFa-induced

genes five to seven days post vaccination in humans 343, In addition, YF-17D vaccination in
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humans revealed an increased gene expression especially seven days post vaccination.
Predominantly genes that mediate interferon and anti-viral responses were elevated 103272,
Also, investigations of different seasonal TIV vaccinations highlighted the impact of IFN
signaling. Using previously defined human blood transcriptional modules showed a mainly
innate immune signature one and three days post TIV vaccination 332344, |n particular, DC
activation and expression of IFN were associated with antibody responses post TIV
vaccination 332, This vaccine-specific pathway inductions in vivo were better reflected by
MVA-EBOV in vitro stimulations than VSV-EBOV in vitro stimulations.

Moreover, GO term analysis revealed different signatures in MVA-EBOV and
VSV-EBOV-stimulated hPBMCs. Significant GO terms for upregulated genes included defense
response to virus (GO:0051607) and response to virus (GO:0009615) post MVA-EBQV in vitro
stimulation. In contrast, VSV-EBOV exhibited no significant GO terms post in vitro stimulation.
Therefore, MVA-EBQOV in vitro stimulated samples may induce a stronger anti-viral response
than VSV-EBOV-stimulated samples. Also, YF-17D vaccinees mainly exhibited an upregulation
of immune response and response to virus in GO term analysis 193, Additionally, independent
component analysis (ICA) followed by gene set enrichment analysis mainly revealed for
YF-17D vaccination in humans and in vitro stimulations of the MIMIC™ system an expression
of genes that were induced by IFNs and viruses 272, Similar GO signatures were detected post
APSV vaccination in humans including immune cell activation, cellular defense response and
inflammatory response 3*3. Besides MVA-EBOV in vitro stimulations, VSV-EBOV vaccinated
cynomolgus macaques revealed an elevated defense response to virus and type | IFN
signaling 3. Furthermore, strong upregulation of mainly responses to virus and IFN signaling
were detected in VSV-EBOV-vaccinated humans 2°7. Hence, in vitro stimulation using
MVA-EBOV seem to be more comprehensive and reflect the VSV-EBOV in vivo transcriptomic
profiles in cynomolgus macaques and humans better than VSV-EBOV in vitro
stimulation 93,297,340,

One explanation for lower transcriptomic changes upon VSV-EBOV in vitro stimulation might
be that VSV-EBOV is an attenuated vaccine that can replicate in human cells to some
extent 220345 Accordingly, the VSV-EBOV in vitro stimulation might be stronger compared to
the replication-deficient MVA-EBOV resulting in highly infected cells that undergo apoptosis.

On the other hand, no significant drop in live cell counts of VSV-EBOV in vitro stimulated
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hPBMCs was detected. To investigate whether hPBMCs of both stimulations exhibit the same
condition, apoptotic markers should be used in further experiments. Moreover, in vivo a
replication-competent vaccine might be beneficial due to a stronger induction of the immune
response. Since, viral loads of VSV-EBOV and MVA-EBOV were comparable in hPBMCs as
indicated by virus-specific gene detection, other effects must be the reason for the
discrepancy of induced transcriptomic changes. VSV leads to lower amounts of
phosphorylated eukaryotic translation initiation factor 4E (elF4E) and elF4E-binding protein 1
(4EBP1), resulting in reduced host cell translation 346=348_ The dephosphorylation of 4EBP1 is
mainly mediated by the viral M-protein resulting in more than 60 % of cytoplasmatic and
polysome-associated viral mRNA 34°, This was described to occur already 6 h post infection.
Moreover, unassociated mRNAs were reported to have a shorter half-life which might also
affect in vitro transcriptome analysis explaining lower transcriptomic changes in
VSV-EBOV-stimulated hPBMCs 342, Furthermore, different viral vector vaccines might have
different kinetics in in vitro stimulations of hPBMCs. To address whether VSV-EBOV could lead
to delayed transcriptomic changes, later time points of in vitro stimulations should be
investigated in further studies. Moreover, a second line VSV-EBOV which was passaged by the
infection of BHK cells was used in the present study. Hence, the replication of VSV-EBQOV prior
in vitro stimulations of hPBMCs might also affect the outcome of immune signatures.

Here, different transcriptomic profiles after VSV-EBOV and MVA-EBQOV in vitro stimulation
were identified. While VSV-EBOV mainly induced cytokine signaling including interleukins and
chemokines, MVA-EBOV stimulations led to IFN signaling, cytokine signaling, and defense

responses to virus.

5.4.2 VSV-EBOV and MVA-EBOV led to different gene expressions in stimulated hPBMCs

The induced pathways by VSV-EBOV and MVA-EBOV were associated with different gene
expressions post in vitro stimulation. An anti-viral signature induced by VSV-EBOV was
determined using the nanoString® technology. For instance, the anti-viral signature was
indicated by an increased expression of IP-10, CLEC5A, GBP1, IL-1a, IDO1, and MCP-1. Since
IP-10 and MCP-1 were also elevated on the protein level, the relevance of these cytokines

was intensified post VSV-EBOV in vitro stimulation. Moreover, a natural EBOV infection
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showed an enhanced expression of /P-10 and MCP-1 measured by transcriptomic changes in
PBMCs derived from infected cynomolgus macaques 333. Accordingly, VSV-EBOV vaccinated
humans revealed an elevated expression of MCP-1 after vaccination ?®. An increased
expression of IP-10 was also determined in hPBMCs of vaccinia virus vaccinated humans using
APSV 343, In addition, the viral vaccina YF-17D showed an elevated IP-10 expression in
vaccinated humans peaking seven days post vaccination 193332 A beneficial vaccine-induced
profile of IP-10 was emphasized due to its link to increased EBOV-specific antibodies post
VSV-EBOV vaccination 2. Accordingly, a substantial vaccine-specific signature was
determined post VSV-EBQV in vitro stimulation using the nanoString® technology.

RNA-Seq analysis revealed comparable gene expression signatures and led to more insights
into induced transcriptomic changes. An increased expression of several genes was linked to
a reduced replication of EBOV in infected human embryonic kidney cells (HEK) 3°°. Some of
the top 20 upregulated genes were also elevated in the present study post in vitro stimulation.
While VSV-EBOV in vitro stimulation led to significantly elevated expression of CD9,
MVA-EBOV resulted in an increased expression of GBP2, IFI6, BTN3A3, IRF7, and IFIH1 3*°, In
addition to previously described findings of MVA-EBOV, this increased number of genes that
were correlated with reduced EBOV replication emphasize the beneficial immune signature
induced by MVA-EBOV that might contribute to protection in vaccinees.

The viral vaccine YF-17D led to a comparable gene signature in vivo and in vitro 193272, More
than half of the in vivo DEG were also elevated in in vitro stimulations of hPBMCs three and
seven days post YF-17D vaccination indicating conserved responses 193, ICA followed be gene
enrichment analysis revealed a distinct regulation of transcription factors which were
responsible for downstream gene expressions post YF-17D vaccination in humans 272, Three
major transcription factors the interferon regulatory factor 7 (IRF7), signal transducer and
activator of transcription 1 (STAT1), and ETS proto-oncogene 2 (ETS2) were identified in
hPBMCs of YF-17D vaccinees and in in vitro stimulations of the MIMIC™ system using
YF-17D 272, In addition, another live attenuated viral vaccine against the influenza virus (LAIV)
exhibited an increased expression of genes with innate immune related functions such as
STAT1 and IRF7 308344 While VSV-EBOV showed no elevated expression of these transcription
factors in the present study, MVA-EBOV stimulations resulted in a significantly increased

expression of IRF7 and STAT1. These two genes were also elevated in the first seven days post
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VSV-EBOV vaccination in human and cynomolgus macaques as well as following EBOV
challenge of vaccinated cynomolgus macaques °32%7, Therefore, IRF7 and STAT1 might have
conserved functions in vaccine-induced immune responses which could also contribute to
MVA-EBOV immunogenicity.

Moreover, single-gene analysis revealed further insights into immune signatures post
VSV-EBOV stimulation. A natural EBOV infection is mediated by the interaction of the
EBOV-GP and host cell receptors. Besides phosphatidylserine receptors, C-type lectins (CLECs)
are one of the major binding receptors in natural EBOV infections 3>1. CLECs are located on
DCs, monocytes, and macrophages. Here, CLEC5A was among the top 10 upregulated genes
post VSV-EBOV in vitro stimulation. The interaction of EBOV and CLECs may result in
immunosuppressive effects as described for the measles virus (MV) 32, However, a
long-lasting immunity was correlated to genotypes, IFNy, and CLEC5A expression post YF-17D
vaccination emphasizing a manifold response of CLECs depending on the infection or
vaccination 3°3, Accordingly, an enhanced expression of general CLECs might contribute to a
reduced host cell immune response upon VSV-EBOV in vitro stimulations, whereas an
enhanced expression of CLEC5A could lead to long-lasting immunity. In contrast to VSV-EBOV,
MVA-EBOV mainly induced an elevated expression of /FNs and IFN-related genes.
Additionally, compared to YF-17D vaccination, MVA-EBOV led to an enhanced expression of
IFNy 353, Also, interferon-induced proteins with tetratricopeptide repeats (IFIT) such as IFIT1,
IFIT3, IFI27, and IFI44 had an increased expression post MVA-EBOV stimulation. These genes
were also elevated in VSV-EBOV vaccinees over the first two weeks post vaccination,
emphasizing their contribution to a vaccine-induced immune signature 2°’. Furthermore, 65
genes which were elevated in VSV-EBOV vaccinees and linked to enhanced innate antiviral
and IFN signaling were also enhanced in YF-17D vaccinated humans 1932%7_ Since this induction
was detected over seven days post VSV-EBOV and YF-17D vaccination, the authors
hypothesized a long-lasting innate immune response 2°7. Out of these 65 genes only GBP1,
IFIT2, and OASL were significantly upregulated post VSV-EBOV in vitro stimulation in the
present study, whereas MVA-EBOV resulted in 44 significantly upregulated genes, which
mainly belongs to cytokine and IFN signaling. Therefore, MVA-EBOV might result in a
long-lasting innate immune response which could contribute to an elevated adaptive immune

response.
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Moreover, data of altered expression of CD86 upon in vitro stimulations on innate immune
cells (section 5.3.2) could be intensified by RNA-Seq. VSV-EBOV led to an upregulation of
CD86, whereas an MVA-EBOV stimulation resulted in a significant reduction. The upregulation
of CD8O, a closely related factor of CD86, strengthens the hypothesis that VSV-EBOV led to an
upregulation of CD86, indicating an increased anti-viral response. However, MVA-EBOV might
have a stronger potential to initiate seroconversion as described for other vaccines due to
lower cross-regulation mediated via CD86 °22%9.321  This seroconversion might be more
effective upon MVA-EBOV immunization compared to VSV-EBOV which induced a higher
expression post in vitro stimulation. Since first insights into different activation statuses of
innate immune cells were determined using flow cytometry and RNA-Seq, this might be an
additional reason for different transcriptomic changes post VSV-EBOV and MVA-EBOV
stimulation. These findings emphasize that both viral vector vaccines may stimulate different
subsets of immune cells due to their different surface receptors. Hence, the expression of
EBOV-GP on the surface of VSV-EBOV could lead to a different cell tropism compared to
MVA-EBOV which only encodes for the EBOV-GP sequence without any surface expression.

The nanoString® technology and RNA-Seq exhibited transcriptomic changes of distinct genes
after VSV-EBOV or MVA-EBOV in vitro stimulation. Both showed inductions of /IP-10, IL-1a,
GBP1, MCP-1, and IDO1 post-stimulations. While VSV-EBOV induced mainly IP-10 and CLEC5A,
MVA-EBOV exhibited especially for IFNB1 and IFN related genes an increased expression. In
conclusion, these findings indicate further differences in immune responses to both viral

vector vaccines and are consistent with the findings of different anti-viral signatures.

5.5 VSV-EBOV and MVA-EBOV induce slightly different immune responses

in men and women

The immune response to vaccines can differ between men and women, where women
generally develop a stronger immune response than men 147148, They benefit from a higher
magnitude of humoral and cellular immune responses but have to suffer from more adverse
reactions. To decipher sex-based differences in VSV-EBOV- and MVA-EBOV-induced
immunogenicity, all data of VSV-EBOV and MVA-EBOV in vitro stimulations were stratified by
sex (cf. section 4.3, figure 34-40).
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Despite some hints for different amounts of T cells, B cells, monocytes, and mDCs in both
sexes exists 1°/158 no different frequencies in hPBMCs of monocyte and DC subsets were
detected in the present study. Out of 13 analyzed cytokines only IL-8 and IP-10 revealed
slightly tendencies for an elevated secretion of IL-8 in women and IP-10 in men. These
tendencies were strengthened using the nanoString® technology. Here, slightly increased
numbers of DEG were detected in women 6 h post-stimulation. In addition to an increased
level of IP-10, men exhibited an elevated log2 fold change of IP-10 6 h post-stimulation.
Furthermore, women had an enhanced global significance score for pre-defined gene sets
including response tovirus and response to stress post VSV-EBOV in vitro stimulation. To date,
no sex-based differences in the immune signature to VSV-EBOV have been described 229221,
After VSV-EBOV vaccination an early induction of IP-10 was correlated to an increased
antibody response in vaccinees °2. Hence, the IP-10 induction observed in VSV-EBOV in vitro
stimulated hPBMCs on protein and mRNA level might result in an elevated vaccine-induced
immunogenicity in men. Immune-relevant genes that escape from X-chromosome
inactivation (XCl) might affect the immunocompetence due to an enhanced expression in
immune cells of women. The IP-10 receptor CXCR3 can also be more highly expressed in
women due to XCl 160176177 \which may lead to an enhanced signaling and therefore
potentially compensate for lower amounts of IP-10 in women. Whether this might affect
vaccine-induced protection has to be determined, since XCl occurs at different intensities in
various immune cells 3>4, In contrast to VSV, vaccinia virus (VACV)-derived vaccines showed
first hints for sex-based differences. The VACV vaccine (Dryvax®) exhibited higher neutralizing
titer in women than in men 22, While men had significantly higher IFNy and increased IL-18
levels, women showed enhanced IL-2 and IL-10 secretion upon Dryvax® vaccination 213, Out
of these enhanced cytokines by Dryvax®, only IFNy was significantly upregulated in the
present study post MVA-EBOV in vitro stimulations indicating a characteristically female
response. Furthermore, a meta-analysis of a next generation smallpox vaccine based on MVA
(MVA-BN: Imvamune®) showed higher specific antibody titer in men compared to women 24,
These different cytokine and antibody responses emphasize a complex sex-biased immunity
upon vaccination.

Here, RNA-Seq analysis revealed no sex-biased transcriptomic changes in hPBMCs post

VSV-EBOV in vitro stimulation, whereas MVA-EBOV induced slightly different expressions in
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men and women. While hPBMCs derived from men showed a significant induction of 6 genes,
women exhibited 11 genes. Whether these different transcriptomic changes might contribute
to sex-biased immune response in MVA-based vaccines such as Imvamune® needs to be
determined in larger studies. Finally, first insights into sex-biased cytokine and transcriptomic

signatures was elucidated post in vitro stimulations using VSV-EBOV and MVA-EBOV.

5.6 Conclusion

This dissertation contributed to the understanding of induced immune signatures by
VSV-EBOV and MVA-EBOV, which revealed cytokine inductions and different expression of
activation markers on monocytes and DCs as well as transcriptomic changes over time. In
contrast to VSV-EBOV, MVA-EBOV might leads to an increased immune response due to a
lower cross-regulatory effect of CD86* monocytes and DCs. While VSV-EBOV in vitro
stimulations of hPBMCs mainly showed elevated cytokine signaling, MVA-EBOV stimulations
primarily elucidated induced IFN signaling. In addition, VSV-EBOV showed an increased
expression of /P-10 and CLEC5A, whereas MVA-EBOV stimulation led to an enhanced
expression of IFNB1 and IFITs.

Findings like these are important since they can foster further vaccine development. During
the largest EBOV outbreak in West Africa many vaccine candidates based on different
platforms were investigated (section1.3.2,table1). Increased understanding of
vaccine-induced immunogenicity by different platforms facilitated the development and
implementation in the following decades as emphasized by the ongoing SARS-CoV-2
pandemic. Existing vaccine platforms, production pipelines, and know-how led to an
accelerated development and finally resulted in licensed vaccines one year after SARS-CoV-2
emerged. Besides mRNA vaccines, viral vector vaccines are promising candidates where an
Ad.26- and ChAdOx1-based vaccine were already licensed against SARS-CoV-2 in Europe,
highlighting the relevance of viral vector vaccine in the combat of EIDs 3>>3%, In contrast to
Ad.26 and ChAdOx1, an MVA-based vaccine called MVA-SARS-2-S showed lower immune
responses in a clinical phase | trial 3>7. However, due to this knowledge a modified viral vector
vaccine candidate based on MVA was designed and will be tested in clinical trials. To improve

the tolerability and immune response in humans a heterologous prime-boost regimen using
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different vaccine platforms might be efficient. Here, a priming by a mRNA vaccine and a boost
by a viral vector vaccine could be powerful to reduce side effects during the boost in
heterologous mRNA immunizations and improve overall immune responses.

Furthermore, insights into sex-specific responses were observed post in vitro stimulations
using VSV-EBOV and MVA-EBOV, indicating slightly increased transcriptomic changes with an
anti-viral function in women. To determine whether this sex-bias may lead to different
outcomes of vaccination and finally to distinct protection in men and women, further
investigations are needed. The identification of sex-based differences is mandatory to protect
both sexes equally, reduce side effects in women, improve immune responses in men and
prevent a drop of promising vaccine candidates due to a bad overall efficacy 3. In conclusion,
different immune signatures of in vitro stimulated hPBMCs using VSV-EBOV and MVA-EBOV
were determined indicating distinct correlates of protection, which were mainly dependent

on the viral vector vaccine rather than sex.

5.7 Future perspectives

To determine the impact of different immune signatures by VSV-EBOV and MVA-EBOV, a
modulation of gene expressions in human cell lines or animal models could be utilized. Using
RNA interference (RNAI), a knock-down with a decreased expression rate of a specific gene of
interest could be achieved. By comparing these knock-down approaches to knock-out
experiments realized by homologous recombination would allow a comprehensive
investigation of gene-specific contributions to induced immune responses. Interesting
candidates for further gene expression analysis are IP-10 and CLEC5A due to their elevated
expression in VSV-EBOV in vitro stimulated hPBMCs as well as IFNs and IFITs as they were only
higher expressed post MVA-EBOV stimulation. Furthermore, an investigation of immune
responses prior to and post infection might reveal potential biomarkers that correlate with
protection. The identification of correlates of protection such as specific gene expressions,
cytokines or miRNAs °192 which are linked to adaptive immune responses, might increase the
understanding of vaccine-induced immunogenicity. Moreover, this could accelerate further
vaccine development. Improved in vitro stimulations combined with an increased knowledge

of correlates of protection might lead to better testing systems for vaccine quality checks of
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different batches. This would reduce the need for animal models in accordance with the 3Rs
principle first described by W.M.S. Russel and R.L. Burch to replace, reduce, and refine animal
models 273, Furthermore, a reduction in costs and time could be obtained by using in vitro
stimulations for vaccine testing 274.

First insights into sex-specific differences in induced immune responses by viral vector
vaccines such as VSV-EBOV and MVA-EBOV were detected using in vitro stimulation assays.
To validate and gain more knowledge further investigations are needed. Hence, experiments
with more donors are required to detect significant differences and investigate smaller
differences in detail, which might have a strong impact on later immune responses. In
addition, the modification of the hormone milieu by adding or substituting sex hormones in
in vitro stimulation assays could elucidate the impact of sex hormones on the
immunocompetence. Gelded animals and/or sex hormone replacement could further lead to
deciphered sex-specific differences and their specific reason. Insight into disease progression
of COVID-19 revealed a worse outcome for men with a testosterone disorder combined with
manifold metabolic malfunction emphasizing a high versatility of reasons for sex-biased
immunogenicity 3>°. In addition, the age can also have an effect on the immunocompetence
of men and women 360381 |n particular, in utero, pre- and post-puberty, and old ages influence
T cell ratios, T cell activity, NK cell activity, and antibody titer 2°¢, Accordingly, sex- and
age-specific modifications of transcriptomic changes, epigenetic maodifications,
metabolomics, and microbiota should also be further addressed to validate differences in
vaccination. Findings of vaccine-induced immunogenicity, correlates of protection, sex- and
age-specific differences would contribute to faster vaccine design and ensure a personalized

medication.
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6. Supplement

6.1 Establishment of in vitro stimulation assays

To investigate induced immune signatures by the viral vector vaccines VSV-EBOV (Ervebo®)
and MVA-EBOV in vitro stimulation assays were utilized. Initially, the infectivity of a 2" line
VSV-EBOV was tested following MOl titration and the determination of cell culture conditions.
To confirm an effective viral stimulation flow cytometry and immunofluorescence analysis of
in vitro stimulated hPBMCs were performed. In addition, viral RNA or DNA of in vitro

stimulated samples were analyzed by gPCR.

6.1.1 Infectivity of 2" line VSV-EBOV

The infectivity of a 2" line VSV-EBOV, which was passaged by the infection of BHK cells, was
measured by plaque assay (section 3.4). In S.1 representative sections of the infected wells of

one replicate are shown for different dilutions.

S.1. Plaque assay of VSV-EBOV-infected Vero81 cells. Vero81 cells were infected after reaching a confluent
monolayer using a 2™ line VSV-EBOV (MOI 1) and stained with crystal violet 24 h post infection. The
number of plagques were used to calculate the PFU/ml with formula [1]. Representative wells of three
different 10-fold dilutions (10, 10°, and 10°7) of 2" line VSV-EBOV stock are shown.

To analyze the number of infectious particles of the 2" line VSV-EBOV stock solution the

plaque forming units per ml (PFU/ml) were calculated using the formula [1].

PFU _ (X plaques - dilution factor a) + (¥ plaques - dilution factor b)
- mlvirus soultion
well

[1]
ml -number of wells counted
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In the case of a VSV-EBOV plaque assay two wells were infected with the same dilution

resulting in the following values for formula [1]:

dilution factor a = 10°

dilution factor b = 107

Z plaques for dilution factor a = 160 + 161 = 321

Z plaques for dilution factor b = 14 + 16 = 30

number of wells counted = 4

ml virus solution = 1

Values used in formula [1]:

PFU _ (321:10%)+(30-107) _ 6.21-10°

ml 1, aml
well

~ 1.6 - 108

The PFU/mL of 1.6-108 were utilized to calculate the amount of 2" line VSV-EBOV stock

solution for an MOI of 1, which was used for in vitro stimulations (section 3.5).

6.1.2 Cell culture conditions for in vitro stimulation assays

In this study sex-based differences of induced immune signatures by VSV-EBOV and
MVA-EBOV were to be investigated (section 4.3). Since media supplements like FCS can
contain variable concentrations of hormones including estrogen, serum-free media were
tested prior to in vitro stimulations. To this end, a human monocytic cell line called THP-1 was
used as a model for in vitro stimulations of hPBMCs. To induce a comprehensive cell response
a lipopolysaccharide (LPS) stimulation was performed using 100 ng LPS. THP-1 were cultured
during LPS stimulation in serum-free X-VIVO™ 15, RPMI-1640 or serum-containing
RPMI-1640 + 10 % FCS. Afterwards, the amount of live cells and the activation status were

measured by flow cytometry. Both serum-free and serum-supplemented media showed no
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difference in the amount of live cells over time (S.2). Moreover, stimulated cells had the same

amount of live cells compared to unstimulated cells over time (S.2).
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S.2: Frequency of live THP-1 cells upon in vitro stimulation using LPS. Serum-free (RPMI-1640 and
X-VIVO™ 15) and serum-containing (RPMI-1640 + 10 % FCS) media were used for THP-1 stimulation
assays. The cells were stimulated with 100 ng LPS. Afterwards, cells were stained (section 3.12) with the
Zombie NIR™ viability dye and analyzed via flow cytometry. Besides, stimulated samples depicted in
green also unstimulated samples depicted in black were investigated based on their frequency of live

cells (negative for Zombie NIR™). Black error bars represent the 95 % Cl of the median. RPMI-1640 N=6;
X-VIVO™ 15 N=3; RPMI-1640 + 10 % FCS N=3.

The activation of THP-1 cells based on the expression of the activation marker CD40, CD83,
and CD86 showed the same pattern over time on cells cultured in serum-free and
serum-containing media (S.3). While the fold change of CD83 MFIs showed the highest
differences between serum-free and serum-containing media, fold changes in the MFI of
CD40 and CD86 showed only minor differences between the different culture conditions
ranging from 0.95 to 1.1. Therefore, RPMI-1640 without any serum was used for in vitro

stimulations of hPBMCs (section 4 and 6).
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S.3: Expression of activation markers on THP-1 cells upon in vitro stimulation using LPS. Besides serum-free
media (RPMI-1640 (orange) and X-VIVO™ 15 (blue)) also serum-containing medium (RPMI-1640 + 10 %
FCS (red)) were used for in vitro stimulations. Cells were stimulated with 100 ng LPS. Afterwards, the
expression of CD40, CD83, and CD86 of live cells were analyzed via flow cytometry (section 3.12,
antibodies table 14). Fold changes to the specific unstimulated counterpart of stimulated samples are
depicted. Black error bars represent the 95 % Cl of the median. RPMI-1640 N=6; X-VIVO™15 N=3;

RPMI-1640 + 10 % FCS N=3.

6.1.3 MOI titration

For further experiments the MOI was determined based on the literature 267:281-283 gn(d
cytokine secretion of whole hPBMCs upon in vitro stimulations using VSV-EBOV. Following
hPBMC isolation (section 3.3.1) in vitro stimulations were performed with different MOlIs of
VSV-EBOV ranging from 0.001 to 1. Different TLR agonists like the TLR4 agonist LPS, TLR7
agonist imiquimod, and TLR9 agonist CpG were used as positive controls to validate the
functionality of the in vitro stimulation assay. While for a LPS stimulation 100 ng/ml were
used, imiquimod and CpG stimulations were performed with 5 pg/ml or 10 pg/ml,
respectively. After 20 h of in vitro stimulation, the cell suspension was centrifuged for 3 min

at 600 x g and 4°C. To investigate the cytokine secretion the supernatant was analyzed by a
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pre-defined LEGENDplex™ by BioLegend (section 3.12.1). Since viral infections are of interest,
a human anti-virus response panel including the analytes: IL-1pB, IL-6, IL-8, IL-10, IL-12p70,
IP-10, TNFa, IFNA1, IFNA2/3, IFNa2, IFNB, IFNy, and granulocyte-macrophage
colony-stimulating factor (GM-CSF), was used. While the majority of analyzed cytokines
showed an increasing cytokine secretion with enhanced MOIls, some cytokines like IFN-A
showed a decreased secretion upon a stimulation with MOI 0.01 (S.4).

Furthermore, a MOI of 1 showed a cytokine induction of IFNa, IFNB, IL-6, and IP-10 indicating
an anti-viral response of in vitro stimulated hPBMCs. In comparison to VSV-EBOV
stimulations, imiquimod exhibited a higher IL-6 and IP-10 response but a lower secretion of
IFNa and IFNB. Only LPS led to a strong cell activation with high cytokine secretion of IL-6.
Overall, the highest cytokine secretion of in vitro stimulated hPBMCs using VSV-EBOV was
observed for a MOI of 1.

Since a stimulation with a MOI of 1 showed the highest cytokine induction and revealed no
difference in the live count of THP-1 cells (cf. section 6.1.2, S.2), this MOI was used for further

investigations (section 4 and 6).
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Figure legend depicted on page 123.

122



Supplement

B p—

€ 23000~ o IL-1
L y 1B
&. 13000_ A A A A A A A A - ”_'6
§ 30001 - . s IL-8
g T v « IL-10
$ 2000+ e |P-10
%] | |
e v TNFa
8 . °
2 10000 . . S
—— L ]
S 0—-‘—1'0—0—1"0—‘1"0—‘—#0—'—7-“4?-'0—':0;7—'—
s
b q,&\ > 09'\ o O\\ 6\06 Q2 OQO

OC\}" NN Q\O\ ) 0\? ™

NI &

stimulation condition

S.4. Cytokine secretion of in vitro stimulated hPBMCs using VSV-EBOV and TLR agonists. The cytokine profile
of in vitro stimulated hPBMCs using different MIOs of VSV-EBOV (0.01-1), 100 ng/ml LPS, 5 ug/ml
imiquimod or 10 pg/ml CpG, respectively, were analyzed by a pre-defined LEGENDplex™ (section 3.12.1
N=1). The human anti-virus response panel by BioLegend included the analytes: IL-1B, IL-6, IL-8, IL-10,
IL-12p70, IP-10, TNFa, IFNA1, IFNA2/3, IFNa2, IFNB, IFNy, and GM-CSF. Each graph (A-B) represents
different cytokines like depicted in the specific legend.

6.1.4 Flow cytometry analysis of in vitro stimulated hPBMCs using VSV-EBOV

Since primary hPBMCs were cultured in serum-free medium (cf.section 6.1.2), the
stimulation assays of hPBMCs were used up to 24—48 h to investigate the immune signature
upon stimulation. Moreover, hPBMCs do not proliferate in serum- and cytokine-free medium.
Vero81 cells were used as a model for in vitro stimulations of human cells, since
EBOV-infected cells could not be determined post 48 h via surface expression of EBOV
proteins based on their absent expression. Also, other research groups could not detect EBOV
proteins on the cell surface of infected cells prior 48 h. Vero81 cells were stimulated up to
48 h in serum-free medium using VSV-EBOV with a MOI of 1. Afterwards, the cells were
stained with the Zombie Aqua™ viability dye by BiolLegend and an anti-EBOV-GP
FITC-conjugated antibody. All live cells which expressed the EBOV-GP on its surface were
successfully stimulated by VSV-EBOV (S.5). While 6 h upon stimulation 2 % of all live Vero81
cells were positive for EBOV-GP (data not shown), 24 h after simulation 57 % of all live Vero81
cells were EBOV-GP* (S.5). In contrast, unstimulated samples revealed a background signal of

up to 0.2 %.
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24 h upon stimulation
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S.5. Flow cytometry analysis of stimulated Vero81 cells using VSV-EBOV. Stimulated (MOI 1) and
unstimulated cells were stained with the Zombie Aqua™ viability dye by BioLegend and an anti-EBOV-GP
FITC-conjugated antibody. Only live cells upon 24 h in vitro stimulations are shown. For a stimulated and
unstimulated sample, the 5 % counter plot with outliers are depicted. Percentages indicate the frequency
of EBOV-GP* live Vero81 cells (black rectangle).

6.1.5 Immunofluorescence & flow cytometry of in vitro stimulated hPBMCs using rMVA

To confirm an effective in vitro stimulation by MVA-EBOV a reporter-strain of the vector MVA
was used. The reporter strain called recombinant MVA (rMVA) encodes for the green
fluorescent protein (GFP) and a red fluorescent protein mCherry. Therefore, rMVA can
directly be used to investigate stimulated cells via immunofluorescence. Vero81 cells and
freshly isolated hPBMCs (section 3.3.1) were stimulated with rMVA (MOI 1) and analyzed
after several time points. Following fixation, permeabilization, and blocking of unspecific
binding sites, stimulated and unstimulated Vero81 cells as well as hPBMCs were stained with
DAPI to visualize the nucleus of all cells (section 3.11). Afterwards, all samples were measured
by a confocal laser scanning microscope XI-81 by Olympus. While Vero81 cells and hPBMCs
express GFP 24 h upon stimulation at high level, not all Vero81 cells and no hPBMCs showed

a signal for mCherry (S.6). Since GFP is under the control of an early promotor and mCherry
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under the control of a late promotor, stimulated cells express GFP earlier than mCherry.
However, some Vero81 cells expressed mCherry faster than hPBMCs confirming the results
of an absent EBOV-GP expression in VSV-EBOV-stimulated hPBMCs, which would take more
time (cf. section 6.1.4). Nevertheless, this high amount of GFP-expressing cells indicates a

successful in vitro stimulation by rMVA.

24 h Mock 24 h rMVA

Nucleus: DAPI

rMVA: GFP

rMVA: mCherry

Merge

Figure legend depicted on page 126.

125



Supplement

24 h Mock 24 h rMVA

Nucleus: DAPI

rMVA: GFP

rMVA: mCherry

Merge

S.6: Immunofluorescence of stimulated Vero81 cells and hPBMCs using rMVA. A) Vero81 cells were cultured
and in vitro stimulated (MOI=1) on polymer coverslips by ibidi®, whereas B) hPBMCs were in vitro
stimulated in falcons and stained for immunofluorescence on coverslips. Stimulated and unstimulated
cells were stained with DAPI to visualize the nucleus (blue signal). Green and red signals represent the
expression of GFP and mCherry, respectively, which are encoded by rMVA. Besides single fluorescence
measurements also the merge of all fluorescence signals is depicted. All samples were analyzed at 100x
maghnification with a confocal laser scanning microscope XI-81 by Olympus.

Moreover, the in vitro stimulation of hPBMCs using rMVA could be confirmed via flow
cytometry. After stimulation, the cells were stained by a Zombie NIR™ viability dye
(BioLegend) and various fluorescent conjugated antibodies (section 3.12, table 15) to
distinguish between different immune cell subsets like B cells, T cells, NK cells, DCs, and

monocytes. Although a MOI titration revealed that a MOI of 10 increased the amount of

126



Supplement

rMVA* hPBMCs compared to a MOI of 1 (S.7 A), the following experiments were performed

with a MOI of 1, due to a decreased amount of live cells (data not shown).
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Flow cytometry analysis of stimulated hPBMCs using rMVA. The in vitro stimulation of hPBMCs were
performed with a MOI of 1. After stimulation, the cells were stained with a Zombie NIR™ viability dye
(BioLegend) and various fluorescent conjugated antibodies to distinguish between different immune cell
subsets like B cells (CD19*, blue), T cells (CD3*, red), monocytes (CD14*CD16", green), NK cells (CD567,
orange), and DCs (HLADR*CD11c*, purple) (section 3.12, antibodies table 15). A) MOl titration (A; 24 h
post-stimulation; N=1) and B) in vitro stimulations of several hPBMCs derived by different healthy donors
(N=16, table 2) were performed. While each dot represents a different donor, the dotted lines indicate
the median over time.
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Furthermore, a MOI of 1 also exhibited a high amount of rMVA* immune cells 24 h upon
stimulation.

The in vitro stimulation of hPBMCs derived from 16 healthy donors revealed a distinct amount
of rMVA* immune cell subsets based on the immune cell type (S.7B). While the highest
amount of rMVA* cells was observed for live B cells (CD19*) and DCs (HLADR* CD11%*) 24 h
after stimulation with a median of 78.4 % and 87.9 %, respectively, T cells (CD3*) exhibited in
median 3.7 % rMVA? cells. In conclusion, the in vitro stimulation using rMVA with a MOI of 1
could be confirmed via immunofluorescence and flow cytometry. Therefore, also MVA-EBOV

in vitro stimulations were performed with a MOI of 1.

6.1.6 Detection of viral RNA/DNA

To validate an in vitro stimulation of hPBMCs using VSV-EBOV or MVA-EBOV, respectively, a
gPCR was performed. Following stimulation (section 3.5) the total RNA and DNA of stimulated
and unstimulated samples was isolated (section3.6 & 3.7) and analyzed by gPCR
(section 3.8.2) using NP-specific primer for VSV and UDG-specific primer for MVA. Both
stimulations exhibited high copy numbers of NP and UDG, respectively, over time, whereas
unstimulated samples showed no copy number at all (S.8). Hence, in vitro stimulations using

VSV-EBOV and MVA-EBOV were also confirmed on the RNA/DNA-level.
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Figure legend depicted on page 129.
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S.8: Detection of viral DNA/RNA of rMVA and VSV-EBOV. /n vitro stimulations with A) rMVA or B) VSV-EBOV
(MOI=1) were confirmed by gPCR using VSV-NP or MVA-UDG-specific primer (section 3.8.3, primer
sequence table 11). Each dot represents a different donor (rMVA N=16, table 2; VSV-EBOV N=20, table 3).
The dotted line indicates the median over time. Initial dose for rMVA represents the copy number that
was used for one experiment to stimulate 20-10° cells of one donor. Initial dose for VSV-EBOV indicates
the copy number that was used for one experiment to stimulate 35-10° cells of one donor.

6.2 Establishment of analytic methods for in vitro stimulation assays

6.2.1 Stability of housekeeping genes in stimulated samples

The expression of four housekeeping genes of in vitro stimulated hPBMCs using VSV-EBOV
derived from ten donors was investigated to determine the most stable expressed
housekeeping gene over time. Total RNA of VSV-EBOV-stimulated and unstimulated samples
was isolated (section3.7) and analyzed with a semi-gPCR using primers for
hydroxymethylbilane synthase (HMBS), hypoxanthine phosphoribosyltransferase 1 (HPRT),
glycerinaldehyd-3-phosphat dehydrogenase (GAPDH), and actin beta (ActB) (section 3.8.5,
table 11). Since HPRT was the most stable housekeeping gene over time in stimulated and
unstimulated samples (S.9), this housekeeping gene was used as a reference gene in relative

expression analysis using the AACt method (2-24%) (section 3.8.6).
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S.9: Expression of housekeeping genes upon stimulation using VSV-EBOV. The expression of four
housekeeping genes upon in vitro stimulations of hPBMCs derived from 10 donors were investigated over
time (section 2.2, table 3). Stimulations were utilized using VSV-EBOV with a MOI of 1. Total RNA of
VSV-EBOV-stimulated and unstimulated samples was isolated (section 3.7) and analyzed with a
semi-qPCR using specific primers for hydroxymethylbilane synthase (HMBS, black), hypoxanthine
phosphoribosyltransferase 1 (HPRT, orange), glycerinaldehyd-3-phosphat dehydrogenase (GAPDH, blue),
and actin beta (ActB, green) (section 3.8.5, primer sequence table 11). Values for threshold cycles
(Ct values) of duplicates are shown. Each dot indicates a different donor, whereas the line represents the

median over time.
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6.2.2 Titration of fluorochrome-conjugated antibodies

Prior to analyses of in vitro stimulated hPBMCs using flow cytometry,
fluorochrome-conjugated antibodies were titrated to use an optimal amount for cell staining.
To this end, 1106 hPBMCs were stained in 100 pl FACS-buffer with indicated amounts of
fluorochrome-conjugated antibodies (section 3.12) and analyzed using the BD LSRFortessa™

(S.10).

0 pl 1l
250K = 0 250K
200K — _ 200K
150K - .ﬂ 150K
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0 0
0 10?
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(7))
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S.10: Titration of fluorochrome-conjugated antibodies. To perform flow cytometry analysis with an optimal
amount of fluorochrome-conjugated antibodies (cf. following pages 131-135), crucial antibodies were
titrated. To this end, 1:10° hPBMCs were stained in 100 ul FACS-buffer with indicated amounts of
fluorochrome-conjugated antibodies (section 3.12, antibodies table 14) and analyzed using the BD
LSRFortessa™. Data were analyzed using FlowJo and depicted in smooth zebra plots with outliers. Black
squares indicate positive cells with their specific frequency.
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Figure legend depicted on page 131.
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Figure legend depicted on page 131.
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Figure legend depicted on page 131.
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Figure legend depicted on page 131.
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Figure legend depicted on page 131.
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6.3 Activation of DC subsets upon VSV-EBOV and MVA-EBOV stimulation

To investigate the activation status of different DC subsets upon VSV-EBOV or MVA-EBOV
stimulation (section 3.5), the expressions of CD40, CD83, and CD86 (S.11-14) were analyzed
via flow cytometry (section 3.12). The gating strategy for all DC subsets: pDCs, CD16* DCs,
CD141* DCs, and CD1c*CD11c* DCs is shown in figure 12 (section 4.1.2).
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S.11: Expression of activation markers on DCs upon stimulation using VSV-EBOV. The expression of A) CD40
and B) CD83 on pDCs and CD1c*CD11c* DCs were analyzed via flow cytometry and corresponding cell
staining (section 3.12, antibodies table 14) upon in vitro stimulation of whole hPBMCs using VSV-EBOV
(MOI 1). All samples were gated as described in figure 12. Besides stimulated (blue) also unstimulated
samples (grey) were investigated based on the MFI of CD40 and CD83. Dots indicate pDCs and triangle
CD1c*CD11c* DCs. The maximum of each bar represents the median including error bars indicating the
95 % Cl. No statistically significant differences in the expression of CD40 and CD83 were detected using
the t-test based unpaired, nonparametric Mann-Whitney test. The p-values are indicated as follows:
p<0.05%*; p<0.01 **; p<0.001 ***; p <0.0001 ****, Analyzed samples N=20 (section 2.2, table 3).
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S.12: Expression of CD40 and CD83 on DCs upon stimulation using MVA-EBOV. The expression of A) CD40 and
B) CD83 on pDCs and CD1c*CD11c* DCs were analyzed by flow cytometry and corresponding cell staining
(section 3.12, antibodies table 14) upon in vitro stimulation of whole hPBMCs using MVA-EBOV (MOI 1).
All samples were gated as described in figure 12. Besides stimulated (orange) also unstimulated samples
(grey) were investigated based on the MFI of CD40 and CD83. Dots indicate pDCs and triangle
CD1c*CD11c* DCs. The maximum of each bar represents the median including error bars indicating the
95 % Cl. No statistically significant differences in the expression of CD40 and CD83 were detected using
the t-test based unpaired, nonparametric Mann-Whitney test. The p-values are indicated as follows:
p<0.05%*; p<0.01 **; p<0.001 ***; p <0.0001 ****, Analyzed samples N=16 (section 2.2, table 4).
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S.13: Expression of activation markers on DCs upon stimulation using VSV-EBOV. The expression of CD40 and
CD83 on CD16* DCs and CD141* DCs were analyzed via flow cytometry and corresponding cell staining
(section 3.12, antibodies table 14) upon in vitro stimulation of whole hPBMCs using VSV-EBOV (MOI 1).
All samples were gated as described in figure 12. Besides stimulated (blue) also unstimulated samples
(grey) were investigated based on the MFI of CD40 and CD83. Dots indicate CD16* DCs and triangle
CD141* DCs. The maximum of each bar represents the median including error bars indicating the 95 % Cl.
No statistically significant differences in the expression of CD40 and CD83 were detected using the t-test
based unpaired, nonparametric Mann-Whitney test. The p-values are indicated as follows: p <0.05 *;
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p £0.01 **; p<0.001 ***; p <0.0001 ****, Analyzed samples N=20 (section 2.2, table3).
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S.14: Expression of CD40 on DCs upon stimulation using MVA-EBOV. The expression of CD40 was analyzed
via flow cytometry and corresponding cell staining (section 3.12, antibodies table 14) upon in vitro
stimulation of whole hPBMCs using MVA-EBOV (MOI 1). All samples were gated as described in figure 12.
Besides stimulated (orange) also unstimulated samples (grey) were investigated based on the MFI of
CD40. Dots indicate CD16* DCs and triangle CD141* DCs. The maximum of each bar represents the median
including error bars indicating the 95 % CI. No statistically significant differences in the expression of CD40
was detected using the t-test based unpaired, nonparametric Mann-Whitney test. The p-values are
indicated as follows: p<0.05*; p<0.01**; p<0.001 ***; p<0.0001 ****  Analyzed samples N=16
(section 2.2, table 4).

6.4 Transcriptomic changes upon in vitro stimulation

6.4.1 Semi-qPCR of IP-10 and CLEC5A

The expression of IP-10 and CLEC5A was investigated via semi-gPCR (section 3.8.5). First, the
relative expression of both genes to unstimulated 0 h was calculated with the AACt method
(2-22¢t), This analysis revealed an induction of /P-10 and CLEC5A over time peaking at 6 h

post-stimulation (S.15).

141



Supplement

Mock control

A B VSV-EBOV stimulation
500 ° 400
250 °° o .
] X 300
53. 50 . « & : § L °
d 050 —
< d 50
[T
3]
.5 = 2004
@ K]
[7)]
£ 2 150
x s
o 5
2 o 1007
= 2
g 'E“ 50
[ ]
O_
01 3 6 01 3 6 01 3 6 01 3 6
time post stimulation [h] time post stimulation [h]

S.15: Relative expression of IP-10 and CLEC5A after VSV-EBOV in vitro stimulation. Total RNAof 0 h, 1 h, 3 h,
and 6 h was isolated upon in vitro stimulations using VSV-EBOV (MOI 1) and analyzed by semi-qPCR
(section 3.8.5, primer sequence table 11). Besides stimulated (blue) also unstimulated samples (grey)
were investigated at indicated time points. Each dot represents a different blood donor (N=20,
section 2.2, table 3). The maximum of each bar shows the median including error bars indicating the
95 % Cl. A) the relative expression of IP-10 is shown. B) The relative expression of CLEC5A is depicted.
Relative expressions were calculated with the AACt method (section 3.8.6).

6.4.2 RNA-Seq: hierarchical clustering heat maps

Total RNA of in vitro stimulated 6 h and unstimulated 0 h and 6 h was analyzed using RNA-Seq.
Whole gene expression profiles upon in vitro stimulation using VSV-EBOV (S.16) or MVA-EBOV
(S.17) depicted in hierarchical clustering heat maps were distinct between stimulations of

both viral vector vaccines as wells as between their specific unstimulated counterparts.
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S.16: Hierarchical clustering heat map of DEG upon VSV-EBOV stimulation. Total RNA of 6 h in vitro
VSV-EBOV-stimulated (MOI 1) and unstimulated samples (N=8, section 2.2, table 5) was analyzed via
RNA-Seq (section 3.10). Genes which exhibited a log2 fold change < -1.5 or 2 1.5 and an FDR < 0.01 were
counted as DEG. Besides unstimulated 0 h and 6 h controls, also 6 h stimulated samples are depicted.

Each condition is separated in further columns indicating different blood donors.
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S.17: Hierarchical clustering heat map of DEG upon MVA-EBOV stimulation. Total RNA of 6 h in vitro
MVA-EBOV-stimulated (MOI 1) and unstimulated samples (N=8, section 2.2, table 6) was analyzed via
RNA-Seq (section 3.10). Genes which exhibited a log2 fold change <-1.5 or 2 1.5 and an FDR < 0.01 were
counted as DEG. Besides unstimulated 0 h and 6 h controls, also 6 h stimulated samples are depicted.
Each condition is separated in further columns indicating different blood donors.
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6.4.3 RNA-Seq: Pathways of 6 h unstimulated samples

Induced gene expression of 0 h and 6 h in vitro cultivated hPBMCswas investigated by
RNA-Seq. The gene expression after 6 h was normalized to 0 h controls. All DEG were analyzed
using ORA based on the reactome database. Here, no specific antiviral or pro-inflammatory
pathway was detected in unstimulated 6 h samples of in vitro stimulations using VSV-EBOV
or MVA-EBOV (S.18). Therefore, induced transcriptomic changes of single genes in

unstimulated samples were not specific and were interpreted as background noise.

Mock - VSV-EBOV-stimulated samples
mm  Mock - MVA-EBOV-stimulated samples

Class A/1 (rhodopsin-like receptors)—
Extracellular matrix organization—
Peptide ligand-binding receptors—

Degradation of the extracellular matrix—
Collagen degradation—

GPCR ligand binding

Extracellular matrix organization
Immunoregulatory interactions
Degradation of the extracellular matrix

Integrin cell surface interactions

| T | T T 1
0 2 4 6 8 10

Enrichment ratio

S.18: ORA of DEG in unstimulated hPBMCs. Total RNA of 0 h and 6 h unstimulated samples (N=8, section 2.2,
table 5-6) was analyzed via RNA-Seq (section 3.10). Genes, which exhibited a log2 fold change < -1.5 or
> 1.5 and an FDR < 0.01 compared to unstimulated 0 h controls, were counted as DEG. All genes of
unstimulated samples belonging to VSV-EBOV stimulations are depicted in grey, whereas genes of
unstimulated samples that belongs to MVA-EBOV stimulations are shown in black. Enrichment ratios
were calculated with the web tool: webgestalt.org 26723 using only the top 5 of pathways with an
FDR < 0.05.

6.4.4 RNA-Seq: Generally applicable gene-set enrichment

A GAGE based on KEGG revealed different induced pathways including different regulated
genes post VSV-EBOV (5.19) and MVA-EBOV (S.20) stimulation.
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S.19: GAGE of VSV-EBOV-stimulated hPBMCs. Total RNA of 6 h in vitro VSV-EBOV-stimulated (MOI 1) and 0 h
unstimulated samples (N=8, section 2.2, table 5) was analyzed via RNA-Seq (section 3.10). Genes, which
exhibited a log2 fold change <-1.5 or > 1.5 and an FDR < 0.01 compared to unstimulated 0 h controls,
were counted as DEG. Downregulated genes are depicted in bule, whereas upregulated genes are shown
in red. Pathways (brown circles), which showed an FDR < 0.1, were counted as significantly regulated

pathways. The GAGE analysis is based on KEGG.

146



Supplement

TRPMRIPKpL CB2
('ARDWNA“NLRC_‘ b
FI16 CARDY
CASP12
NLRpZBP3
GBP7
TRPVYIEFY MARGHGV0A4
AIM2 TUBA4A FCAR
TXNIP —n - ITGAV,  CIR
& GBP2NOD-like receptor signaling pathway PTPNG PTGS2 CTSS COLEC12
| CLECRILP
GBPA & | // ¢D209
GBP3 4
2 CYBB FCGR2A ITGB5 TAP1
CClgysa
NLRP3 c3 ITGB2 , CARBI
IENAL3pyCARD  STATI TLR4 . TUBATA ~ TyBA1B
l R[’,Asgnsn . " TUBBI
TLR2Phagosome
‘ ﬁvﬁml oiie ACTB THBS1—pyBB4A
STA Rl TUBAS
IFNG ATP6VOAL
T \©%% TUBB3
Pt el HLWIB
READ2PML iB— m%‘;‘l TN 1A
FASLG sts’ Se s
M2 CD3frGa2
Ly
TER%ew nx2
FAS CITA T\PRSS?
TFIH1
EIF2ARNFSF10 Hematopoietic cell lineage
csFieP?
D33
CDIE
‘ MS4A1TLIR2
| \CSE2
ITGA2B il LSRA
FCER2 oo FLT3 CDIA
e PFrear . com
CSF3R “‘9%SF1R
cp2
DASF2RA
- —
-5 0 5

Log2 fold change

S.20: GAGE of MVA-EBOV-stimulated hPBMCs. Total RNA of 6 h in vitro MVA-EBOV-stimulated (MOI 1) and
0 h unstimulated samples (N=8, section 2.2, table 6) was analyzed via RNA-Seq (section 3.10). Genes,
which exhibited a log2 fold change < -1.5 or > 1.5 and an FDR < 0.01 compared to unstimulated 0 h
controls, were counted as DEG. Downregulated genes are depicted in bule, whereas upregulated genes
are shown in red. Pathways (brown circles), which showed an FDR < 0.1, were counted as significantly
regulated pathways. The GAGE analysis is based on KEGG.
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6.4.5 Volcano plots of unstimulated samples

The gene expression of unstimulated 6 h was analyzed by RNA-Seq and normalized to
unstimulated 0 h and depicted in volcano plots indicating their log2 fold changes and
corresponding FDR (S.21-22). Besides unstimulated 6 h samples belonging to
VSV-EBOV-stimulated samples (cf. section 4.2.2, figure 30), also unstimulated 6 h samples of

MVA-EBOV stimulations (cf. section 4.2.2, figure 31) are depicted.
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S.21: Volcano plots of unstimulated hPBMCs that belongs to VSV-EBOV stimulations. Total RNA of 0 h and
6 h unstimulated samples (N=8) was analyzed via RNA-Seq (section 3.10). Genes, which exhibited a log2
fold change <-1.5 or 2 1.5 and an FDR < 0.01 compared to unstimulated 0 h controls, were counted as
DEG. All genes of unstimulated samples that belongs to VSV-EBOV-stimulated once are depicted. Each
dot indicates a different gene, where darker color represents DEG and lighter color not DEG as indicated
also by the black dotted lines.
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S.22: Volcano plots of unstimulated hPBMCs that belongs to MVA-EBOV stimulations. Total RNA of 0 h and
6 h unstimulated samples (N=8) was analyzed via RNA-Seq (section 3.10). Genes, which exhibited a log2
fold change <-1.5 or 2 1.5 and an FDR < 0.01 compared to unstimulated 0 h controls, were counted as
DEG. All genes of unstimulated samples that belongs to MVA-EBOV-stimulated once are shown. Each dot

indicates a different gene, where darker color represents DEG and lighter color not DEG as indicated also
by the black dotted lines.
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