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1. Abstract

1. Abstract

1.1 Abstract

Ebola virus disease (EVD) caused by the Ebola virus species Zaire ebolavirus (EBOV)
is a deadly disease with up to 90% lethality. Due to the lack of human samples, animal
models, and laboratory tools, knowledge about the host immune response against
EBOV infection is limited. The hallmarks of EVD include high inflammation, coagulation
abnormalities, multiorgan failure, and importantly dysregulation of innate and adaptive
immune responses. During fatal EVD, the infection of antigen-presenting cells (APCs)
can disrupt the bridge between innate and adaptive immunity and therefore

dysregulate T cell response.

To improve our understanding of the interaction between dendritic cells (DCs) and T
cells, and their contribution to the pathophysiology of EVD, highly immunodeficient
NSG mice were transplanted with human peripheral blood leucocytes (PBLs) and

human monocyte-derived dendritic cells (moDCs), referred to as avatar mice.

It was shown that EVD with pathological features could be recreated by the mere
addition of human PBLs and EBOV-infected moDCs into NSG mice. The severity was
highly dependent on the interaction of the T-cell receptor (TCR) with major
histocompatibility complex (MHC)-molecules. The limitations of avatar mice were also
highlighted in the context of deciphering the immune response to EBOV infection. The
interaction of the host and the xenograft strongly influenced the phenotype of the
human cells hampering the analysis by flow cytometry. Finally, it was demonstrated
that only the combination of PBLs and immunoglobulins G (IgG) from EVD survivors
could prevent avatar mice from succumbing to EBOV infection. The transplantation of

PBLs alone was not sufficient to rescue EBOV-infected mice.

The mouse model developed in this study demonstrates that EVD is highly reliant on
the interaction between PBLs and EBOV-infected APCs and can occur alone from the
interaction. Additionally, this study strongly provided compelling evidence that for the
protection against EBOV infection both cellular as well as humoral adaptive immunity

are necessary.
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1.2 Zusammenfassung

Ebolaviren (EBOV) sind Verursacher des Ebolafiebers (EVD), welches in bis zu 90%
der Falle todlich verlauft. Die Spezies Zaire ebolavirus (EBOV) weist die hdchste
Letalitat auf. Durch das Fehlen von humanen Proben, Kleintiermodellen und
Labormethoden ist das Wissen uber die Immunantwort des Wirtes wahrend einer
EBOV-Infektion begrenzt. Charakteristische Symptome des Ebolafiebers sind unter
anderem starke Entzindungen, Gerinnungsstérungen, Multiorganversagen und vor
allem eine Dysregulation der angeborenen und adaptiven Immunantwort. Bei einem
todlichen Krankheitsverlauf kann die Infektion von antigenprasentierenden Zellen
(APCs) die Bruicke zwischen angeborener und adaptiver Immunitdt hemmen und somit

die T-Zell-Reaktion dysregulieren.

Um sowohl die Interaktion zwischen dendritischen Zellen (DCs) und T-Zellen als auch
ihren Beitrag zur Pathophysiologie von EVD besser zu verstehen, wurden
immundefizienten NSG-Mausen menschliche periphere Blutleukozyten (PBLs) und
aus menschlichen Monozyten gewonnene DCs (moDCs) transplantiert, die als Avatar-

Mause bezeichnet werden.

Es konnte gezeigt werden, dass EVD mit pathologischen Merkmalen durch die blofZe
Zugabe von menschlichen PBLs und EBOV-infizierten moDCs in NSG-M&ausen
nachgebildet werden kann. Der Schweregrad der Erkrankung war stark von der
Interaktion des  T-Zell-Rezeptors (TCR) mit den  Molekilen des
Haupthistokompatibilititskomplexes (MHC) abhangig. Im Zusammenhang mit der
Untersuchung der Immunantwort auf eine EBOV-Infektion wurden auch die Grenzen
der Avatar-Mause aufgezeigt. Die Interaktion zwischen dem Wirt und dem
Xenotransplantat beeinflusste den Phanotyp der menschlichen Zellen stark, was die
Analyse mittels Durchflusszytometrie erschwerte. Schlief3lich konnte gezeigt werden,
dass nur die Kombination aus PBLs und Immunglobulinen G (IgG) von EVD-
Uberlebenden verhindern konnte, dass Avatar-Mause einer EBOV-Infektion erlagen.
Die Transplantation von PBLs allein war nicht ausreichend, um EBOV-infizierte Mause

Zu retten.

Das in dieser Studie entwickelte Mausmodell zeigt, dass EVD in hohem MalRe von der
Interaktion zwischen PBLs und EBOV-infizierten APCs abhangt und allein durch diese

Interaktion entstehen kann. Dariiber hinaus lieferte diese Studie Beweise dafir, dass
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fur den Schutz vor einer EBOV-Infektion sowohl zellulare als auch humorale adaptive

Immunitat erforderlich sind.



2. Introduction

2. Introduction

2.1 The Ebola virus

2.1.1 The virus and its history

2.1.1.1 Ebola virus and its family

The genus Ebolavirus belongs to the family Filoviridae and to the order
Mononegavirales (Kuhn et al., 2019). The Filoviridae family includes six genera and
11 distinct virus species. Besides Ebolaviruses, Marburg-, Dianlo-, and Cuevaviruses
can also infect mammalian hosts, while members of the genera Striavirus and
Thamnovirus were discovered in piscine hosts. The name Filoviridae reflects their
most apparent morphological feature: the filamentous shape (from the Latin filum,
meaning thread) (Fig. 1). Furthermore, filoviruses are enveloped, single-stranded and
negative-sense RNA (ribonucleic acid) viruses (Kuhn et al., 2019). Ebolaviruses are
polymorphic, so that the virion can be u-shaped, 6-shaped, and branched. While the
diameter is always 80 nanometers (nm), the length can vary up to 14 000 nm (Murphy
et al., 1978; Feldmann & Geisbert, 2011).

©

Figure 1: Ebola virus (sp. Zaire ebolavirus) morphology. From Murphy et al., 1978.

The Ebolavirus genus is comprised of six distinct species: EBOV (species Zaire
ebolavirus, EBOV), Sudan virus (Sudan ebolavirus, SUDV), Bundibugyo virus
(Bundibugyo ebolavirus, BDBV), Tai Forest virus (Tai Forest ebolavirus, TAFV),
Reston virus (Reston ebolavirus, RESTV), and the recently discovered Bombali virus
(Bombali ebolavirus, BOMV) (Goldstein et al., 2018; Kuhn et al., 2019). Only EBOV,
SUDV, TAFV and BDBYV are known to be pathogenic for humans (Le Guenno et al.,
1995; Towner et al., 2008). For TAFV only one case of severe, but non-lethal infection

was reported and RESTV is pathogenic for non-human primates but probably not for
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humans, although seroconversions in individuals exposed have been observed
(Cantoni et al., 2016; Jahrling et al., 1990; Le Guenno et al., 1995). It is currently not
known whether BOMV may cause disease in humans. EBOV has been the etiological
agent responsible for most outbreaks to date. It is also the ebolavirus with highest
case-fatality rates in humans and the virus that will be covered in this thesis
(https:/iwww.cdc.gov/vhf/ebola/history/summaries.html; 10.10.2023) (De La Vega et
al., 2015).

2.1.1.2 Virion structure and viral proteins

EBOV is an enveloped, single-stranded, negative-sense RNA virus. Its genome has a
size of 19kb and encodes for seven genes (Fig. 2A) (Kuhn et al., 2019). Except for the
glycoprotein (GP) all genes are monaocistronic leading to nine distinct proteins that are
being expressed: nucleoprotein (NP), polymerase cofactor virion protein (VP35),
matrix protein VP40, GP1> (GP consists of two subunits GP1 and GP2), soluble GP
(sGP), small soluble GP (ssGP), transcription factor VP30, minor matrix protein VP24,
and RNA-dependent RNA polymerase (L) (Sanchez et al., 1993; Mehedi et al., 2011).
The complex formation of the EBOV virion requires seven of these proteins, the so-
called structural proteins (Fig. 2B). Only sGP and ssGP are non-structural. NP and
VP30 strongly interact with the viral RNA and form together with L and VP35 the
ribonucleoprotein complex (RNP) (Alvarez et al., 2002; Mahlberger et al., 1999; Noda
et al., 2010; Volchkov et al., 1995). The RNP is embedded in a matrix primarily
consisting of VP40 followed by an outer envelope derived from the host-cell plasma
membrane (Jasenosky et al., 2001; Noda et al., 2002). Table 1 summarizes the

proteins and their respective functions.

A ‘S_GMP ijlff\e{\lting
¥ NN RSP0 cp  NEESHVEZS NSRS | rigure 2: The Ebola virus.
BN RNP Complox A) Schematic representation
e s of the EBOV genome. It
contains seven structural
B VP24 Mucleoprotein (NP) proteins (NP, VP24, VP30,
R VP35, VP40, L, GP) and two

Glycoprotein (GP)

\ VP30

e L ( (¢ non-structural proteins (sGP
) VP30
vp3s t , and ssGP). B) Structure of

. EBOV  particle.  During
‘w,v_,/‘ replication NP, VP30, VP35,
VP24, nd L protein form
ribonucleoprotein (RNP)
complex with viral RNA
(Choi & Croyle, 2013).

Polymerase (L)

Nucleoprotein (NP}




2. Introduction

Table 1: Overview of EBOV proteins (Emanuel et al., 2018).

Molecular
Genome Weight
Position  Protein Protein Functions (kDa)
1 Nucleoprotein (NP) Major nucleoprotein, component 90 — 104
of RNP
2 Virion protein 35 Polymerase cofactor, 35
VP(35) component of RNP, interferon
antagonist
3 Virion protein 40 Matrix protein, virion assembly, 35-40
(VP40) budding
4 Glycoprotein (GP) Viral entry, receptor binding, 150-170

membrane fusion

Soluble glycoprotein  Antigenic subversion, restores 50-55
(sGP) endothelial barrier function

Small soluble Unknown 50 - 55
Glycoprotein (ssGP)

5 Virion protein 30 Minor nucleoprotein, component 27 — 30
(VP30) of RNP
6 Virion protein 24 Nucleocapsid condensation, 24 - 25
(VP24) virion assembly, interferon
antagonist
7 RNA polymerase (L) RNA-dependent RNA 270
polymerase, component of the
RNP

2.1.1.3 Discovery and outbreaks

EBOV can cause outbreaks in humans in central and West Africa with case fatality
rates of up to 90% (https://www.cdc.gov/vhf/ebola/history/distribution-map.html,
10.10.2023). EBOV was discovered for the first time in 1976 in the former Republic of
Zaire (now Democratic republic of Congo, DRC) (Cox et al., 1983). As the newly
discovered pathogen showed the same morphological features and caused similar
symptoms in patients as Marburg viruses (MARYV), researchers first assumed that
these were new cases of MARYV infection. The latter virus had been already discovered

in 1967 when monkey tissues were imported to Marburg and research personnel fell
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ill (Siegert et al., 1967). However, it turned out that an unknown causative agent of
viral hemorrhagic fever was isolated being responsible for this outbreak in 1976, which
was then named after the Ebola River in northwestern DRC (Emond et al., 1977;
Johnson et al., 1977; Pattyn et al., 1977). Since its first emergence with 318 cases
(280 deaths) in Zaire, there have been periodical outbreaks of Ebola virus disease
(EVD) in several African countries (Fig. 3). One noteworthy epidemic happened in
Zaire 1995 (now DRC) with 315 cases (250 deaths). Until 2013 most outbreaks
originated in middle Africa (Congo, Gabon, DRC) and were quickly under control
because small, isolated populations were affected so that population movement
outside of the areas was limited and effective contact tracing was possible
(https:/lwww.cdc.gov/vhf/ebola/history/chronology.html; 10.10.2023). In 2013 the most
devastating outbreak so far started in Guinea and uncontrollably spread across three
Western African countries, namely, Guinea, Sierra Leone, and Liberia. It was soon
considered as a global public health emergency of international concern. 28 646 cases
and 11 323 deaths were reported until 2016. Densely populated areas were affected
and supported spreading of the virus (https://www.cdc.gov/vhf/ebola/history/2014-
2016-outbreak/index.html; 10.10.2023). This outbreak really emphasized the
pandemic potential of EBOV, but also helped to get more insight into the disease itself
facilitating the development and licensing of two vaccine candidates (Ervebo, Merck,
and Zabdeno/Mvabea, Janssen Pharmaceuticals). Despite the improved surveillance
in affected area and vaccination of EVD-patient-contacts, it is still a difficult task to
contain outbreaks as the most recent epidemic in DRC and Uganda from 2018 to 2020
indicated (3470 cases, 2287 deaths)
(https:/lwww.cdc.gov/vhf/lebola/outbreaks/drc/overview.html; 10.10.2023).



2. Introduction

Species Number of Cases R
@ Zaie ebolavirus ° 1-10 0 500 1000 mi
.Sudanobolmus < 11-100 - & | | |
@ 791 Forost evolavirus © 101-1,000
.Bondrbagyo ebolavirus () 1,001 - 10,000

() 10,000+

Figure 3: Ebola outbreak distribution map in Africa from 1976 — 2021. This map shows outbreaks of
Ebolavirus by species and number of cases in Africa from 1976 - 2021.
(https:/iwww.cdc.gov/vhf/ebola/images/Ebola_Africa2021.png; 10.10.2023).

2.1.1.4 Epidemiology and transmission

EBOV is likely endemic in Western and Central Africa. Eastern Africa countries have
also reported outbreaks caused by other ebolaviruses such as BDBV and SUDV.
RESTYV represents an exception and circulates in Eastern and South-eastern Asia.
EBOV is a zoonaotic pathogen, meaning that it is maintained in animal reservoir species
and occasionally are transmitted into humans via zoonotic spillover (Feldmann &
Geisbert, 2011; Leroy et al., 2005). Since other filoviruses (MARYV and the Cuevavirus
member Lloviu virus) have been successfully isolated from bat species, namely,
Roussetus aegyptiacus and Miniopterus schreibersii bats respectively, bats are
proposed to be also reservoir hosts for EBOV (Towner et al., 2007, 2008). Previous

studies have demonstrated the presence of antibodies against EBOV in bats as well
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as the presence of viral RNA in some specimens (Leroy et al., 2005). However, until

now, infectious EBOV has not been isolated from bats.

Outbreaks are typically initiated by single spillover events followed by human-to-
human transmission (Fig. 4) (Baize et al., 2014; Dowell et al., 1999a; Gatas, 2014;
Roels et al., 1999). Spillovers have been suggested to occur through human contact
with living intermediate host (apes or other mammals) or their carcasses, consumption
of bushmeat, or directly through contact with putative EBOV bat reservoirs (Baize et
al., 2014). Human-to-human transmission requires contact with infected body fluids.
The highest risk of contracting EBOV in this setting is through contact with infectious
body fluids of sick individuals or cadavers (for example at traditional funerals). Recent
data also indicates that EBOV can persist in surviving individuals for long periods of
time after recovery and that outbreaks can be initiated via infection of naive individuals
due to contact with survivors (Subissi et al., 2018). In this regard, infectious virus could
be detected in survivor semen, breastmilk, cerebrospinal fluid, and aqueous humor.
Flare-up events through sexual contacts with EVD survivors had been previously
documented (Jacobs et al., 2016; Mate et al., 2015; Moreau et al., 2015; Subissi et al.,
2018; Thorson et al., 2021; Varkey et al., 2015; Vetter et al., 2016).
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Figure 4: Phases of EBOV outbreaks. EBOV outbreaks usually start with a single spillover event from
its reservoir host (putative fruit bats) or an intermediate host, creating the index case. This is followed by
human-to-human transmission (Feldmann et al., 2020).
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2.1.2 Disease and pathogenesis

2.1.2.1 Clinical timeline and manifestations of Ebola virus disease

EBOV is the causative agent of EVD, formerly known as Ebola hemorrhagic fever
(Kuhn et al., 2019; Rojek et al., 2017). EVD is a severe, often fatal disease in humans
with a case fatality rate (CFR) of up to 90%. Most of the infections in humans happen
through close contact with the blood, secretions, or body fluids of infected individuals
(Dowell et al., 1999b; Khan et al., 1999; Leroy et al., 2009; Report of a
WHO/International Study Team, 1978; Report of an International Commission, 1978).

After exposure the virion enters the host via lesions in the skin or directly through the
mucosa. The incubation period can vary between 2 and 21 days (Velasquez et al.,
2015). The clinical progression of EVD can be separated into three distinct phases.
The initial phase of infection occurs within the first 1 to 3 days and manifests as a
non-specific febrile illness characterized by an abrupt onset. Common clinical
manifestations during this stage include elevated body temperature, malaise, profound
fatigue, and myalgia. A few days later gastrointestinal symptoms ranging from mild to
severe occur (gastrointestinal phase), predominantly nausea, diarrhea, and
vomiting, coupled with anorexia, abdominal discomfort, extreme fatigue, and localized
pain (mainly in joints). This is further complicated by substantial fluid loss of upto 5 —
10 l/day leading to extreme dehydration. Following this stage, patients with a mild
course of disease will start recovering, while others may go into shock, possibly
stemming from hypovolemia (low body fluids) and systemic inflammatory response.
This marks the onset of the final stage of EVD. In this advanced phase, EVD can lead
to liver and kidney failure resulting in a severe metabolic compromise, convulsion, and
shock. Death can occur within 16 days after the first symptoms typically because of
multi-organ failure. In this final stage hemorrhagic events may develop, manifesting
as conjunctival bleeding, petechiae (red spots on the skin caused by minor bleeding
from damaged capillary blood vessels), gastrointestinal bleeding, mucosal
hemorrhage, persistent bleeding at venipuncture sites. Moreover, EVD has the
potential to affect the neurological system and may cause confusion, delirium,
convulsion, and encephalitis (Baseler et al., 2017; Leligdowicz et al., 2016; Nicastri et
al., 2019).
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2.1.2.2 Pathogenesis and pathophysiology

The pathophysiology of EVD centers mainly around robust viral replication and the
interaction with the host immune system. In fact, most human cells are susceptible to
infection, but primary targets are mononuclear phagocytes (Kupffer cells,
macrophages, microglia) and DCs (Schnittler and Feldmann, 1998; Geisbert, et al.,
2003b; Geisbert, 2005; Geisbert, et al., 2015; Ludtke et al., 2017). EBOV GP1 2, GP1,,
attachment factors on host cells, and endosomal binding to the entry receptor
Niemann-Pick C1 (NPC1) are predominantly defining cell tropism for EBOV (Carette
et al., 2011; Coté et al., 2011). GP1,, mediates the attachment of the virion to cell
surface molecules such as C-type lectins among others. The most-described
representative of this group is the molecule dendritic cell-specific intercellular
adhesion molecule-3-grabbing non-integrin (DC-SIGN) (Alvarez et al.,, 2002;
Simmons et al., 2003; Takada et al., 2004).

Migratory APCs such as DCs likely facilitate virus dissemination from the initial portals
of entry to the draining lymph nodes (Fig. 5) (Ludtke et al., 2017). From here viral
particles are released into the circulation (Geisbert, et al., 2003b; Schnittler &
Feldmann, 1998). Once EBOV is in peripheral tissues, it can infect many other cells:
Kupffer cells, fibroblasts, hepatocytes, cells of adrenal gland tissue, endothelial and
epithelial cells. Specifically, lymphoid tissues, liver, and adrenal glands support high
levels of viral replication (Fig. 5). This manifests itself especially in the liver in the form

of necrotic regions (Baize et al., 1999)

Another important aspect, that drives is the high concentration of chemokines and
cytokines produced upon interaction of the virus with host immune cells, leading on
the one hand to recruitment of more myeloid cells to the entry site, but on the other
hand to imbalances regarding their expression (Baize et al., 2002; Gupta et al., 2012;
Waugquier et al., 2010a). This so-called cytokine storm (or hypercytokinemia) highly
impairs the innate and adaptive immune response (McElroy et al., 2015; Ruibal et al.,
2016), which is covered in the sections below, and also results in endothelial cell
dysfunction accompanied by cell increased vascular permeability and fluid
extravasation. Along with inhibition of platelet function and consumption of clotting
factors, this leads to coagulopathy. Besides many still unclear facts, a clear connection
could be established between severe EVD cases and high concentrations of pro-
inflammatory cytokines, pro-inflammatory chemokines, and anti-inflammatory

cytokines.
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In summary, it can be said that the interaction of many different factors leads to the
development of this highly complex disease pattern, which affects different organs.
The inability to control viral replication and the host immune response are the key
drivers of EVD.
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Figure 5: EVD pathogenesis. EBOV virions enter the body through mucosal membranes or lesions in
the skin Their first targets are macrophages and certain dendritic cells. These probably facilitate
dissemination to lymph nodes, and from there systemic spreading (Jacob et al., 2020).

2.1.2.3 Post-EVD syndrome

The outbreak 2013-2016 facilitated a better insight into post-disease sequelae. Among
the survivor community it became clear that a significant number of convalescent
patients showed post-disease symptoms such as musculoskeletal pain, headaches,
encephalitis, and uveitis, even months and years after discharge. Ocular symptoms
include retro-orbital pain, blurry vision, eye pain, sensitivity to light, and conjunctival
inflammation. In fact, 14 — 60% of adult survivors were affected by some of these
sequelae (Qureshi et al., 2015; Rowe et al., 1999; Tiffany et al., 2016). Arthralgia is
reported in 87% of the cases affecting knees, back, hips, fingers, wrists, neck,
shoulders, ankles, and elbows (Rowe et al., 1999; Qureshi et al., 2015). Neurological
sequelae after EVD infection can include headache, memory loss, mental status
changes, seizures, and insomnia. In addition to the above-mentioned long-term
physical effects, more and more psychological issues are being revealed (Epstein et
al., 2015; Nanyonga et al., 2016). These have a substantial effect on the life of EVD
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survivors and are mostly anxiety, depression, and post-traumatic stress disorder. The
development of these sequelae is still poorly understood, but the severity of acute
disease or exposure to experimental therapies as well as frequency of severity of
complication, risk of viral persistence, or disease recrudescence might play roles.
Specifically, persistence is increasingly becoming the focus of scientific research since
it clearly contributes to long-lasting symptoms (Hugo et al., 2015; Mohammed et al.,
2015; Reardon, 2015).

These factors are highlighting the demand on follow up care of EVD survivors after
discharge to treat long-term medical (physical and psychological) problems as well as

preventing transmission or resurgence of EBOV.

2.2 Immune response to Ebola virus in Humans

The understanding of the immune response to EBOV is still very limited. The vast
majority of data comes from in vitro experiments. The limited availability of specimen
from infected patients and the requirement to work under biosafety level 4 conditions
hinders the progression in research as well. The last outbreaks presented a great
opportunity to study the human host response to EBOV and to answer some questions

regarding correlates of immunity to fatal cases and survivors.

To be able to infect its host, a pathogen must overcome anatomical and chemical
barriers, which means that the host must be permissive. The first line of defense
includes intrinsic mechanisms as part of the innate immune response, which can be
initiated almost immediately, and consists of both physical barriers as well as cell-
mediated mechanisms to induce an antiviral state in infected and bystander cells.
These mechanisms serve on the one hand, to protect cells and thus prevent virus
replication and, on the other hand, to induce rapid cell death to eliminate so-called
virus factories. In order to achieve this, components of the innate and adaptive immune
response including macrophage, neutrophils, T and B cells are being recruited (Akira
et al., 2006). The latter cells are part of the so-called adaptive or acquired immune
response, which is characterized by high specificity to the pathogen. Once the
immunological memory is formed, memory T and B cells can be rapidly reactivated
upon reinfection with the same pathogen (Guidotti & Chisari, 2001; Iwasaki &
Medzhitov, 2004). A major challenge in this context is to restore the baseline situation

after clearing the infection, meaning that the immune activation must be suppressed
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resulting in immune homeostasis. This is due to the fact, that a highly activated immune
system always goes along with the destruction of infected cells and the production of
toxic inflammatory mediators. Long-term antiviral responses can result in sustained
inflammation, which can in turn cause organ failure, chronic illness, or in the worst
case, the death of the affected person (Levy & Garcia-Sastre, 2001; Samuel, 2001).
The following part covers a deeper insight into host immune response to EVD and the

differences between fatal and non-fatal disease.

2.2.1 Viral recognition and cell signaling

In general, the induction of the immune response cascade requires in the first place
the detection of a pathogen, followed by signaling events. The first processes are
part of the intrinsic cellular defense, meaning, that they can be activated immediately
or through a signal immediately. The detection procedure must function in such a way
that pathogens are recognized as non-self. This is given through a receptor-mediated
recognition process that can differentiate unique structure of the respective pathogen,
so-called pathogen-associated molecular patterns (PAMPs) (Koyama et al., 2008)
(Fig. 7). The important task of detecting these structures is carried out by germline-
encoded cellular pattern recognition receptors (PRRs), which can be either on cell
surfaces or in the cytoplasm. In addition to PAMPs, they can also recognize host
components that are released upon cellular damage (Koyama et al., 2008; Meylan et
al., 2006). Pathogen recognition rapidly triggers cell signaling cascades for the
synthesis of inflammatory cytokines, chemokines, and the transcription of type |
interferon (IFN-1) genes, which in turn impact cell proliferation, and thus can mobilize
immune cells to lymph nodes and activating those (Akira et al., 2006; Ivashkiv & Donlin,
2014). The most prominent and relevant innate sensors for viral infections are Toll-
like receptors (TLRs) and retinoic acid-inducible gene | (RIG-I)-like receptors
(RLRs). The detection of virus particles (and intracellular bacteria) is enabled through
TLR 3, 7, 8, and 9, recognizing mostly nucleic acid PAMPs (Kumar etal., 2011; Meylan
et al.,, 2006; Saito & Gale, 2007). Ligand binding activates intracellular signaling
through adapter proteins causing the first step in the inflammatory response. For
antiviral defense two adapter proteins are important: MyD88 (myeloid differentiation
primary response protein 88) and TRIF [TIR (Toll/interleukin-1 receptor)-domain-
containing adapter inducing interferon f]. Both adapter proteins are inducing
conserved downstream pathways that include either NF-xB (nuclear factor k-light-

chain-enhancer of activated B cells) or interferon regulatory transcription factors
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(IRFs), which ultimately results in transcription of genes encoding inflammatory
chemokines and cytokines, important proteins for cell signaling, that directly activate
or attract more immune cells to the site of infection (Fig. 6) (Ivashkiv & Donlin, 2014;
Le Bon & Tough, 2002).

The first recognized group of cytokines in terms of innate immunity against viral
infections were interferons (IFNs). Three different types of IFNs have been
discovered so far. They are classified according to the receptor they signal through.
IFN-I were the first being described as important factors involved in antiviral responses
(Garcia-Sastre & Biron, 2006; Teijaro, 2016). In fact, they can be produced by all
nucleated cells and function as activators of macrophages, NK cells, and DCs (Le Bon
and Tough, 2002). Therefore, they play a crucial role in the development of the
adaptive immune response. Type Il IFNs only represent one member: IFN-gamma
(IFNY), which is produced mainly by NK and T cells. The last group are the type Il IFNs

and have been only recently discovered (Ye, et al., 2019).

IFNs are secreted, circulate, and bind to their respective receptor, transmembrane
heterodimers with an extracellular and intracellular signaling domain. The cascade,
which is activated upon binding, is called the JAK (Janus tyrosine kinases) -STAT
(signal transducer and activator of transcription) signaling pathway (Fig. 6). This
results in the relocation of STAT into the nucleus and to the transcription of interferon-
stimulated genes (ISGs) being particularly important for the host defense against
primary virus infections (Samuel, 2001), since some have the potential for direct
antiviral measures to induce the so-called antiviral state in bystander cells
neighboring the cell affected by the virus (Sadler & Williams, 2008). They can induce

apoptosis (cell death) in infected cells and inhibit viral replication.
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Figure 6: Activation of IFN responses through viral PAMPs. PRRs initiate signaling through NF«xB
resulting in the transcription of IFN-regulatory factors. This leads to the expression of IFNB, which initiates

an antiviral program, which involves the expression of IFN-stimulated genes (Bowie and Unterholzner,
2008).

2.2.2 Immune evasion mechanisms and innate immunity

Despite innate immune barriers, severe EVD is associated with systemic viral
replication and high levels of viremia (De La Vega et al., 2015; Lanini et al., 2015),
which means the virus must have developed strategies to circumvent these. In fact,
EBOV has evolved mechanisms which effectively counteract host intrinsic and
innate antiviral defenses in the first place, but also the adaptive arm of immunity
(described in 2.2.4).

VP35 and VP24 play a major role in counteracting the hosts innate immune response.
In vitro findings demonstrated that they downregulate the expression of type | and type
Il IFN signaling. VP35 impairs the phosphorylation of interferon regulatory factors
(IRFs) and inhibits RIG-I signaling through binding viral dSRNA so that recognition by
RIG-l is inhibited (Basler et al., 2003; Cardenas et al., 2006). VP24 interferes with IFN-
induced antiviral responses according to in vitro data. It inhibits nuclear re-localization

of STAT 1, thus impairing JAK-STAT signaling pathways and the production of IFNs
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(Basler et al., 2000; Cardenas et al., 2006; Reid et al., 2006; Zhang et al., 2012).
Another important step in viral replication is the final budding of new viral particles from
the host cell. This can be inhibited by the host protein tetherin (Neil, 2013), which has
been shown to act as an antagonist to VP40. But it seems that GP expression can
rescue VP40-induced budding, whereby the mechanism is not elucidated (Jouvenet et
al., 2009; Kaletsky et al., 2009).

Fatal cases have not only been associated with high viremia and a cytokine storm
resulting in an immunological imbalance (Wauquier et al., 2010a). Infected DCs and
macrophages release pro-inflammatory cytokines such as interferons, interleukin 13
(IL1B), IL1-RA, IL-6, IL-8, IL-10, IL-15, macrophage inflammatory protein (MIP)-1q,
MIP-1B3, monocyte chemoattractant protein-1 (MCP1) and tumor necrosis factor a
(TNFa) (Gupta et al., 2001; McElroy et al., 2015; Ruibal et al., 2016) upon EBOV
infection. High levels of TNFa favor lymphocyte apoptosis (Baize et al., 1999). In
survivors it was shown that cytokines and chemokines (IL183, IL-6, MIP-1a, MIP-1,
TNFa) are temporarily and moderately upregulated. MIP-1a and MCP1 recruit
additional macrophages to the site of infection resulting in more target cells supposing

to help the virus to disseminate within the host.

2.2.3 The role of dendritic cells during EVD
DCs are immune cells that bridge innate and adaptive immune response and play a

major role during EVD. DCs together with monocytes and macrophages are comprised
as phagocytic cells, also referred to as APCs because of their properties of cleaning
up debris from dead or dying cells, processing antigens (e.g., pathogens), and
presenting those to cells of the adaptive immune system (Banchereau & Steinman,
1998). When speaking about immune cells the cluster of differentiation (CD) must
be mentioned. This system was introduced to distinguish the very heterogeneous cell
populations and is based on the surface marker expression, which results in a specific

profile for every single immune cell fraction (Bernard & Boumsell, 1984).

DCs are a very heterogenous, but rare cell populations and their development,
ontogeny, and functions are still being discussed. The inclusion of transcriptome data
from recent years has revealed the following main DC cell subsets: Plasmacytoid
DCs (pDCs), conventional DCs 1 (cDCs1), cDCs2, and monocyte derived DCs
(moDCs) (Alcantara-Hernandez & ldoyaga, 2021; Villar & Segura, 2020). PDCs

function as producers of type | IFNs with poor antigen-presenting capacity and play a
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crucial role in viral sensing (Bao & Liu, 2013; Cella et al., 1999; Swiecki & Colonna,
2015), cDC1 and cDC2 are both involved in polarization of naive CD4 T cells and
differentiation of cytotoxic CD8+ T cells (Durand et al., 2019; Jongbloed et al., 2010;
Yu etal., 2014). They are effective at antigen-uptake when in a resting, immature state.
Upon activation in peripheral tissues such as mucosa or skin, they migrate to draining
lymphoid tissues and have the capacity to activate cognate naive T cells. During this
process they upregulate co-stimulatory molecules like CD80, CD86, and major
histocompatibility complex (MHC) Il, which are in addition to the antigen necessary to
activate naive T cells (Geissmann et al., 2010). MoDCs are a special subset of DCs
since they are derived from monocytes and expand tremendously under inflammatory
conditions, in contrast to pDCs and cDCs, that originate from the same direct pre-DC
precursor (Eguiluz-Gracia et al., 2016; Feng et al.,, 2022; Jenner et al., 2014).
Monocytes are circulating in the blood and are recruited to the site of inflammation,
where they can either be differentiated into macrophages or DCs (Askenase et al.,
2015; Xiong & Pamer, 2015). Among all APCs DCs are the only cell type capable of
priming naive T cells into antigen-specific memory T cells. This process requires two
signals through protein-protein interactions. The first one is the antigen-specific
interaction between the TCR and the MHC molecule, which presents the respective
antigen after processing by the APC. The second signal is a co-stimulatory signal
between CD28 expressed by the T cell and CD80 or CD86 by the APC. Both signals
are crucial for priming and activating the T cell (Wherry & Ahmed, 2004). The

interaction of DCs and T cells is also referred to as immunological synapse (Fig. 7).

It has been hypothesized that EBOV infects DCs, especially DC-SIGN+ DCs, and
prevents their further maturation so that as a consequence they can no longer activate
T cells. In vitro studies further demonstrated that upon infection their function to
activate T cells is impaired (Alvarez et al., 2002; Simmons et al., 2003). VP35 blocks
RIG-I signaling and therefore type | IFN signaling is affected. As a result, maturation
and activation of DCs are blocked so that the upregulation of T cell co-stimulatory
molecules is inhibited. Consequently, infected moDCs failed to prime naive T cells in
vitro (Basler et al., 2003; Bosio et al., 2003; Mahanty, et al., 2003b). Yet, these
mechanisms are not well understood and are also contradictive to human data since
human patients that survive and succumb to EVD both produce a substantial amount
of IFNs during EVD (McElroy et al., 2015).
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Figure 7: Overview of the immunological synapse. This shows the profile of DC-T-cell interaction
during antigen presentation. The stimulatory peptide-MHC molecules are depicted in red, activating/co-
stimulatory in blue, inhibitory molecules in yellow. Gray molecules are not involved in signaling (Huppa &
Davis, 2003).

2.2.4 Adaptive immunity to EBOV infection

The two arms of adaptive immunity are on the one hand the humoral immune
response with antibody-producing B cells and on the other hand the cellular-
mediated response consisting of helper and effector T cells. Both are crucial for
antiviral defense. In contrast to the innate immune response, the adaptive is specific
for certain antigens. The specificity of both cell types is reflected in the B cell receptor
(BCR) and TCR. During their development (B cells in the bone marrow, T cells in the
thymus) the receptors undergo random gene rearrangement (V, D, and J genes), so
that a high diversity of naive cells is generated with each single cell being specific for
a different pattern (Laydon et al., 2015; Six et al., 2013).

The adaptive immune response seems to be the main driving factor for viral clearance
and recovery. Properly regulated humoral and cellular immune responses including
the generation of antigen-specific cells are associated with EVD survival (Ruibal et al.,
2016; Speranza, et al., 2018).
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2.2.4.1 The adaptive immune response to EBOV: Humoral response

B cells are responsible for antibody (lg) production, which can bind the viral particle in
blood and at mucosal surfaces preventing the spread of the pathogen. The BCR is a
membrane-bound antibody and recognizes specific parts of the pathogen in intact
proteins. Immature B cells are present in the circulation and can travel to lymph nodes
(LNs). If the BCR can engage randomly with an epitope, a cascade is activated leading
to new gene products and cell division. The offspring cells become either effector
plasma cells or a small number become memory B cells. Plasma cells are short lived
and secrete their BCR as antibodies, but some migrate to the bone marrow, where
they transiently secrete antibodies over a long period of time. Memory B cells are long-
lived with a membrane bound BCR (Akkaya et al., 2020; Kurosaki et al., 2015). The
produced antibodies can have different functions regarding antiviral defense. They can
either directly bind viruses and neutralize them so that they are enabled in finding their
specific rectors for cell entry (neutralizing antibodies, Nag) or induce killing through
nonspecific cells like macrophages and NK cells. They can bind antibody receptors
(fragment crystallizable region gamma receptors, FcyR) on the surface of
macrophages and NK cells and the antigen-binding site is still free to bind the viral
antigens on the surface of the infected cell. Upon antigen binding the NK cell or
macrophage can eliminate the infected cell. This FcyR-dependent mechanism is called

antibody-dependent cell-mediated cytotoxicity (ADCC) (Lu et al., 2018).

Early studies from 1999 as well as data from the West African epidemic suggested that
early development of IgM and isotype switching to IgG is correlated to viral clearance
and survival. In contrast to patients that succumbed to EVD, who lack EBOV-specific
antibodies during acute phase of disease (Baize et al., 1999; Baize et al., 2002).
EBOV-specific IgM is detected in survivors typically within 10 — 18 days post disease
onset. In survivors, I1gG is detected approximately 19 days to three weeks post-disease
onset in coincidence with a reduction of viremia (Fig. 8) (Kreuels et al., 2014; Ksiazek
et al., 1999; McElroy et al., 2015; Rowe et al., 1999; Wolf et al., 2015). Some more
recent studies indicated that high-affinity antibodies with neutralizing capacity as well
as FcyR-dependent functions are produced during convalescence (Corti et al., 2016;
Davis et al., 2019a; Ellebedy et al., 2016; Koch et al., 2020; Luczkowiak et al., 2018;
McElroy et al., 2015). IgG is mainly directed against epitopes within GP1> (Bornholdt
et al., 2016; Corti et al., 2016; McElroy et al., 2015).
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Figure 8: Schematic representation of EBOV infection and immune response. Upon initial EBOV
replication after infection the innate immune response is activated (yellow). Viremia rapidly increases
(blue) and correlates to the onset of symptoms (fever, abdominal pain), which is self-reported by the
patients. After hospitalization, IgM (light green), IgG (humoral response, dark green), and cellular
responses (orange) are detected. The virus can persist in immune-privileged sites during recovery phase,
even if viremia is no longer detectable. The average period, when patients succumb to EVD, is depicted
in the shaded blue box. Interrogation points indicate estimations due to the lack of human data (Ploquin,
et al, 2018).

2.2.4.2 The adaptive immune response to EBOV infection: T cell response

T cells can directly recognize and kill virus-infected cells (cytotoxic T lymphocytes,
CTLs) or induce humoral response (T helper cells, Th cells). These two major T cell
subsets can be differentiated by their surface protein expression. CTLs express CD8
and Th cells express CD4 on their membranes. CD4 cells are activated by antigens
presented on MHCII, which are mainly exogenous antigens like extracellular bacteria.
They induce humoral immunity through the release of cytokines activating the
production of antibodies by B lymphocytes (Franco et al., 1997; Hale et al., 2013).
CD8* T cells play a major role in viral infections. They can directly induce cell death of
infected cells through perforins and granzymes (Guidotti et al., 1996; McMichael et al.,
1983; Peters et al., 1991) and are activated by antigens presented on MHC | molecules
derived from endogenous pathogens (viruses and intracellular bacteria). The TCR
binds in contrast to the BCR short, linear peptides. Once activated through their
specific antigen and MHC molecule naive T lymphocytes differentiate into antigen-
specific effector T cells. Most of these cells die after the infection is cleared and the
few surviving cells turn into long lived memory T cells. The establishment of
immunological memory functions as a long-term protection against antigens. Upon re-

infection memory T cells mature into effector memory T cells and can rapidly clear viral
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infections. The activation of memory T cells is no longer restricted to dendritic cells and
can also be carried out by other APCs (Guidotti & Chisari, 2001; Huber et al., 2014;
Iwasaki & Medzhitov, 2004).

Before the West African epidemic of 2013 — 2016 it was assumed that due to massive
T lymphocyte loss triggered through apoptosis and the inhibition of DC function that
fatal cases were correlated with poor CD8* T cell activation (Baize et al., 1999;
Bradfute et al., 2010; Gupta et al., 2007; Wauquier et al., 2010b). Two studies that
were conducted during the epidemic, either evaluating leftover diagnostic samples in
West Africa or samples from patients that were treated in the US, disproved the long-
accepted hypothesis. They could show that there was substantial T-cell activation
during acute infection among all patients with the co-expression of activation markers
such as CD38 and HLA-DR (Human leukocyte antigen — DR isotype) on CD4" as well
as CD8* T cells. The upregulation of these two markers is also an indication that the
TCR was involved, and therefore initial antigen-presentation by DCs took place during
EVD. Furthermore, it was demonstrated in fatal cases that T cell co-inhibitory
markers like programmed cell death-1 (PD-1) and cytotoxic T-lymphocyte-
associated protein 4 (CTLA-4) were upregulated on CD8* T cells und that the
formation of antigen specific CD8 T cells was significantly reduced in fatal cases
(Ruibal et al. 2016). Another hallmark of T cell response to EBOV infection is
lymphocyte apoptosis in circulating bystander CD4* and CD8* T cells in peripheral
blood probably due to poor DC function and massive release of inflammatory
mediators (Baize et al., 1999; Geisbert et al., 2000; Reed et al., 2004; Sanchez et al.,
2004; Waugquier et al., 2010b). However, lymphopenia was not observed in human
studies from 2014 on (Ruibal et al., 2016; McElroy et al., 2015).

On the contrary survival is associated with the development of a robust antigen-
specific cell-mediated immune response, which is associated with viral clearance
(Sanchez et al. 2004; McElroy et al. 2015; Ruibal et al. 2016). EBOV-specific human
CD8" T cells primarily target NP, GP, and to some extent VP40, which was
demonstrated by McElroy et al. in patients that were treated in the US, but also by
more recent studies by Sakabe et al. and Tipton et al. (McElroy et al., 2015; Sakabe
et al., 2018; Tipton et al., 2021).

In summary, the complete picture of the immune response to EVD especially the
dysregulated T cell response is not fully understood. Especially, the influence of

dysregulated secretion of inflammatory cytokines and chemokines on T cell activation,
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T cell apoptosis, up-regulation of co-inhibitory molecules, and the formation of EBOV-

specific T cells are important to decipher to develop new treatment strategies.

2.3 Animal models for EBOV

The lack and accessibility of human samples restricts research regarding
immunopathology and host response to EVD. Therefore, animal models are necessary
to study these aspects. Most common models include non-human primates and rodent
models. For the latter, specially adapted EBOV strains had to be developed since

these are naturally not susceptible to EVD.

2.3.1 Non-human primates

The gold standard animal models to study EBOV pathogenesis are two species of non-
human primates (NHPs): the cynomolgus macaque (Macaca fascicularis) and the
rhesus macaque (Macaca mulatta). Due to their more rapid symptom onset
cynomolgus macaques are the preferred model for preclinical development of vaccines
(Sullivan et al., 2011), whereas rhesus macaques have been most used for the
development of post-exposure therapies (Geisbert et al., 2015). In general, both
species recapitulate the human disease in terms of clinical symptoms (fever, anorexia,
maculopapular rash) and clinical parameters (increase in liver enzymes, disruption of
coagulation). The clinical picture depicts a rapid disease onset with fever, virus
dissemination, coagulopathy, high levels of inflammatory cytokines, immune
dysregulation, and vascular leakage (Fisher-Hoch et al., 1985, 1992; Geisbert, et al.,
2003b; Geisbert, et al., 2003c). In the late stages of disease, euthanasia criteria are
typically reached due to the presence of multi-organ failure and shock. The overall
lethality in these models is higher than 90% and varies depending on the virus dose
and route (intramuscular, inhalation, ocular, oral, intranasal) (Bowen et al., 1978;
Fisher-Hoch et al., 1985; Jaax et al., 1996; Johnson et al., 2023; Reed et al., 2011;
Twenhafel et al., 2013). Studies with NHPs have led to key discoveries in terms of viral
pathogenesis and immunity. For example, the NHP model served to identify DCs and
macrophages as early targets of infection, and the role of tissue factor (TF) on EBOV-
associated inflammation (Geisbert, et al., 2003a; Geisbert, et al., 2003b; Geisbert, et
al., 2003c) There are however several drawbacks when it comes to animal

experiments with NHPs. These experiments tend to be inconvenient in the biosafety
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level 4 (BLS4) laboratory, there is limited supply availability, and only very few high
containment laboratories are appropriately equipped to work with NHP.

2.3.2 Rodent: wild-type mice, Guinea pigs, and hamsters

Rodents are widely used animal models in infectious disease research. Besides their
small size and easy reproduction, there are many reagents and experimental tools
available, including genetically modified mouse lines. However, immune competent
laboratory mice are resistant to EBOV disease, although mice are permissive to EBOV
infection. The strategy therefore has been to use immune-suppressed mice or mouse-
adapted EBOV.

2.3.2.1 Mouse-adapted EBOV

The first attempts to induce EBOV disease in mice were performed using the strain
from the 1976 outbreak in wildtype laboratory strains BALB/c and C57BL/6. It turned
out that these mice could get infected with EBOV but did not develop symptoms. Only
the infection of newborn mice intracerebral and intraperitoneal were lethal (McCormick
et al., 1983; van der Groen et al., 1979). Therefore, mouse models were abandoned
to study pathogenesis of EVD and evaluate medical countermeasures for several
years. Years later a mouse-adapted EBOV strain (maEBOV) was generated through
serial passages of EBOV in old BALB/c and C5BL/6, which was lethal in
immunocompetent inbred mice (Bray et al., 1998). This model actually shows similar
disease progression as observed in NHPs and humans, so that it is suitable for
pathogenicity and host immune response studies (Gupta et al., 2005; Warfield et al.,
2003). MaEBOV infects the same primary target cells (monocytes, macrophages,
DCs) and affects the same organs (liver, LN, spleen) with additional lymphopenia and
elevated systemic viral titers (Gibb et al., 2001). However, further studies showed that
not all aspects of disease could be modelled in mice, especially profound coagulation
abnormalities were absent and only intraperitoneal challenge resulted in fatal disease.
Other routes were not effective independent of the dose (Bray et al., 2001; Mahanty,
et al., 2003a). Subsequent sequencing revealed mutations in coding regions of all
EBOV proteins including mutations affecting the functions of NP and IFN-I antagonist
proteins (Ebihara et al., 2006), which are very important aspects regarding

immunological studies.
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2.3.2.2 EBOV infection in hamsters and guinea pigs

Another extensively used small animal model for infectious diseases are Syrian gold
hamsters (Mesocricetus auratus) since they appear to reflect a different susceptibility
spectrum than mice, why they were also tested for EBOV infection. The infection with
maEBOV is lethal in hamsters and resembles many features of human disease
including uncontrolled viral replication, cytokine and chemokine storm, splenic
disorganization and hepatic necrosis as seen in NHPs. In contrast to murine models,
signs of coagulopathy were also observed (Ebihara et al., 2013). However, hamsters
are resistant to infection with WT (wildtype) EBOV but can be rendered susceptible if
CDA4* T cells are depleted (Prescott et al., 2015).

Guinea pigs (Cavia porcellus) were also tested for their potential use in studying EBOV
infections and it has turned out that an adapted virus must also be used here. The
infection with WT EBOV results in a transient febrile illness, which is partial lethal.
Passaging the virus 6 — 9 times results in a guinea pig-adapted variant (gpa-EBOV),
which is uniformly lethal. On day 4 — 7 the animals develop high fever and succumb to
the infection 8 — 12 days later. Disease progression is accompanied by high viral
burdens, lymphopenia, hepatic and splenic degeneration and necrosis, coagulopathy,
and hemorrhage (Connolly et al., 1999; Cross et al., 2015). Since the guinea pig model
resembles the disease very close to what has been shown in NHPs and humans it is
used for pathogenesis, transmission, and route of infection studies (Cross et al., 2015;
Wong et al., 2015). One disadvantage is that species specific reagents are very limited

compared to those for mice studies.

2.3.3 Immunocompromised mouse models

2.3.3.1 Immunodeficient mice

Mice with different degrees of immunosuppression in the innate immune response
such as INF o/ receptor-knockout (IFNAR-KO) mice (Bray et al., 2001) or STAT1-
knockout (Raymond et al., 2011) are susceptible to infection with WT EBOV. These
mice recapitulate some important clinical features (rapid disease onset and high viral
titers in spleen and liver) and show differences in outcome when infected with different
Ebola virus species such as TAFV and BDBV (Brannan et al., 2015; Bray, 2001; de
Wit et al., 2011; Raymond et al., 2011). These mice lack critical components of
interferon signaling cascades and the studies emphasize again the importance of IFNs

in EBOV immunity (Bray et al., 2001). Precisely, this point makes it very difficult to
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study EBOV immunology because IFN has an important role for the innate and

adaptive immune response.

2.3.3.2 Humanized mouse models

Humanized mouse models (also Human immune system mice, HIS mice) are based
on a highly immunodeficient mouse strain, which can be engrafted with human cells
after a sublethal irradiation, so that the human immune system can be reconstituted.
NOD.Cg-Prkdcsc|12rg™Wi/SzJ SCID mice (NOD-scid IL2Ry™"; NSG mice) act as a
platform for this mouse model. These mice are deficient in NK-, T- and B-cell
development so that a reconstitution of innate and adaptive immune system with
human cells is possible (Ishikawa et al., 2005). For EBOV three different HIS mice
platforms have been developed so far all of them using human CD34" hematopoietic
cells (HSC). In addition to HSCs these mice are transgenic for human immune genes
or are also transplanted with human immune organs. NSG mice without any
administration of human cells develop disease after WT EBOV infection around six
weeks post infection (Bird et al., 2015; Ludtke et al., 2015; Spengler et al., 2016).
Lidtke and colleagues developed the first humanized mouse model for EBOV
research, the huNSGA2 mouse (Ludtke et al., 2015). Later similar studies were
published (Bird et al., 2015). Human hematopoietic CD34" stem cells obtained from
umbilical cord blood of HLA-A2* donors and are applied to human HLA-A2-transgenic
NSG mice resulting in a lethal model for EBOV infection. The mice showed histological
changes in the liver and upregulation of cytokines and chemokines. Furthermore,
important hallmarks of EVD like coagulation and signs of hemorrhage could be
observed. In later studies, this mouse model was infected with different Ebola virus
strains and recapitulated relative case-fatality rates as seen in humans (Escudero-
Pérez et al., 2019).

NSG-BLT (bone marrow-liver-thymus) mice were also successfully infected with
EBOV. This mouse model is in addition to the engraftment with HSCs also transplanted
with fetal liver and thymus fragments (Bird et al., 2016). Disease progression is dose-
and donor-dependent, while infection with high-dose EBOV results in rapid and lethal
EVD. Despite lacking signs of hemorrhage or coagulopathy, elevated human cytokine
and chemokine levels are recapitulated in this mouse model, including high expression
of M-CSF (macrophage colony-stimulating factor), IL-6, IL-8, TNF-a, interferon-
gamma induced-protein 10 (IP-10), and MCP-1 (Bird et al., 2015; Kerber et al., 2018;
Villinger et al., 1999; Wauquier et al., 2010b). The third HIS mouse model for EBOV
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infection is based on HU-NSG-SCM3 mice. They are also transplanted with HSCs and
are furthermore transgenic for human IL-3, stem cell factor (SCF), and
granulocyte/monocyte colony-stimulating factor (GM-CSF), which are supposed to
support better reconstitution of the myeloid compartment (Nicolini et al., 2004). They
reflect the highest levels of engraftment including high levels of myeloid cells as well
as T and B lymphocytes. They show 67% lethality and liver and spleen pathology
(Spengler et al., 2016, 2017).

27



3. Aim of this thesis

3. Aim of this thesis

The interaction between DCs and T cells bridges innate and adaptive immune
responses, and it constitutes an important checkpoint in EVD. The information about
this crosstalk is scarce due to limited human samples and inadequate small animal
models. The caveat of HIS mice developed to study EBOV infection so far are that
they do not adequately reflect human immune response to EBOV infection due to
limited T cell responses. To overcome these issues, the aim of this thesis was to

develop a humanized mouse model with the following characteristics:

1) It should be susceptible to EVD

2) It should facilitate the evaluation of the contribution of the DC-T cell crosstalk
to EBOV pathogenesis

3) It should facilitate the investigation of immunological aspects of EVD

4) It should help to evaluate the immunological memory of EVD survivor

To achieve these objectives, the aim is to generate a humanized mouse model based
on the transplantation of mature human PBLs (peripheral blood leucocytes) into
immune-suppressed NSG mice, which should ensure the maintenance of the
immunological memory of the respective donor.

To allow for manipulation of the DC fraction, EBOV-infected myeloid cells are
sequentially transplanted after PBL administration. The combination of human PBLs
including T cells and ex vivo EBOV-infected moDCs is intended to make these mice

susceptible to EVD.
The key objective is to assess the immunological memory of EBOV-specific long-term

cellular and humoral immunity in the proposed avatar mouse model to study the

correlates of protection against EBOV infection.

28



4. Results

4. Results

4.1 Establishment of a donor-specific humanized mouse model

susceptible to EBOV disease

Humanized mice provide an easily manipulable platform for studying human cell
functions during infections and the resulting inflammatory response. The generation of
humanized mice can happen either through transplantation of hematopoietic stem cells
or through the administration of mature human PBMCs into highly immunodeficient
mice. In previous studies, NSG mice engrafted with human CD34" HSCs showed
immunological as well as pathological features of EVD (Ludtke et al., 2015; Escudero-
Perez et al., 2019). The main limitation of this approach is the loss of immune
information of the donor since the immune system is generated de novo. However,
recent studies have shown that T cells are crucial for survival of EVD and together with
DCs play an important role in the pathophysiology of EVD (Ruibal et al., 2016; Ludtke
et al., 2016).

In order to investigate the role of the T cell — DC interaction during EBOV pathogenesis
a humanized mouse model was sought to be developed using a strategy previously
developed by Harui et al. (Harui et al., 2011). In this study, NSG mice transgenic for
the human HLA-A2 molecule were reconstituted with PBLs from HLA-A2+ donors also
referred to as avatar mice. This resulted in a detectable population of human immune
cells in the spleen and peripheral blood of the mice. The use of NSG-A2 mice was
supposed to improve the engraftment of human cells and to facilitate CD8 T cell
responses in this model. Another crucial aspect that Harui and colleagues
demonstrated in their study was that a subsequent adoptive transfer of antigen-loaded
ex-vivo-generated donor-matched moDCs into these NSG mice resulted in antigen-
specific T cell formation. Donor-matched moDCs were transduced with an adenoviral
vector and injected into avatar mice. Spleenocytes recovered from these mice and
challenged with transduced moDCs expanded and secreted a cytokine profile
characteristic of antigen-specific CD8+ T cells (Harui et al., 2011). These findings
strongly suggested that avatar mice can be utilized to study T cell-DC interactions

during infection.
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During my master thesis, | have tested several protocols to see which one would be
more suitable to assess DC-T cell interactions during EBOV infection (Rottstegge,
2016). The first steps were always as following: after obtaining peripheral blood from
HLA-A2+ healthy donors, peripheral blood mononuclear cells (PBMCs) were isolated
by density gradient centrifugation, and CD14" and CD14" cells were separated by
magnetic-activated cell sorting (MACS) (Fig. 9).

CD14* cells:
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Figure 9: Processing and separation of peripheral blood. EDTA (ethylenediaminetetraacetic acid)
blood was drawn from healthy HLA-A2* donors and PBMCs were separated through density gradient
centrifugation. PBMCs were sorted into CD14* monocytes and CD14"™9 peripheral blood lymphocytes
(PBLs) using CD14* magnetic beads.

CD14- cells also referred to as PBLs consist mainly of T-, B, and NK cells. These were
utilized to evaluate the administration route of human cells in NSG mice and to analyze
the retaining cell subsets in avatar mice. Briefly, the inoculation through the retroorbital
route (r.0.) elucidated the most consistent engraftment of human cells (Fig. 10). It was
also demonstrated that mainly T cells (up to 95% 28 days after inoculation), of which
up to 90% were effector memory T cells, repopulated in the mice (Rottstegge, 2016).
Previous studies had already come to similar conclusions (King et al., 2008; Ali et al.,
2012; Harui et al.,, 2011). CD14+ cells (monocytes) were cultured under different
conditions to optimize the protocol for the generation of immature moDCs to our needs
(Fig. 10). Immature moDCs are infectable with EBOV (Mahanty et al., 2003b).
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Figure 10: Preliminary study results. Intraperitoneal and retroorbital application routes were tested for
the administration of CD14- human PBMCs into NSG mice and evaluated for their efficiency. Retroorbital
administration of huPBLs was higher and more consistent in blood and spleen. The engraftment was
analyzed for its T cell composition and showed a skewing towards an effector memory T cell phenotype.
Monocytes (CD14+ cells) were derived into monocyte-derived dendritic cells under different culture
conditions and their phenotype was evaluated by flow cytometry.

The results of these experiments led to the following experimental procedure, which
was used as a starting point for all subsequent experiments in this study (Fig. 11):
CD14* cells were cultured for five days in moDC differentiation media in the presence
of IL-4 and GM-CSF. On the same day recipient mice were inoculated with 107 PBLs
through the r.o. route. After five days cultured monocytes displayed an immature
moDC phenotype (CD14", HLA-DR*, CD11c*, CD86"%) and showed the highest
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viability in this protocol. These cells were infected with EBOV ex vivo for 60 min and

also administered into the mice through the r.o. route.
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Figure 11: Final setup for the generation of avatar mice. Monocytes were differentiated into immature
moDCs in the presence of human granulocyte-macrophage colony-stimulating factor (GM-CSF) and IL-4
for five days in vitro. 107 huPBLs were transplanted into recipient NSG-A2 mice at day O to generate
avatar mice. Five days after transplantation moDCs were infected with EBOV (MOI = 1) or mock-infected
ex vivo and 5 * 10° moDCs were administered into avatar mice.

4.1.1 Infection with EBOV-infected moDCs renders avatar mice susceptible to
EVD

To evaluate the response of avatar mice to EBOV infection, 10’ PBLs from a healthy

HLA-A2" donor were administered r.o. into 10 NSG mice respectively. Five days later
moDCs were infected with EBOV at a multiplicity of infection (MOI) of 1 or mock-
infected with PBS. Mice received either 5*10° EBOV-infected moDCs or 5*10° mock-
infected moDCs r.0. Weight and temperature were monitored for 12 days on a daily
basis to evaluate morbidity and mortality. Blood samples were drawn on days 2, 4, 7,
9, and on the respective day of euthanasia to measure aspartate aminotransferase
(AST) levels, a marker of cell damage, and determine viremia (Fig 12A). Viral titers

were also measured in organs during necropsies.

Infected mice started to lose weight and showed signs of shock (dropped temperature)
around day 7 post-infection and succumbed to the disease at either day 10 or day 11
by reaching euthanasia criteria (e.g., weight loss) (Fig. 12B-D). This is comparable to
the incubation period observed in humans, which ranges between 2 to 21 days, but

typically lasts 6 to 10 days (Baseler et al., 2017; Leligdowicz et al., 2016). High viremia
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and organ titers in liver, kidney, and spleen indicated that these mice suffered high
levels of viral replication, which developed into a systemic infection. Consistent with
this, the levels of viremia peaked around day 7 (Fig. 12E/F). Additional morbidity sighs

included ruffled fur and lethargy which are signs of severe disease in mice.
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Figure 12: Avatar mice are susceptible to EBOV infection. (A) Ten mice were inoculated with 107
PBLs from a healthy donor. 5 days post inoculation mice were transplanted with 5*105 in vitro generated
either mock-infected (black; n = 4) or EBOV-infected moDCs (red; n = 5) from the same donor. Survival,
weight, and temperature were monitored daily (B — D), blood and serum were collected at indicated time
points for detection of AST levels and viremia E. The limit of detection for viremia is shaded in grey. Organ
viral titers were determined at day of death (F). Mean and SEM are shown unless individual data points
are depicted. Statistical significance was analyzed using LogRank (Mantel-Cox) test. Levels of
significance were interpreted as follows: NS (not significant) p > 0.05, *p < 0.05, ** p < 0.01, *** p <
0.001, and **** p < 0.0001.

Compared to the mock group, infected mice displayed higher levels of serum AST
levels starting at d7 (Fig. 13A) suggesting cellular damage (liver damage).

Examination of the deceased animals indicated signs of hemorrhage in the intestine
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and fatty liver (liver steatosis) (Fig. 13B). This was consistent with the presence of

bloody stool and / or urine in four out of five mice.
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Figure 13: Avatar mice reproduced main features of human EBOV infection. (A) AST levels in serum
were analyzed with a commercial kit and using a Fuijifilm machine in mock (black) and EBOV-infected
mice (red). The normal range for AST is shaded in grey. Graphs show mean and SEM. (B) Necropsies of
mock and EBOV infected avatar mice are shown. Gastrointestinal bleeding (left EBOV, white arrow) and
liver steatosis (right EBOV, light blue arrow) are indicated the picture.

In summary, the generation of avatar mice using HLA-A2* T cells from naive donors
and EBOV-infected donor-matched moDCs, resulted in a model that was 100% lethal.
These results indicated that the transplantation of T cells and matched DCs alone in

the context of EBOV infection was sufficient to recapitulate the main features of EVD.

4.1.2 Donor-specific EVD manifestations in avatar mice

Next, the effect of donor variability was assessed in the model and whether the course
of EVD and its severity was donor-dependent. Bird et al., had already shown in their
NSG-BLT mouse model that EVD progression varied depending on the donor cells
utilized (Bird et al., 2016). To assess this in this system, 10 avatar mice from two
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different donors (donor 2, D2, and donor 3, D3) were generated and infected with
EBOV using donor-matched moDCs. The results were then compared with those of
the previous experiments (donor 1, D1). Weight and temperature were monitored for
24 days on a daily basis to evaluate morbidity and mortality. Blood samples were
drawn on indicated days and on the respective day of death to measure AST levels

and determine viremia. Viral titers were also measured in organs during necropsies.

For D1 and D3 100% of the EBOV-infected animals had to be euthanized after
reaching euthanasia criteria. D2-avatar mice showed a delay in the time of death
(euthanasia) so that all mice reached this point after day 15 post-infection (Fig. 14A/B).
One mouse in this group survived infection until the experiment was terminated on day
24. Moreover, while D1 and D3 showed similar viremia and AST levels, D2-avatars
displayed two peaks of viremia around day 12 and day 25. Overall, the levels of
circulating serum ASTs were lower compared to the other groups (Fig. 14C/D). As
described above for D1, four mice showed signs of hemorrhage (bloody urine and/or
stool). Signs of bleeding could be observed in two out of five mice for D1 and for three

out of five mice for D2.
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Figure 14: Donor-specificity in avatar mice. Ten (9 mice for donor 1) avatar mice of three different
donors were generated (donor 1 see section 5.1.2). 5 days post-inoculation mice were transplanted with
5*10° in vitro generated either mock-infected (black; n = 4 or n = 5) or EBOV-infected moDCs (red; n = 5)
from the same donor. Weight (A) and survival (B) were monitored daily, blood and serum were collected
at indicated time points for detection of viremia (C) and ASTs (D). The limit of detection for viremia is
shaded in grey. Mean and SEM are shown unless individual data points are depicted. Statistical
significance was analyzed using LogRank (Mantel-Cox) test. Levels of significance were interpreted as
follows: NS (not significant) p > 0.05, *p < 0.05, ** p = 0.01, *** p = 0.001, and **** p < 0.0001.

In summary, this experiment that this model was reproducible with cells from different
donors and indicated that the disease progression in EBOV-infected avatar mice is
highly dependent on the donor. This is in line with the hypothesis that this model is

suitable to investigate donor-specific T-cell responses to EBOV infection.

36



4. Results

4.1.3 Avatar mice recapitulate ebolavirus pathogenesis but not Lassa virus

pathogenesis
Recently, it was shown that NSG-A2 mice engrafted with CD34" human HSCs could

recapitulate the case-fatality ratios of different ebolaviruses reported during outbreaks
in humans (Escudero-Pérez et al., 2019). Accordingly, the next step was to evaluate
the response of avatar mice to infection with other members of the Ebolavirus genus.
Reston virus was selected (species Reston ebolavirus, RESTV), of which no case of
human infection has yet been recorded (Cantoni et al., 2016; Jahrling et al., 1990).
Furthermore, to evaluate if the model could also be applied to other hemorrhagic fever
virus, avatar mice were exposed to Lassa virus (LASV) the causative agent of Lassa
fever in humans (Frame et al., 1970). Both LASV and RESTV have been previously
shown to be able to infect human moDCs (Mahanty et al., 2003b; Escudero-Perez
et al., 2019). To evaluate RESTV and LASV infection, five mice were inoculated with
RESTV-infected moDCs (MOI = 1) and five with LASV-infected moDCs (MOI = 1). In
addition, as controls five mice were infected with 5*10° EBOV-infected moDCs and five
mice received 5*10° mock-infected moDCs. Weight and temperature were monitored
for 24 days on a daily basis to evaluate morbidity and mortality. Blood samples were
drawn on days 3, 6, 9, 14, 17, and on the respective day of euthanasia to measure
AST levels and determine viremia (Fig. 15A). Viral titers were also measured at

necropsy.

While EBOV infection of avatar mice resulted in 100% lethality, 3 out of 5 mice infected
with RESTV survived the infection and displayed moderate weight loss over the course
of infection. LASV-infection in avatar mice was asymptomatic with no changes in
weight loss or body temperature, and 100% survival (Fig. 15B-D). One of the RESTV-
infected mice had to be euthanized due to neurological manifestations (limb paralysis).
AST serum levels in RESTV-infected mice were lower than in EBOV-infected animals,
reached a plateau around day 12 and decreased around day 17. Among the LASV-
infected group AST levels were under the range of detection (Fig. 15E). In EBOV-
infected mice viremia reached uniformly high levels and peaked at day 7 and slightly
decreased until the euthanasia endpoint. RESTV-infected animals that succumbed to
disease showed high titers similar to EBOV-infected mice, while viremia in survivors
gradually increased over time until the endpoint (Fig. 15F). Viral titers in liver, kidney,
lung, heart, and spleen were determined at necropsy. For EBOV, high viral titers could
be detected in all organs evaluated. RESTV-infected mice showed significantly lower
titers than their EBOV counterparts and virus replication could not be detected in the

heart. LASV replication was detectable in the liver, lung, and spleen, with titers in the
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lung comparable to those observed in EBOV-infected mice. These data indicate that
avatar mice are susceptible to LASV infection but that the presence of donor-matched
T cells and moDCs is not sufficient to recapitulate human Lassa fever. The data
obtained with RESTV mimics that obtained in HSC-based humanized mice and
strongly suggest differences in pathogenesis between EBOV and RESTV associated
to the T cell-DC interface. (Fig. 15G).
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Figure 15: Infection of avatar mice with different viruses. (A) Twenty mice were engrafted with 107
PBLs from a healthy donor. 5 days post-inoculation mice were transplanted with 5*10° in vitro generated
either mock-infected (black; n = 5), EBOV-infected moDCs (red; n = 5), RESTV-infected moDCs (blue; n
= 5), or LASV-infected moDCs (green; n = 5) from the same donor. Survival, weight, and temperature
were monitored daily (B — D), blood and serum were collected at indicated time points for detection of
AST levels and viremia (E / F). The normal range for AST and the limit of detection for viremia are shaded

38



4. Results

in grey. Organ viral titers were determined at day of euthanasia (G). Mean and SEM are shown unless
individual data points are depicted. Statistical significances were analyzed using either LogRank (Mantel-
Cox) test or one-way ANOVA (Kruskal-Wallis test) followed by Dunn’s multiple comparison test. Levels of
significance were interpreted as follows: NS (not significant) p > 0.05, * p < 0.05, ** p < 0.01, *** p <
0.001, and **** p < 0.0001.

These findings also suggest that avatar mice could be used to test the pathogenicity

of other poorly characterized ebolaviruses in humans.

4.1.4 Disease progression is dependent on the DC input

After entering the host, EBOV infects DCs and exploits their migratory capacity to
spread from the site of infection within the host (Ludtke et al., 2017). Since the
interaction between DCs and T cells can easily be manipulated in avatar mice, these
could facilitate a more in-depth analysis of how these interactions impact the
progression of EVD. The first aspect to investigate was EBOV transport by DCs. It was
hypothesized that if EBOV transport by DCs is linked to disease severity, reducing the
input of infected DCs could also in turn reduce EVD symptoms. To prove this
hypothesis, three experimental avatar mouse groups were established in which
decreasing amounts of EBOV-infected DCs were transplanted. Therefore, mice were
inoculated with 5*10% 5*10* or 5*10° EBOV-infected moDCs. A mock group
transplanted with 5*10° non-infected DCs was kept as control. Weight and temperature
were monitored for 24 days on a daily basis to evaluate morbidity and mortality. Blood
samples were drawn on days 3, 6, 9, 14, 17, and on the respective day of death to
measure AST levels and determine viremia (Fig 16A). Viral titers were also measured

in organs at necropsy.

Mice transplanted with 5*10° EBOV-infected moDCs lost weight rapidly and
succumbed to infection within two weeks post-infection. Conversely, in mice
transplanted with 5*10* or 5*10% moDCs four out of five mice survived infection (Fig.
16B). In the group transplanted with 5*10° EBOV-infected moDCs we also observed
substantial reduction of morbidity and body scoring parameters, namely weight loss
and body temperature, whereas mice inoculated with 5*10* -EBOV-infected moDCs
still experienced weight loss between days 10 and 15 (Fig. 16C/D). AST serum levels
in mice infected with 5*10° and 5*10* EBOV-infected moDCs peaked on day 13 and
decreased again in the surviving mice of the middle dose group, while AST serum
levels in the mice that received 5*10° EBOV-infected moDCs steadily increased from
day 10 on until the end of the experiment (Fig. 16E). Viremia peaked on day 10 post-

infection and slightly decreased until the euthanasia endpoint in mice transplanted with
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5*10° EBOV-infected moDCs (Fig. 16F). In the medium-infection dose group, viremia
also increased by day 10 and remained at that level until the end of the experiment. Of
note, viremia among the low-infection dose group varied between subjects. This was
also reflected when assessing organ titers (Fig. 16G). While mice infected with 5*10°
or 5*10* EBOV-infected moDCs had consistent viral titers within groups, mice that
received 5*10% EBOV-infected moDCs exhibited slightly reduced titers with a high
variability and no detectable virus in some mice in liver, kidney, lung, and heart. Only

in spleen virus was detected in all mice.
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Figure 16: Infection of avatar mice with different doses of infected moDCs. (A) 20 mice were
engrafted with 107 PBLs from a healthy donor. 5 days post-inoculation mice were transplanted with 5*10°
in vitro generated either mock-infected (black; n = 5), 5*10%> EBOV-infected moDCs (red; n = 5), 5*10*
EBOV-infected moDCs (blue; n = 5), or 5*10% EBOV-infected moDCs (green; n = 5) from the same donor.
Survival, weight, and temperature were monitored daily (B — D), blood and serum were collected at
indicated time points for detection of AST levels and viremia (E / F). The normal range for AST and the
limit of detection for viremia are shaded in grey. Organ viral titers were determined at day of euthanasia
(G). Mean and SEM are shown unless individual data points are depicted. Statistical significances were
analyzed using either LogRank (Mantel-Cox) test or one-way ANOVA (Kruskal-Wallis test) followed by
Dunn’s multiple comparison test. Levels of significance were interpreted as follows: NS (not significant) p
>0.05,*p< 0.05, ** p<0.01, *** p <0.001, and **** p < 0.0001.
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In summary, it was shown that the amount of infected DCs administered to avatar mice

influenced disease progression and outcome. These data strongly suggest that DCs

play an important role in EBOV dissemination.

4.1.5 DC subsets derived from MUTZ-3 cell line can induce EVD in avatar mice

DCs represent a highly diverse category of immune cells, exhibiting variations in their
roles as APCs and their distribution within the body, including expression of different
surface molecules (Haniffa et al., 2013; Helft et al., 2010). DC-SIGN-expressing
moDCs have been extensively utilized to study DCs in the context of EBOV research.
The aim was to employ avatar mice to investigate the contribution of other DC subsets
during EVD pathogenesis.

To investigate this, the HLA-A2+ MUTZ-3 cell line, which is CD34+ human acute
myeloid leukemia cell line and can be differentiated into different DC subsets using
different cytokine cocktails, was utilized. For this experiment interstitial-like DC-SIGN*
DCs and Langerhans cell-like Langerin® DCs were generated. After differentiation,
cells were infected with EBOV and inoculated into mice as described. In total 4 groups
of 5 avatar mice were generated with either mock-infected moDCs, EBOV-infected
moDCs, EBOV-infected DC-SIGN*-MUTZ-3 cells, or EBOV-infected Langerin*-MUTZ-
3 cells (all MOI=1). Weight and temperature were monitored for 24 days on a daily
basis to evaluate morbidity and mortality. Blood samples were drawn on days 3, 6, 9,
14, 17, and on the respective day of euthanasia to measure AST levels and to
determine viremia (Fig. 17A). Viral titers were also measured in organs on the day of

euthanasia.
All infected groups lost weight rapidly, body temperature dropped, reached high levels

of serum ASTs and viremia, and succumbed to infection. There were also no

differences in viral titers among the groups (Fig. 17B-G).
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Figure 17: EBOV-Infection of avatar mice with different dendritic cells. (A) 20 mice were engrafted
with 107 PBLs from a healthy donor. 5 days post-inoculation mice were transplanted with 5*10° in vitro
generated either mock-infected (black; n = 5), 510° EBOV-infected moDCs (red; n = 5) from the same
donor, 5*10° EBOV-infected DC-SIGN-expressing MUTZ3 cells (blue; n = 5), or 5*10° EBOV-infected
Langerin-expressing MUTZ3 cells (green; n = 5). Survival, weight, and temperature were monitored daily
(B — D), blood and serum were collected at indicated time points for detection of AST levels and viremia
(E / F). The normal range for AST and the limit of detection for viremia are shaded in grey. Organ viral
titers were determined at day of euthanasia (G). Mean and SEM are shown unless individual data points
are depicted. Statistical significances were analyzed using either LogRank (Mantel-Cox) test or one-way
ANOVA (Kruskal-Wallis test) followed by Dunn’s multiple comparison test. Levels of significance were
interpreted as follows: NS (not significant) p > 0.05, *p< 0.05, ** p < 0.01, *** p < 0.001, and ****
p < 0.0001.
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These results indicated that EVD in avatar mice could be induced with EBOV-infected

DC subsets derived from MUTZ-3 cells independent of the specific subtype of
transplanted DC.

4.1.6 Both T cells and DCs are required to recapitulate EVD in avatar mice

So far, the conducted experiments demonstrated that EVD can be recapitulated in
avatar mice utilizing PBLs from a healthy donor and EBOV-infected moDCs from the
same donor or a HLA-A2+ DC cell line (4.1.5). The amount of EBOV-infected moDCs
influenced disease progression and different DC subsets were equally capable of
inducing EVD in avatar mice. Since infected DCs seemed to affect disease severity
very strongly in avatar mice, the next step was to investigate whether transplantation

of infected DCs alone could be sufficient to recapitulate EVD in avatar mice.

To test this, 5*10° EBOV-infected or mock-infected moDCs were transplanted into two
groups (n=5) NSG-A2 mice which had not been previously transplanted with huPBL.
Weight and temperature were monitored for 22 days on a daily basis to evaluate
morbidity and mortality. Blood samples were drawn on days 3, 6, 9, 14, 17, and on the
respective day of euthanasia to measure AST levels and to determine viremia (Fig.

18A). Viral titers were also measured in organs on the day of necropsy.

None of the infected mice showed any signs of disease and all mice survived (Fig.
18B-D). Nevertheless, mice developed significant levels of viremia and showed
elevated levels of serum AST that peaked at day 14 post infection, which coincided
with viremia peaking at the same time and reaching a plateau (Fig. 18E/F). Organ
titers were also comparable to previous experiments with transplanted avatar mice
(Fig. 18G).
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Figure 18: Infection of NSG mice with EBOV-infected moDCs. (A) 10 NSG mice were transplanted
with 5*10° in vitro generated either mock-infected (black; n = 1) or EBOV-infected moDCs (red; n = 3).
Survival, weight, and temperature were monitored daily (B — D), blood and serum were collected at
indicated time points for detection of AST levels and viremia (E / F). The normal range for AST and the
limit of detection for viremia are shaded in grey. Organ viral titers were determined at day of euthanasia
(G). Mean and SEM are shown unless individual data points are depicted. Statistical significance was
analyzed using LogRank (Mantel-Cox) test. Levels of significance were interpreted as follows: NS (not
significant) p > 0.05, *p < 0.05, ** p £ 0.01, *** p £ 0.001, and **** p < 0.0001.

These findings demonstrated that, in order to recapitulate EVD in the avatar model,

both human PBLs and human EBOV-infected moDCs are required.
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4.1.7 TCR = MHC interaction is required to induce EVD in avatar mice

After showing that EBOV-infected moDCs alone were not sufficient to induce EVD in
avatar mice, the nature of the crosstalk between EBOV-infected moDCs and T cells
was investigated. Antigen presentation requires interaction between HLA-peptide
complexes on the surface of DCs and the TCR (Huppa and Davis, 2003). To evaluate
the importance of HLA-TCR interactions in the model, EBOV pathogenesis in mice
inoculated with HLA-matched DCs and T cells as well as in mice in which T cells and

DCs were from donors with mismatched HLAs was evaluated.

Ten mice were transplanted with 10’ huPBLs from an HLA-A2* donor. Meanwhile,
moDCs from the same donor and an HLA-A2-negative donor were generated in vitro,
infected with EBOV 5 days later, and administered to 5 mice respectively. Weight and
temperature were monitored for 22 days on a daily basis to evaluate morbidity and
mortality. Blood samples were drawn on days 3, 6, 9, 14, 17, and on the respective

day of euthanasia to measure AST levels and determine viremia (Fig. 19A).

Weight and temperature of mice that received EBOV-infected HLA-matched cells
dropped around day 7 and 4 out of 5 mice succumbed to the infection. The weight of
the animals that were administered EBOV-infected HLA-mismatched cells decreased
gradually over the course of infection (Fig. 19B-D). Despite similar levels of viremia
and elevated serum ASTSs, 4 out of 5 HLA-TCR mismatched avatar mice survived
EBOV infection (Fig. 19E/F).
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Figure 19: EBOV infection of avatar mice with non-HLA-matched moDCs. (A) 10 mice were
inoculated with 107 PBLs from a healthy donor. 5 days post-inoculation mice were transplanted with 5*10°
in vitro generated EBOV-infected moDCs either from the same donor (black; n = 5) or from a non-HLA-
matched donor (red; n = 5). Survival, weight, and temperature were monitored daily (B — D), blood and
serum were collected at indicated time points for detection of AST levels and viremia (E / F). The normal
range for AST and the limit of detection for viremia are shaded in grey. Mean and SEM are shown unless
individual data points are depicted. Statistical significance was analyzed using LogRank (Mantel-Cox)
test. Levels of significance were interpreted as follows: NS (not significant) p > 0.05, *p < 0.05, ** p <
0.01, *** p = 0.001, and **** p < 0.0001.

Taken together, these findings indicated that, in avatar mice, lethal EBOV infection can
be achieved by transplantation of both PBLs and DCs. The severity of the model is

dependent on HLA-TCR interactions.

4.2 Investigation of EVD determinants in avatar mice

EVD is a complex disease involving the disruption of the host immune response.
Immune dysregulation leading to defective adaptive immune responses seem to play
a central role in EVD pathophysiology. Clinical immunology data obtained during
outbreaks strongly suggest that upregulation of T cell activation- as well as co-

inhibitory markers, T cell apoptosis, uncontrolled secretion of pro-inflammatory

47



4. Results

cytokines, and the lack of formation of EBOV-specific T cells are hallmarks of
severe EVD (Ruibal et al., 2016; McElroy et al., 2015; Villinger et al., 1999; Baize et
al., 2002; Waugquier et al., 2010; Kreuels et al., 2014; Wolf et al., 2015). Thus, the next
step was to explore whether the avatar model would recapitulate these immune
features and would serve to study. This would likely facilitate the development of T
cell-based therapies in the future. To be able to investigate immunological features
and their kinetics in this model, human cells and especially T cells were tracked in

blood, spleen, and lung over the course of infection.

4.2.1 Engrafted human cells are reduced in blood of EBOV-infected avatar mice

Systemic EBOV infection is associated to high production of pro-inflammatory
mediators, also referred to as ‘cytokine storm’, which is common in severe EVD
(Waugier et al., 2010; Gupta et al., 2001; McElroy 2015; Ruibal et al., 2016). This is
likely related with the high levels of T cell activation observed in severe EVD (Ruibal
et al., 2016; McElroy et al., 2015). The consequence of this excess T cell activation is
likely lymphocyte apoptosis, which is a hallmark of EVD pathophysiology (Wauquier et
al., 2010; Baize et al., 2002; Villinger 1999).

To investigate whether EBOV infection causes lymphopenia in avatar mice,
repopulation of human PBLs was assessed over time in peripheral blood, spleen, and
lung. PBMCs from a healthy HLA-A2" donor were separated into CD14* (monocytes)
and CD14" (PBLs) cells subsets. 36 avatar mice were generated by transplanting 10’
huPBLs. Meanwhile, moDCs from the same donor were generated in vitro, infected
with EBOV 5 days later, and finally 5x10° cells were administered to 18 mice
respectively. Mock mice received the same amount non-infected moDCs. On days 1,
2, 6, 10, 13, and 16 three mice from each group were euthanized, and organs and

blood were harvested.

The investigation of different immunological determinants in avatar mice was assessed
through flow cytometry. Human PBLs were identified using the human hematopoietic
cell marker CD45, which is also known as lymphocyte common antigen and is
expressed on cells of hematopoietic origin, therefore on all leucocytes (Altin & Sloan,
1997). Human CD45" cells were traced over the course of infection as the percentage
of live cells (Fig. 20A). The percentage of human CD45" cells in blood, spleen, and

lung stayed equal until d6 between mock and infected mice (Fig. 20B). On day 10
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mice exposed to EBOV showed differences in human cell repopulation compared to
mock-infected mice. EBOV-infected mice showed lower levels of human CD45* cells
in peripheral blood and lung compared to mock mice (not significant). On days 13 and
16 the differences in blood between these two groups became even more pronounced.
No clear trend could be identified in the spleen, as the variability of the percentages of
CDA45* cells in EBOV- infected mice was high.
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Figure 20: Repopulation of human cells in avatar mice in different organs. Avatar mice were infected
with EBOV-infected moDCs 5 days post-transplantation and euthanized on days 1, 2, 6, 10, 13, and 16
post-infection. Mock mice received mock-infected moDCs. Blood, spleen, and lung were harvested and
analyzed for the presence of human cells with flow cytometry using antibodies directed against human
cell surface markers. A) The first gate excludes debris, the second doublets, and the third dead cells. In
the fourth gate human CD45 hematopoietic cells are selected. B) Graphs represent the frequencies of
CD45* cells within the live population in different organs over time. Mock group (n=3) is depicted in black
and EBOV-infected mice (n=3) are depicted in red. Mean and SEM are shown.

In summary, differences in human cell repopulation could be observed especially in
peripheral blood with lower percentages (not significant) of human CD45-expressing
cells in EBOV-infected mice compared to mock-infected animals. Based on this data,
however, it is not possible to say whether this is due to lymphopenia or migration to

other organs that have not been investigated.
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4.2.2 EBOV-infected avatar mice exhibit activated CD4*- and CD8" T cells
In the same experiment, the T cell response in avatar mice was sought to be

characterized, especially if they reflect the upregulation of activation and inhibitory
markers. Two studies conducted with samples from the 2013-2016 West African
outbreak detected the co-expression of activation markers like CD38 and HLA-DR on
a significant amount of CD4 and CD8 T cells through flow cytometry on acute samples.
It was shown that there was substantial T-cell activation during acute infection among
all patients on CD4" as well as CD8" T cells (Ruibal et al., 2016; McElroy et al., 2015).

To study the levels of T cell activation in EBOV-infected avatar mice, flow cytometry to
look for the presence of HLADR* CD38* T cells was utilized (Fig. 21A) during the same
experiment asin 4.2.1. T cells co-expressing these two markers have been previously
defined as activated T cells (Lindgren et al., 2011; McElroy et al., 2015; Miller et al.,
2008; Ruibal et al., 2016).

Mock-infected avatar mice showed a basal co-expression of activation markers over
the course of the experiment, reaching a plateau between days 6 and 10 in blood,
spleen, and lung (Fig. 21C). Compared to mock-infected animals, EBOV-infected mice
showed a higher percentage of activated T cells. This difference became visible at day
10 post-infection in blood, spleen, and lung, and was maost pronounced around day 13
(not significant). In peripheral blood the median of frequencies of HLADR* CD38" T
cells in EBOV-infected mice reached 71.4% compared to 40.8% in mock mice (p =
0.1), in spleen 71.7% (EBOV) and 35.2% (mock) (p=0.1).
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Figure 21: T cell activation in avatar mice. Avatar mice were infected with EBOV-infected moDCs 5
days post transplantation and sacrificed on days 1, 2, 6, 10, 13, and 16 post infection. Mock mice received
mock-infected moDCs. Blood, spleen, and lung were harvested and analyzed for the presence of activated
T cells with flow cytometry. Activated T cells were defined as CD38* and HLADR*. A) The first gate
excluded debris, the second doublets (both gates are not shown), and the third dead cells. In the fourth
gate human CD45 hematopoietic cells were selected. T cells were defined as CD3* and dump negative.
The dump channel included CD19 (B cells), CD56 (NK cells), CD14 and CD16 (macrophages and
monocytes). CD3* cells were then stained for HLADR and CD38. B) Representative flow cytometry plots
show activated T cells in blood from D1, D2, and D13 from EBOV-infected mice. C) Graphs represent the
frequencies of activated T cells within the T cell population in different organs over time. Mock group (n=3)
is depicted in black and EBOV-infected mice (n=3) are depicted in red. Mean and SEM are shown.

T cell activation was observed in human studies in fatal cases as well as in survivors
at similar levels, and therefore not correlated to viral clearance. Indeed, it was
demonstrated in fatal cases that co-inhibitory markers PD-1 and CTLA-4 were
upregulated on CD8* T cells (Ruibal et al. 2016; McElroy et al., 2015). High expression

of these two markers could be related to a nonfunctional, but reversible status named
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“T cell exhaustion” (Wherry, 2011). It involves defects in molecular mechanisms that
control the transition from activation to immune homeostasis. PD-1 and CTLA-4 are
moreover upregulated in certain tumor cells and immunotherapeutic approaches to

block these receptors are already available (Sharma & Allison, 2015).

To investigate whether avatar mice are a suitable model to study T cell dysregulation,
the co-expression of PD-1 and CTLA-4 was monitored through flow cytometry over the
course of infection during the same experiment (Fig. 22A/B). A population of T cells
expressing both CTLA-4 and PD-1 markers was detected as early as day 2 post
infection in blood, lung, and spleen of both mock-infected and EBOV-infected mice
(Fig. 22C). Around 40% of T cells exhibited dual marker expression. By day 10, the
percentage increased to 80% in both groups. In blood this increased gradually until
day 10 to 80% of all T cells in both groups. The spleen showed a peak in CTLA-4 and
PD-1 expressing T cells on day 10, with a notable increase between days 6 and 10.
No significant difference was observed between mock- and EBOV-infected mice until
day 10, but later on, mock-infected mice had slightly higher expression. However, on
days 13 and 16, a higher percentage of T cells co-expressed both markers in EBOV-
infected animals, although the difference was not statistically significant. CD4+ and

CD8+ T cells showed no distinction in marker expression (data not shown).

Moreover, the formation of EBOV-specific T cells was investigated through flow
cytometry. For this, a tetramer specific for the HLA-A2-restricted peptide FLSFASLFL
was used that has been shown to be able to detect NP-specific T cells during the West
African pandemic. However, the detection of antigen-specific T cells in surviving
animals from the experiments in section 5.1.5 and 5.1.6 was not successful with this

specific tetramer (Supp. Fig. 1).
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Figure 22: CTLA-4 and PD-1 expression in avatar mice. Avatar mice were infected with EBOV-infected
moDCs 5 days post transplantation and sacrificed on days 1, 2, 6, 10, 13, and 16 post infection. Mock
mice received mock-infected moDCs. Blood, spleen, and lung were harvested and analyzed for the
presence of exhaustion markers PD1 and CTLA-4 within the T cell population with flow cytometry. A) The
first gate excluded debris, the second doublets (both gates are not shown), and the third dead cells. In
the fourth gate human CD45 hematopoietic cells were selected. T cells were defined as CD3* and dump
negative. The dump channel included CD19 (B cells), CD56 (NK cells), CD14 and CD16 (macrophages
and monocytes). CD3* cells were then stained for CTLA-4 and PD1. B) Representative flow cytometry
plots show blood cells from D6 and D16 (mock and EBOV). C) Graphs represent the frequencies of CTLA-
4* and PD1* cells within the T cell population in different organs over time. Mock group (n=3) is depicted
in black and EBOV-infected mice (n=3) are depicted in red. Mean and SEM are shown.

In summary, T-cell activation could be observed in EBOV-infected avatar mice (not
significant), while there was no difference in PD-1 and CTLA-4 co-expression between
mock- and EBOV-infected animals. The detection of NP-specific T cells with a tetramer
was not successful either. These results may indicate the limitations of the mouse

model regarding the study of T cell response in the context of EBOV infection.
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4.2.3 Infection of avatar mice with EBOV leads to increase in inflammation

It has been shown that an infection with EBOV results in prolific, uncontrolled secretion
of pro-inflammatory cytokines and chemokines resulting in an immunological
imbalance, also referred to as cytokine storm (Waugier et al., 2010). Similar to what
has been observed during septic shock, infected monocytes, DCs, and macrophages
release pro-inflammatory meditators such as IFNs, IL1B, IL1-RA, IL-6, IL-8, IL-10, IL-
15, MIP-1a, MIP-18, MCP1, and TNFa (Gupta et al., 2001; McElroy 2015; Ruibal et
al., 2016) upon infection with EBOV, in particular in fatal cases. In survivors it was
shown that cytokines and chemokines (IL1(3, IL-6, MIP-1a, MIP-13, TNFa) are

temporarily and moderately upregulated.

As this uncontrolled production of soluble mediators also triggers T cell activation, T
cell exhaustion, and lymphocyte apoptosis (Wauquier et al., 2010; Baize et al., 2002;
Villinger 1999), the next step was to evaluate whether EBOV-infected avatar mice
exhibited an altered cytokine and chemokine profile compared to mock-infected
animals. Chemokine and cytokine levels in the serum were measured through a
Luminex-bases analysis in EBOV-infected and mock-infected avatar mice on D13 post
infection, since both groups exhibited the biggest differences in human cell
repopulation and T cell activation. To determine specific contribution of human PBLs
during EBOV infection in this model, panels were utilized that included human

cytokines, chemokines, and coagulation markers.

PBMCs from a healthy HLA-A2* donor were separated into CD14* (monocytes) and
CD14 (PBLs) cells subsets. Avatar mice were generated by transplanting 10" huPBLs
r.o. into recipient mice. Meanwhile, moDCs from the same donor were generated in
vitro, infected with EBOV 5 days later, and finally 5x10° EBOV-infected moDCs were
administered. Mock mice received the same amount mock-infected moDCs (n=18).
Weight and temperature were monitored for on a daily basis. On day 13, three mice

from each group were euthanized and blood was harvested to obtain serum.

As the heatmap demonstrates, mock-infected and EBOV-infected mice showed high
variability of cytokine and chemokine levels within groups (Fig. 23A). Some
parameters were nevertheless indicating that there were possible differences between
groups. Pro-inflammatory mediators MIP1la, IP10, MIP1p, Pecaml (platelet and
endothelial cell adhesion molecule 1), sCD40L, and E-selectin were slightly up-

regulated in infected animals (not significant), while the anti-inflammatory cytokine IL-
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10 seemed to be higher in mock-infected mice (not significant), therefore down-
regulated in EBOV-infected mice (Fig. 23B).
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Figure 23: Cytokine and Chemokine profile of EBOV-infected and mock-infected avatar mice on
day 13 post infection. Avatar mice were infected with EBOV-infected moDCs 5 days post transplantation
and sacrificed on days 13 post infection. Mock mice received mock-infected moDCs. Analytes were
measured through Luminex multiplex assay in plasma. A) Heatmap shows levels of indicated chemokines
and cytokines in plasma of mice on day 13 post infection. Collected data was analyzed using min-max
normalization, which normalized concentrations between 1 and 0. B) Concentrations of selected analytes
are shown in infected (red) and mock mice (black). Statistical significance was analyzed using
nonparametric Mann-Whitney U test. Levels of significance were interpreted as follows: NS (not
significant) p > 0.05, * p < 0.05, ** p < 0.01, *** p £ 0.001, and **** p < 0.0001.

4.3 Application of the model to study EVD survivor immunity

In the following experiments avatar mice were evaluated whether they could serve to
study EVD survivor immunity. In particular, whether a natural infection with EBOV
provided protection against re-infection. Previous studies had suggested that EVD
survival required both T cell and antibody responses (Ruibal et al., 2016; McElroy et
al., 2015), so we wanted to address whether this was the case. In order to perform
these experiments, Prof. Miles Carroll provided us with PBMC and plasma samples
from Guinean EVD surviving patients from the 2013 — 16 West Africa epidemic. PBMC
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samples selected were those that showed higher levels of effector T cell activation in

IFNy GP ELISPOT (enzyme-linked immune-spot) analyses (Tipton et al., 2021).

4.3.1. PBLs from EVD survivors alone do not protect from EBOV infection

First, it was investigated whether transfer of huPBLs from EVD survivors was sufficient
to rescue avatar mice from lethal EBOV infection. To do so, PBMCs from 5 HLA-A2*
EVD survivors were thawed and PBMCs from 5 HLA-A2* healthy controls were
separated into CD14" (monocytes) and CD14 (PBLs) cells subsets. 5 huPBL-Avatar
mice were generated from survivor PBMCs (one mouse per survivor) and 9 mice from
EBOV naive controls. Of these 9 controls, 2 mice were left uninfected (mock).
Meanwhile, moDCs from HLA-A2 matched donors were generated in vitro, infected
with EBOV 5 days later, and finally 5x10° cells/mouse were injected. Mock mice
received the same amount non-infected moDCs (n=2). This strategy was based on the
finding that HLA-A2-matched DCs could be used to generate avatar mice instead of

autologous moDCs (Suppl. Fig. 1).

Weight and temperature were monitored for 24 days on a daily basis. Blood samples
were drawn on days 3, 7, 10, 13, 16, 20, and on the respective day of death to measure
AST levels and determine viremia (Fig 24A). Viral titers were also measured in organs

on day of death. Mice were euthanized according to the termination criteria.

In both groups, survivor avatar mice and control avatar mice lost weight rapidly,
showed elevated serum AST levels, and high viremia (Fig. 24C/E/F). All mice within
both groups, except for one survivor avatar mice, succumbed to EBOV-infection. While
the control group rapidly died of the infection around day 11 / 12, survivor avatar mice
showed a slight delay (d14 — d20) (Fig. 24B). More profound differences could be
observed when measuring body temperature (Fig. 24D). As already demonstrated in
previous sections EBOV-infection of avatar mice reconstituted with PBLs from healthy
control donors, body temperature decreases strongly before death, even down to 30
— 32 °C in some mice. This was also observed in this experiment among the control
group. In contrast to avatar mice generated with EVD survivor PBLs. These animals
exhibited a stable body temperature between 35 and 37 °C during the experiment (Fig.
24D). Moreover, organ titers were significantly lower in liver (p=0.0013), kidney
(p=0.0303), spleen (p=0.0051), and heart (p=0.0043) in survivor avatar mice. The lung
showed a slight reduction (p=0.202) (Fig. 24G).
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Figure 24: Infection of avatar mice generated with EVD survivor PBLs. (A) Five mice were engrafted
with 107 PBLs from EVD survivors (one mouse per survivor; n = 5, red) and 9 were engrafted with 107
PBLs from healthy donors (2 mock (n = 2; black); 7 EBOV-infected (n = 7; blue)). Five days post
inoculation mice were transplanted with 5*10° in vitro generated either mock-infected or 5*10°5 EBOV-
infected moDCs from one healthy donor. Survival, weight, and temperature were monitored daily (B — D),
blood and serum were collected at indicated time points for detection of AST levels and viremia (E / F).
The normal range for AST and the limit of detection for viremia are shaded in grey. Organ viral titers were
determined at day of death (G). Mean and SEM are shown unless individual data points are depicted.
Statistical significances were analyzed using either LogRank (Mantel-Cox) test or one-way ANOVA
(Kruskal-Wallis test) followed by Dunn’s multiple comparison test. Levels of significance were interpreted
as follows: NS (not significant) p> 0.05, *p< 0.05, ** p < 0.01, *** p = 0.001, and **** p = 0.0001.
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In addition to the above-mentioned parameters, flow cytometry was also performed on
peripheral blood on each time point. Since T cell activation was demonstrated to be
upregulated in previous experiments, we wanted to investigate, whether a difference
in the level of activation or cell subsets, that express activation markers, can be
observed in huPBL-Avatar mice from EVD survivors compared to mice transplanted
with EVD-naive PBLs. Co-expression of CD38 and HLAD-R was again used to

determine activated T cells.

The percentage of activated T cells started to differ around D10 between mock,
survivor, and control avatar mice, with the latter group showing highest percentage of
activated T cells, followed by avatar mice reconstituted with survivor PBLs, and mock
mice the lowest (Fig. 25A). The biggest difference was observed on D13. Even though
the differences were not statistically significant, a clear trend could be seen (Fig. 25B).
However, when T cells were subdivided into CD4 and CD8 T cell subsets, significant
differences between control and survivor avatar mice were observed on days 10 and
13 (Fig. 25C). In avatar mice engrafted with EVD survivor PBLs CD4* T cells elicited
significantly lower co-expression of HLA-DR and CD38 comparable to levels measured
in mock mice. Among CD8" T cells no difference was detectable. Previous clinical data
suggested that the adaptive immune response to EBOV is mostly driven by NP-specific
CD8" T cells (McElroy et al., 2015; Sakabe et al., 2018; Sundar et al., 2007). These
might be specifically re-activated after EBOV-infection in survivor avatar mice and thus

bystander CD4* T cells might be less affected.

In summary, avatar mice transplanted with PBLs from EVD surviving patients showed
a reduction in virus replication in organs at the time of euthanasia. Nevertheless,
transfer of survivor T cells alone was not sufficient to provide protection against EBOV

challenge.
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Figure 25: T cell activation in avatar mice from EVD-survivor. Five mice were engrafted with 107 PBLs
from EVD survivors (one mouse per survivor; n = 5, red) and 9 were engrafted with 107 PBLs from healthy
donors (2 mock (n = 2; black); 7 EBOV-infected (n = 7; blue)). Five days post inoculation mice were
transplanted with 5*10°% in vitro generated either mock-infected or 5*10% EBOV-infected moDCs from one
healthy donor. Blood was drawn on different time points post infection and analyzed for the presence of
activated T cells with flow cytometry. Activated T cells were defined as CD38* and HLADR*. A) Graph
represents frequencies of activated T cells within the T cell population over the course of infection. B) Bar
graphs show activated T cells in blood on D13. C) Graphs represent frequencies of activated T cells within
the CD4* and CD8* T cell populations separately over the course of infection. Statistical significances
were analyzed using one-way ANOVA (Kruskal-Wallis test) followed by Dunn’s multiple comparison test.
Levels of significance were interpreted as follows: NS (not significant) p > 0.05, *p< 0.05, ** p < 0.01,
***p <0.001, and **** p < 0.0001.

4.3.2 PBLs and 1gG from EVD survivors can protect avatar mice from EBOV

infection

In the following experiment it was evaluated whether the transplantation of both T cells
and antibodies from survivors could protect avatar mice from lethal EVD. In addition to
PBMCs from EVD survivor plasma from two different survivors, of which one showed
low neutralizing capacity and the other high neutralizing capacity, was utilized. Bulk

IgG was extracted from these plasma samples through affinity-purification using
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Protein G beads. As an antibody control the commercially available monoclonal anti-
EBOV antibody KZ52 was utilized (Maruyama et al., 1999; Parren et al., 2002).

The experimental setup was as follows. PBMCs from HLA-A2* EVD survivors were
thawed and PBMCs from HLA-A2* healthy controls were separated into CD14*
(monocytes) and CD14 (PBLSs) cells subsets. Ten avatar mice were generated from
survivor PBMCs and 13 mice from controls, two of which functioned as mock mice.
Meanwhile, moDCs from one healthy donor were generated in vitro, infected with
EBOV 5 days later, and finally 5x10° cells were administered r.0. to 21 mice
respectively. Mock mice received the same amount non-infected moDCs (n=2). On the
same day either isolated low-neutralizing, high-neutralizing, or KZ52 was injected into
the mice with a concentration of 10 mg/kg of body weight i.p. directly after infection, as
previously described (Duehr et al., 2017) (Fig. 26A). This resulted in 8 different
experimental groups: control avatar mice + mock-infected moDCs, untreated control
avatar mice + EBOV-infected moDCs, control avatar mice + EBOV-infected moDCs +
KZ52, control avatar mice + EBOV-infected moDCs + low neutralizing IgG, control
avatar mice + EBOV-infected moDCs + high neutralizing IgG, survivor avatar mice +
EBOV-infected moDCs + KZ52, survivor avatar mice + EBOV-infected moDCs + low
neutralizing IgG, and survivor avatar mice + EBOV-infected moDCs + high neutralizing
IgG. Weight and temperature were monitored for 24 days on a daily basis. Blood
samples were drawn on days 7, 10, 13, 16, 20, and on the respective day of death to
measure AST levels and determine viremia. Viral titers were also measured in organs

on day of death. Mice were killed according to termination criteria.

Avatar mice transplanted with PBLs from healthy donors lost weight and dropped body
temperature rapidly (Fig. 26C/D). Independently of the treatment, all control mice
reached euthanasia criteria within the first two weeks post infection (Fig. 26B).
Interestingly, KZ52, which showed protective functions in rodent models but notin NHP
models before, had no benefit either (Oswald et al., 2007; Parren et al., 2002). On the
contrary, avatar mice engrafted with PBLs from EVD survivor survived after infusion
with 1gG or KZ52 until day 18 post infection. Only one mouse treated with KZ52, and
one mouse of the high neutralizing group reached euthanasia criteria before the
experiment was terminated (Fig. 26B). Moreover, survivor PBL-transplanted avatar
mice presented stable body temperatures over the course of the whole experiment
(Fig. 26D).
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Figure 26: EBOV infection of avatar mice inoculated with EVD-survivor PBLs and treated with
antibodies. (A) NSG mice were either engrafted with 107 PBLs from EVD survivors or with 107 PBLs from
healthy donors. Five days post inoculation mice were transplanted with 5*10°% in vitro generated either
mock-infected or 5*10° EBOV-infected moDCs from one healthy donor. At the same time, mice from each
group received i.p. either PBS (untreated, black), 10 mg/kg KZ52 (red), 10 mg/kg low neutralizing 1gG
from a EVD survivor (blue), or 10 mg/kg high neutralizing 1gG from a EVD survivor (green), Survival,
weight, and temperature were monitored daily (B — D). Mean and SEM are shown.
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To further characterize the impact of survivor PBLs and antibody treatment on EVD
pathogenicity, AST levels, viremia, and viral titers lung, spleen, heart, kidney, and liver
were measured (Fig. 27). AST serum levels uniformly peaked on day 11 in all groups
containing avatar mice engrafted with PBLs from healthy donors independent of
antibody treatment (Fig. 27A). AST levels of antibody-treated survivor avatar mice
peaked between days 14 and 17 at lower levels compared to control mice and dropped
again. A similar progression could be observed when detecting viremia. In all control
groups, it peaked on day 10, while viremia in avatar mice transplanted with EVD
survivor PBLs reached a plateau around day 14 and only minimally decreased again
until the end of the experiment (Fig. 27B). Organ titers were determined when animals
reached endpoint criteria or the experimental endpoint. Groups with survivor avatar
mice showed overall lower organ titers compared to their control counterparts with the
same antibody treatment, albeit not significant (Fig. 27C). This trend could be seen

among all organs.

In summary, mice that received PBLs from EVD survivors showed higher survival and
an overall lower expression of disease symptoms completely independent on the
neutralizing capacity of the IgG transferred. These results indicated that both cellular
and humoral memory were required for controlling EBOV infection, and that avatar
mice could be used in the future to dissect the relative contribution of both arms of

immune response to infection and to identify correlates of immunity.
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Figure 27: ASTs and EBOV replication in avatar mice transplanted with survivor or control PBLs
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p>0.05*p=< 0.05, ** p <0.01, *** p <0.001, and **** p < 0.0001.
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4.3.3 Combination of antibodies and PBLs from EVD survivor reduce secretion

of pro-inflammatory mediators in EBOV-infected avatar mice

As previously shown pro-inflammatory mediators like MIP1a, MIP-13, and MCP-1 were
upregulated in EBOV-infected avatar mice transplanted with PBLs from healthy donors
that succumbed to infection. The next step was to investigate whether any differences
in mice injected with survivor PBLs in combination with antibody treatment compared
to control mice could be detected. In fact, in human survivors it was shown that
cytokines and chemokines were temporarily and moderately upregulated in contrast
to fatal cases, which were associated with prolific, uncontrolled secretion of pro-
inflammatory cytokines and chemokines (McElroy et al., 2015; Ruibal et al., 2016;
Kerber et al., 2018).

In order to investigate the differences between EBOV-infected mice transplanted with
cells from healthy donors and cells from EVD survivors and the influence of the addition
of antibodies to disease outcome, Luminex-based analysis of inmune mediators was
performed. To evaluate specific contribution of human PBLs in our model, panels to
assess expression of human cytokines, chemokines, and coagulation markers were
utilized. Serum samples from avatar mice were obtained on their respective day of

death when euthanasia criteria were reached.

Since antibody-treated showed a similar disease progression, they were not analyzed
separately but were grouped according to their transplanted cells. Thus, four different
groups could be compared: control avatar mice, antibody-treated control avatar mice,
survivor avatar mice, and antibody-treated avatar mice. Heatmap of serum levels
showed that there were no group-specific patterns with respect to the measured
parameters, except for pro-inflammatory mediators MIP1a, MIP-13, and MCP-1 (Fig.
28A). These were significantly upregulated in avatar mice transplanted with control
PBLs treated as well as untreated with antibodies compared to avatar mice that
received survivor PBLs and antibodies (Fig. 28B). These prof-inflammatory cytokines
were previously associated with severe EVD in humans (Ruibal et al., 2016; Kerber et
al., 2018).
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Figure 28: Cytokine and Chemokine profile of EBOV-infected avatar mice transplanted with control
PBLs or survivor PBL on their day of death. NSG mice were either engrafted with 107 PBLs from EVD
survivors or with 107 PBLs from healthy donors. Five days post inoculation mice were transplanted with
5*10° in vitro generated either mock-infected or 5*105 EBOV-infected moDCs from one healthy donor. At
the same time, mice from each group received i.p. either PBS or 10 mg/kg antibody treatment. Analytes
were measured through Luminex multiplex assay in plasma. A) Heatmap shows levels of indicated
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chemokines and cytokines in plasma on their respective day of death. Collected data was analyzed using
min-max normalization, which normalized concentrations between 1 and 0. B) Concentrations of selected
analytes are shown in EBOV-infected control avatar mice without (grey dots) or with (black dots) antibody
treatment, and in EBOV-infected survivor cell-transplanted avatar mice without (grey cubes) or with (black
cubes) antibody treatment. Statistical significance was analyzed using nonparametric Mann-Whitney U
test. Levels of significance were interpreted as follows: NS (not significant) p > 0.05, *p < 0.05, ** p <
0.01, *** p £ 0.001, and **** p < 0.0001.
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5. Discussion

EBOV, the causative agent of EVD, causes sporadic epidemics in West Africa with a
mortality of up to 90%. Due to the lack of patient samples and EBOV considered as a
BSL4 pathogen, the immune response to EBOV infection and its influence on EVD
pathophysiology, is still not fully understood. What is known is that DCs as well as

EBOV-specific T cells play an important role in pathogenesis and immunity.

The goal of this thesis was to develop a humanized mouse model susceptible to EVD
based on the sequential transplantation of human PBLs and moDCs from individual
donors in HLA-A2-transgenic NSG mice (avatar mice), which could retain the
immunological memory of its donor. With the aid of this model the contribution of DC-
T cell crosstalk to EVD pathogenesis was dissected. Furthermore, the immune
response during EBOV infection was investigated in avatar mice, and in the end the
protective function of EBOV-specific immunological memory from EVD survivor was

evaluated.

5.1 Establishment of a donor-specific humanized mouse model
susceptible to EVD

Several humanized mouse models for EBOV have been developed in recent years
since the generation of the NSG triple knockout mice with severe defects in innate and
adaptive immunity (Shultz et al., 2005). This facilitates the engraftment of human cells,
which can be done either by using administration of hematopoietic stem cells or mature
PBMCs. In filovirus research, three different platforms based on the engraftment of
human hematopoietic stem cells (HSC) have been developed and extensively used to
study mainly filovirus pathogenesis (Bird et al., 2015; Ludtke et al., 2015; Spengler et
al., 2016; Sprengler et al., 2017).

They recapitulate human case fatality rates and several important features of human
EVD, in particular high viremia, elevated AST levels, and hypercytokinemia. A caveat
of these models is that they typically require transplantation of HSCs and therefore do
not retain any memory information. Especially, the huNSG-A2 model, that was
developed in our laboratory has poor T cell development due to the lack of thymic T
cell selection (Ludtke et al., 2015).
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To establish a humanized mouse platform, that enables the characterization of DC and
T cell interaction, which plays a central role in viral hemorrhagic fevers, we adapted a
protocol by Harui and colleagues (Harui et al., 2011). In NSG mice transgenic for
human HLA-A2 transplanted with human PBLs from HLA-A2 positive donors, they
could induce antigen-specific T cells by inoculating these mice with ex vivo generated
moDCs loaded with the respective antigen. As it has been shown in previous studies
moDCs can be infected with EBOV in vitro (Mahanty et al., 2003b; Bosio et al., 2003).
Furthermore, certain DCs play an important role in virus dissemination within the host
(Ludtke et al., 2017). Preliminary work from my master thesis elucidated that the
engraftment consisted of up to 95% of T cells in blood predominantly with an effector
memory phenotype already 10 days post inoculation and inclined to nearly 100% on
day 28.

This study is the first to use avatar mice in the context of WT EBOV infection. Bradfute
and colleagues already infected mice transplanted with PBLs with maEBQOV in 2012.
They were able to show that human lymphocytes underwent apoptosis and that
several human cytokines were increased in infected animals (Bradfute et al., 2012).
However, this model was not used in further studies. When in vitro generated moDCs
were introduced, that were infected ex vivo with EBOV, from the same donor into
avatar mice 5 days post PBL administration, it turned out very quickly that these were
highly susceptible to EVD. EBOV-infected avatar mice were highly viremic, exhibited
high viral titers in several organs, and high AST levels. The infection was 100% lethal.
Especially high viremia and high AST levels were characterized as a marker for poor
outcome during human EVD (Vernet et al., 2017). Furthermore, several pathological
symptoms, which can also be found in human EVD, were also reflected in this mouse
model, such as liver steatosis and hemorrhage, which appeared in form of blood found
in urine as well as in stool. Moreover, we noticed that the disease progression was
varying between donors but was always accompanied by rapid weight loss and severe

reduction in body temperature (hypothermia).

Through these experiments, it could be shown that PBLs and DCs are already
sufficient to induce EVD in avatar mice and that they play a significant role in EVD
pathophysiology. This is consistent with studies in EVD patients and non-human
primates. Studies by Speranza and colleagues have shown that disease severity is
associated with altered expression of genes related to T cell and DC function

(Speranza, et al., 2018a; Speranza, et al., 2018b). Furthermore, data from acute EVD
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patients during outbreaks in Gabon in 1996 and the West African pandemic indicated
that dysregulation of T cell immunity is associated with severe EVD (Ruibal etal., 2016;
Baize et al., 1999).

The rate of loss of body weight and body temperature in EBOV-infected avatar mice
were also depended on the respective donor. Human donor variability was already
demonstrated in BLT mice infected with EBOV by Bird and colleagues (Bird et al.,
2016). They argued that this feature might be perceived as a drawback since it creates
high variability within the data. On the other hand, this could also be an advantage
since it represents the variability present in the human population. In fact, for EVD it
seems that specific T cell clonality may have an effect on the severity of the disease.
During the 2013 — 2016 outbreak it was demonstrated that a high T cell receptor
diversity was correlated with survival (Speranza et al., 2018). This indicates that avatar

mice could help to better understand correlates of protection of EVD.

So far avatar mice reflected crucial aspects of EBOV infection resulting in EVD,
consequently we wondered how infection with other another Ebola virus would affect
this model. HUNSGA2 mice have been recently shown to successfully recapitulate
human case fatality rates of different members of the Ebolavirus family (Escudero-
Perez et al., 2019). We therefore also generated avatar mice engineered with RESTV.
Mice lost weight, showed signs of disease, and 40% succumbed to disease. These
results were in concordance with the results from RESTV infection in the previously
mentioned study by Escudero et al. Moreover, a delay in RESTV viremia with respect
to that of EBOV was demonstrated, which has been already shown in huNSGA2 mice
(Escudero et al.,, 2019). This indicated that avatar mice are well suited to study

pathogenesis of other Ebola viruses.

Avatar mice infected with LASV were also generated, as it has been shown that LASV
also infects moDCs in vitro and T cell activation plays a major role in pathology
(Oestereich et al., 2016; Port et al., 2020), but the mice survived the infection and
showed no symptoms despite the presence of viremia and viral titers in organs.
Interestingly, LASV-infected mice revealed high viral titers especially in the lung
comparable to those in lethally EBOV-infected mice. Unfortunately, to date, there are
no data on asymptomatic or mild-progression Lassa Fever cases in humans or in NHP
models with which we can compare our data. Nevertheless, these results indicate that
despite the described role of T cells in Lassa fever immunopathology, other immune

cells beyond T cell — DC crosstalk might be required to recapitulate severe disease in
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avatar mice. Most recent epidemiological data of LASV outbreaks also demonstrated
that only 20% of Lassa fever cases develop symptoms and the infection with LASV
seems to be less pathogenic for humans than for example EBOV (WHO. Lassa
fever. World Health Organization https://www.who.int/health-topics/lassa-
fever#tab=tab_1 ; 10.10.2023).

It can be assumed that with the help of the postulated mouse model, the role of T cells
and DCs regarding pathology can be investigated for other viral infections. In this
respect, Marburg viruses would suitable candidates for testing infection in avatar mice
since they are able to infect DCs in a similar way to Ebola viruses (Bosio et al., 2003).
In addition, MARYV is also highly pathogenic for humans with a case fatality rate of up

to 90% (https://www.cdc.gov/vhf/marburg/symptoms/index.html; 10.10.2023).

5.2 DC-TCR interaction is important

Previous studies have suggested that DCs and resident macrophages are primary
targets of EBOV infection and migratory DCs are likely responsible for virus
dissemination from the initial infection sites to the body (Ludtke et al., 2017). One
advantage of avatar mice was supposed to facilitate manipulating of the DC fraction to

further characterize DC — T cell crosstalk and the influence of EBOV pathogenesis.

First, avatar mice were inoculated with different amounts of EBOV-infected moDCs
and demonstrated that disease severity correlated with the dose of EBOV-infected
moDCs. Reducing the number of EBOV-infected moDCs reduced morbidity and
mortality in avatar mice. Moreover, this demonstrated that the DC fraction really
influences disease progression and can easily be manipulated in avatar mice. It
strengthens the role of DCs as “vessels” for infectious EBOV. So far, in human studies
it could only be assumed that EBOV migrates through the body with the help of the
migratory capacity of certain DC subsets. It was demonstrated that CD16+ monocytes
were reduced in blood during acute EBOV infection in humans, but it is not proven that
they were extravasating out of the blood vessels or were lost due to the infection with
EBOV (Ludtke etal., 2016; McElroy et al., 2020). A study in mice could identify alveolar
macrophages, cDCs, inflammatory monocytes as viral targets in vivo (Ludtke et al.,
2017). This study hypothesized that due to the migratory capacity of these cell types,

the virus can disseminate through the host. Finally, a sublethal humanized mouse
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model for EVD could be generated, that facilitates the finding of more human correlates

of survival or death.

The interaction between DCs and T cells or their dysfunction, appears to be a major
driver of EVD pathogenesis and survival. To prove that both cell fractions are
necessary to recapitulate EVD, NSG mice were infected without prior transplantation
of PBLs with EBOV-infected moDCs. Despite the presence of virus titers, none of the
infected animals showed any symptoms. Weight, body temperature and serum ASTs
showed no measurable differences compared to non-infected animals. The lack of
PBLs in the system was sufficient to abrogate all symptomatology in avatar mice. Our
data are consistent with human clinical data demonstrating that severe EVD is
associated with high levels of T cell activation and a loss of function in fatal cases
(Ruibal et al., 2016; McElroy et al., 2015).

DC and T cell interaction is orchestrated through MHC and TCR interaction. MHC
molecules are highly polymorphic ensuring a crucial role in self and antigen
recognition. If the HLA type of the APC does not match that of the T cell donor, this
interaction is disrupted. This concept was used to further investigate the mechanisms
of crosstalk between DCs and T cells. Therefore, pathogenesis of NSG mice
transplanted with HLA-A2 PBLs and infected either with HLA-A2-matched EBOV-
infected moDCs or with moDCs from a non-HLA-A2 expressing donor was compared.
Despite similar levels of viremia 80% of HLA-TCR-mismatched avatar mice survived.
This indicated that the role of T cells in pathogenesis is dependent on TCR activation
by cognate HLA-peptide complexes presented by DCs.

Taken together, these findings indicated that, in avatar mice, lethal EBOV infection can
be achieved by transplantation of both huPBLs and DCs, but the severity of the model
is dependent on HLA-TCR interactions. Furthermore, they provide a platform to
manipulate the DC input so that other myeloid cells could also be evaluated for their
role in EVD pathogenesis and viral dissemination. One experiment using a MUTZ-3
cell line was performed and these cells were derived into Langerin-expressing DCs
and DC-SIGN-expressing moDCs. In this experiment, however, there was no
difference in disease progression and outcome. This could be due to the fact that these
cells are very heterogenous after differentiation (Masterson et al., 2002). MUTZ-3 cells
would have to be sorted prior for Langerin+ or DC-SIGN-expression to ensure pure
cell populations. It has been suggested in animal experiments that Langerin+ DCs
were not infected with EBOV in vivo (Ludtke et al., 2017).
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5.3 Immune response in avatar mice

During the past decade the immune response during EVD in humans could be
investigated more in depth due to better infrastructure during outbreak responses.
These findings could be translated into therapeutics if better characterized. Therefore,
the immune response in avatar mice during EBOV infection was analyzed to evaluate

whether this model is suitable to study these different aspects.

Using flow cytometry, percentages of human cells in mock-infected and EBOV-infected
avatar mice were compared. Percentages of human cells in both groups were similar
until day 10 post infection. From this point EBOV-infected avatar mice showed lower
levels of CD45+ cells in peripheral blood and lung. One observation that has been
made in early outbreaks was that lymphocytes undergo apoptosis in fatal human EVD
and is considered as a hallmark regarding T cell response during EBOV infection and
affects circulating bystander CD4* and CD8* T cells in peripheral blood. The main
triggers are presumably massive, uncontrolled release of pro-inflammatory mediators
(cytokine storm) by DCs, macrophages, and monocytes, and poor DC function as a
result from direct infection of the latter cells (Baize et al., 1999; Geisbert et al., 2000;
Reed et al., 2004; Sanchez et al., 2004; Wauquier et al., 2010b).

From this data, it cannot be deducted if cells were apoptotic, or the infection inhibits
replication of human cells in the model. Another explanation could be that cell migrate
to organs that were not analyzed. In fact, the data from spleen was not entirely clear
and displayed a trend towards a slight increase in human cells, but with high variability.
Additional experiments with higher sample sizes examining more organs could clarify
cell migration. Moreover, so-called “homing makers” could be measured using flow
cytometry. These are expressed on T cells and mediate their dissemination to specific
tissues and the sites of infection (Sackstein et al., 2017). Transcriptional analysis of
samples from EVD samples revealed a different homing profile among fatal and
survivor cases (Speranza et al., 2018). While in survivor samples expression of homing
factors mediating T cells to the site of infection (CCL5/RANTES) was detected,
analysis of fatal samples revealed high expression of the gut mucosa homing factor
B7-integrin (Parra et al., 2014; Rott et al., 1997). Consequently, the gut would a good

candidate to further investigate the migration of human T cells in avatar mice.
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To also test whether replication is inhibited, or cells display an apoptotic phenotype,
replication markers such as Ki67 and apoptotic markers [TRAIL (tumor necrosis factor-
related apoptosis-inducing ligand), NO (nitric oxide) release, FasR] could be included
in the analysis. The mechanistical background of lymphocyte death in human EVD
lymphopenia is still debated. It is assumed that two mechanisms are involved. On the
one hand the extrinsic apoptotic pathway through FasL/FasR receptor binding and the
upregulation of TNF production might play a big role. On the other hand, the intrinsic
pathway caused by viral induced damage of surrounding tissue might also be
important (Geisbert et al., 2003b; Bradfute et al., 2010; Bradley et al., 2008; Geisbert
et al., 2000; Waugier et al., 2010; McElroy et al., 2015).

A Luminex-based assay to measure chemokines and cytokine release in plasma of
mock-infected and EBOV-infected avatar mice was also performed. In fact, a trend
was detected that pro-inflammatory cytokines and chemokines were upregulated in
EBOV-infected animals, namely MIP1la and MIP1b, IP10, E-Selectin, and PECAM1
among others. E-Selectin and PECAML1 are associated with endothelial activation
coagulation and were already shown to be up-regulated in severe EVD (McElroy et al.,
2016; Kerber et al., 2018). Especially, IP10 can be associated with apoptosis. It is
produced by various cell types (leukocytes, neutrophils, eosinophils, monocytes,
epithelial, endothelial, and stromal cells, and keratinocytes) during viral infection (Dyer
et al., 2009; Luster & Ravetch, 1987). Activated T and B lymphocytes express the
CXCR3 receptor which can be activated by interaction with IP-10 and the interaction
can then induce apoptosis among other things in these cells (Loetscher et al., 1996;
Sallusto et al., 1998). In human EVD studies it also was upregulated in fatal cases
(Kerber et al., 2018). This also applies to the pro-inflammatory chemokines MIP1a and
MIP1b (Ruibal et al., 2016, Kerber et al., 2018; McElroy et al., 2016). They play an
important role in pathology upon viral infections. They are involved in the recruitment
of eosinophils and basophils to the site of infection. Their degranulation can cause

tissue damage (Garofalo et al., 1992).

In human EVD high activation of T cells in both fatal cases and survivors could be
demonstrated, but despite highly activated T cells only in survivors EBOV-specific T
cells could be detected (Ruibal et al., 2016; McElroy et al., 2015). Therefore, T cell
activation was also tested in avatar mice. Mock-infected mice were compared to
EBOV-infected groups to see if avatar mice could help to better understand the

underlying mechanisms. Even though a high basal activation in mock-infected mice
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was observed, a trend was detected that EBOV-infected avatar mice displayed an

even higher activated T cell phenotype.

One possible consequence of activation is a reversible phenomenon called “T cell
exhaustion” rendering T cells ineffective and finally apoptotic. “Exhausted” T cells
upregulate immune checkpoint molecules such as CTLA-4, PD-1, TIM-3, or LAG-3.
Furthermore, they typically show impaired effector functions, poor recall responses,
show clear differences on the transcriptional level compared to effector memory T
cells, and more important fail to reach antigen-independent memory T cell status
(Schietinger & Greenberg, 2014; Wherry, 2011). Under normal circumstances they
function as immunological brakes limiting immunopathology (Waterhouse et al., 1995),
but certain cancer types (Currie et al., 2009; Mao et al., 2010; H. Yu et al., 2015) and
especially viruses causing chronic infections developed immune evasion mechanisms
exploiting these molecules leading to dysfunctional T cells (Crawford & Wherry, 2009;
Guidotti & Chisari, 2006; Kaufmann et al., 2007). Therefore, blockage of these
molecules, especially PD-1 and CTLA-4, using so-called immune checkpoint inhibitors
was studied extensively for the treatment of melanoma among others and resulted in
their approval as cancer therapeutic (Balar et al., 2017; Rittmeyer et al., 2017; Robert
et al., 2015). During fatal EVD it was also observed that T cell expressed higher levels
of PD-1 and CTLA-4 than patients that cleared the virus (Ruibal et al., 2016; McElroy
et al., 2015). Consequently, avatar mice were evaluated upon their PD-1 and CTLA-4
expression but were not able to detect significant differences between mock-infected
and EBOV-infected avatar mice. Unfortunately, this model cannot be used to test those
very inhibitors. Nevertheless, this therapeutic approach should be considered as a
possible treatment of EVD. Currently, possibilities using immune checkpoint inhibitors
around chronic viral infections such as HIV (Human immunodeficiency virus), HBV
(hepatitis B virus) and HCV (hepatitis C virus) are being investigated (Fuller et al.,
2013; Gardiner et al., 2013; Hagiwara et al., 2022). In one study, a HIV+ patient was
treated for metastatic melanoma with Ipilimumab (a CTLA-4 inhibitor) resulting in the
reactivation of latent HIV-infected CD4+ T cells. In turn, these could be detected by
the immune system and removed (Wightman et al., 2015). In another trial with an anti-
PD-L1 antibody in HIV* patients, HIV-specific T cells were activated after treatment
(Gay et al., 2017). The upregulation of these markers could not only be detected in
chronic viral infections but is also observed during acute influenza infections. PD-L1 is
upregulated already within the first 24 h post infection in human primary airway
epithelial cells (McNally et al., 2013). The upregulation of CTLA-4 on CD8+ T cells

could also be correlated to reduced T-cell activation and influenza encephalopathy
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(Ayukawa et al., 2004). So far, clinical studies with immune checkpoint inhibitors have

not been initiated.

Moreover, antigen-specific T cell formation was investigated after EBOV infection in
surviving mice from the dose experiments. A tetramer specific for the HLA-A2-
restricted peptide FLSFASLFL was used that has been shown to be able to detect NP-
specific T cells during the West African pandemic (Ruibal et al., 2016). It was not
possible to detect antigen-specific T cell using this dextramer. This might be simply
due to the donor so that EBOV-specific T cells specific for this peptide could not
developed. Another reason could be that the pDCs are missing in avatar mice. This
specific DC sub population are important type | IFN producers and can present
antigens to activate adaptive immunity (Swiecki et al., 2015). Strikingly these cells are
not susceptible to EBOV infection and therefore their functions are not affected by the
virus in contrast to for example moDCs (Leung et al., 2011a). In vitro experiments
showed as well that VP35, which demonstrates IFN-antagonistic activity, is not able to
inhibit IFNa production by pDCs (Leung et al., 2011b). McElroy and colleagues
demonstrated in four patients that were treated in the US and survived EVD that pDCs
upregulated CD38 and therefore displayed an activated phenotype (McElroy et al.,
2020). They hypothesize that these cells were active and functional during EVD in
these four surviving patients. So far, it was not investigated in fatal cases if this cell
population is somehow affected. Nevertheless, it could be interesting to investigate
whether this cell type is present at all in avatar mice. One possible hypothesis would
be that these cells are missing or only very rare since T cell mostly repopulate in avatar
mice, which could be a reason why we have no antigen-specific T cells. Harui et al.
demonstrated that it is possible to generate antigen-specific T cells with the help of
adoptively transferred moDCs (Harui et al., 2011), but since it has already been
demonstrated in vitro that EBOV infection affects their priming functions it might be
possible that these are not sufficient to prime T cells in our experimental set up.
Another possible explanation Another plausible explanation for the lack of
development of antigen-specific T cells could simply be the predominant

hyperactivated, exhausted phenotype.

Dissecting the immune response to EVD with its different aspects, how they interplay,
and their underlying mechanism would be a tremendous opportunity for new
therapeutic approaches. In summary, avatar mice recapitulate the human immune

response to some extent. Differences in T cell activation was observed in EBOV-
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infected mice as well as chemokine and cytokine production. One limitation of the

conducted experiment is, of course, the low sample size of three animals per group.

However, it is also clear that the avatar model itself has its drawbacks due to the
xenotransplantation of mature human PBLs into NSG mice. These mature immune
cells, which we have shown to be highly activated independently of infection, act
against the host. This condition, known as graft-versus-host disease (GvHD), not only
limits the model by interfering with the immune response, but also limits the lifespan of
mice transplanted with human mature lymphocytes. Avatar mice have therefore been
used as a model to study GvHD (Ali et al., 2012; Ehx et al., 2018; King et al., 2009).
King and colleagues showed that the underlying mechanisms of GvHD involve the
interaction between human PBMCs and the host MHC | and Il molecules (King et al.,
2009). In their study they showed that MHC-deficiency in their recipient NSG mice
showed a delayed onset of GvHD using MHC knockout NSG mice. There are already
strains available that are depleted of murine HLA (NSG-(KPDP)"™" and NOD scid
12ry™" B2m™") and are also available transgenic for human HLA molecules (NSG-
HLA-A2/HHD) (Covassin et al., 2013; King et al., 2009; Shultz et al., 2010). Using
these mouse strains could improve the avatar model by reducing human cell activation
and prolonging the lifespan of these mice. Another approach could be to deplete the
cells that drive GvHD before transplanting human cells into mice. Several studies in
mouse models using BALB/c mice as recipient mice transplanted with cells from
C57BL/6 mice (Chen et al., 2004; Dutt et al., 2007) or other laboratory mouse strains
(Anderson et al., 2003) have shown that naive T cells play a major role in GvHD.
Indeed, depletion of this cell fraction actually resulted in a delayed onset of GvHD. In
the case of humanized mice, Ishikawa and colleagues achieved similar results by
depleting naive CD4+ T cells in human PBMCs before injecting them into NSG mice
(Y. Ishikawa et al., 2014). This also had a positive effect on the maintenance and

functionality of B cells in these mice.
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5.4 Evaluation of EBOV-specific immunological memory in avatar

mice

While the innate immune response to EBOV infection most likely plays an important
role in controlling early EBOV replication, the adaptive immune response seems to be
the main driving factor for viral clearance and recovery from EVD. Properly regulated
humoral and cellular immune responses including the generation of antigen-specific
cells are associated with EVD survival (Ruibal et al., 2016; Speranza et al., 2018). The
advantage of avatar mice is that they retain the immunological memory of the
respective donor. It was therefore speculated that avatar mice could be used to
evaluate whether pre-existing immunity would provide protection against an EBOV

challenge.

To study different aspects of the immunological memory PBMCS and plasma samples
from EVD survivors from the 2013 — 2016 West Africa outbreak were utilized. These
samples were already analyzed regarding their T cell response to GP. Only samples
were chosen that elucidated a high IFNy release upon restimulation (Tipton et al.,
2021). In the first step avatar mice received only PBLs from EVD survivors and HLA-
matched infected DCs. The mice lost weight rapidly, displayed elevated serum AST
levels, and succumbed to the infection, which indicated that survivor PBLs were not
sufficient to rescue the mice. Nevertheless, these animals revealed significantly
reduced organ titers in liver, kidney, spleen, and heart. Interestingly, mice transplanted
with PBLs from EVD survivors showed reduced T cell activation in their CD4+
compartment. This could indicate that bystander T cell activation is reduced and that
a more specific T cell response was mounted in these mice but was not enough to
protect the animals. Bystander T cell activation has been shown in EVD (Agrati et al.,
2016; Bradfute et al., 2010). This also supports the hypothesis that in fatal cases the
inflammation associated with EVD may lead to a response from bystander T cell clones
rather than EBOV-specific T cell clones, thereby influencing the immunopathology and
preventing viral clearance. EVD survivor in contrast tend to mount a highly poly-clonal
mainly CD8+ T cell responses during the acute phase of EVD (McElroy et al., 2015;
Ruibal et al., 2016; Speranza, Ruibal, et al., 2018; Thom et al., 2021). These might be

reactivated during challenge in avatar mice.

Since the inoculation of survivor PBLs was not sufficient to rescue avatar mice, the

next step was to inoculate the mice with antibodies isolated from high and low
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neutralizing survivor plasma. Interestingly, only the combination of survivor PBLs and
survivor antibodies or mAB KZ52 could rescue avatar mice from succumbing to EVD.
The transfer of IgG alone had no influence on disease progression in avatar mice. A
trial with convalescent plasma in West Africa already indicated that both antibody and
T cell responses might be important in protection in humans. Here, a significant clinical
benefit or a correlation between neutralization and efficacy could not be detected (van
Griensven et al., 2016). In addition, the neutralizing capacity of the antibodies were not
crucial on the outcome of the infection. Studies already suggested that effective
humoral immune responses against EBOV may require NAB as well as other antibody
functions mediated by the Fc receptor (Davis et al., 2019b; Ehrhardt et al., 2019; Gunn
et al.,, 2021; Koch et al., 2020). EVD survivor antibodies display in addition to
neutralizing capacity also ADCC and ADCP (antibody-dependent cellular
phagocytosis) functions (Koch et al.,, 2020). In fact, Antibody cocktails for EVD
treatment utilized in post exposure therapy are combinations of neutralizing and non-

neutralizing antibodies (Wec et al., 2019).

This data could show for the first time in vivo that humoral and cellular components
from EVD survivors together still have, at least in our avatar model, protective
functions, and rescued mice from otherwise lethal EBOV infection. Of course, one
must be careful to translate this into humans and involve EVD survivors as frontline
workers in new outbreaks. Thom and colleagues revealed in an observational cohort
study focusing on longitudinal antibody and T cell data in EVD survivors that in a small
percentage the humoral immune response was absent. They suggest that this might
be an explanation of the few registered re-infection or re-activation cases (Thom et al.
2021).

Nevertheless, avatar mice could help to further dissect the correlates of protection
against EVD and especially the role of CD4+ and CD8+ T cells. In mice it was
demonstrated that the depletion of CD4 cells had no impact on the survival of the mice
while CD8 depleted mice succumbed to disease (Gupta et al. 2004; Ldtke et al., 2017)
indicating that CD8 T cells play a major role in protection against EVD. The already
mentioned study by Tipton and colleagues, who had the opportunity to evaluate long-
term T cell responses regarding their epitope specificity also revealed that EBOV-
specific T cells were CD8 T cell dominated. Avatar mice could be generated with only
CD8+ or CD4+ T cells from EVD survivors and inoculated with antibodies to evaluate
the protectivity of these T cell fractions. Moreover, in this study they identified a motif

with EBOV GP, which elicited a CD8+ T cell response in EVD survivors. After enriching
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this specific T cell clone in vitro avatar mice could provide an excellent platform for
evaluating protectivity of those cells. Nevertheless, other studies have shown that the
majority of EBOV-specific T cells are directed against NP epitopes, but so far this was
not studied in detail (Sakabe et al., 2018; McElroy et al., 2015).

The dissection of T cell and B cell memory of EVD survivors including finding antibody
functions and identifying immunodominant T cell epitopes, which are correlates of
survival, could have major implications on vaccine development. With the aid of this
data vaccines could be generated that not only display a strong humoral immunity but
also specifically induce T cell immunity against immunodominant epitopes. Moreover,
avatar mice could also be utilized to test whether these would also be protective

against other Ebolavirus species.

5.5 Summary and Outlook

This study described the development of a new humanized mouse model to study
EVD. NSG mice transgenic for human HLA-A2 transplanted with HLA-A2+ human
PBLs and EBOV-infected moDCs infected animals showed drastic weight loss, high
AST levels, high viremia, and hemorrhagic symptoms. The course of infection was
dependent on the donor. Furthermore, it was demonstrated that this mouse platform
was suitable to study other Ebola virus species (RESTV). RESTV infection, which has
not been recorded in humans so far, of avatar mice displayed a similar disease
progression as recently shown in another humanized mouse model. In contrast, avatar
mice infected with LASV, also a hemorrhagic fever virus, did not show signs of disease,
but a high viral load in the lung. Furthermore, DC- and T-cell interaction played a major
role in EVD pathogenesis. It was demonstrated that NSG mice transplanted with
EBOV-infected moDCs alone did not develop EVD, and that disrupting MHC-TCR
interaction through utilizing HLA-mismatched moDCs. This highlighted that the only
necessary cell types for developing EVD are infected moDCs and the matching PBLs
fraction in our system. When dissecting the immune response, EBOV-infected avatar
mice showed elevated pro-inflammatory cytokine levels, especially IP10, MIP1a, and
MIP, and a higher percentage of activated T cells when compared to mock-infected
mice. Furthermore, the repopulation of human cells was lower in EBOV-infected mice
compared to mock-infected avatar mice. Moreover, these experiments showed the
limitations of this mouse model to study immune responses due to the interaction of

the engraftment and the host cells. The last part of this study showed the big capacity
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of this model to study correlates of protection. Avatar mice transplanted with PBLs from
EVD survivors had a decreased T cell activation and reduced viral titers, but still
succumbed to the disease with a slight delay. When IgG isolated from EVD survivor
plasma were additionally administered to avatar mice transplanted with EVD survivor
PBLs, 100% of mice survived the challenge with EBOV.

These experiments suggest that avatar mice will be a great opportunity to dissect the
role of T cells and DCs as well as the correlates of protection to EBOV. Moreover,
other viral infections specifically viruses that also infect DCs and where T cells play a
big role in pathogenesis can possibly be studied. MARYV could be a suitable candidate
for this model since it is also highly pathogenic for humans and infects moDCs (Bosio
et al., 2003).

This model could also provide more information about the role of other DCs for
example pDCs. In vitro infection of pDCs with EBOV showed that these were not
susceptible and that their functions was not diminished by the virus (Swiecki et al.,
2015; Leung et al., 2011a). PDCs could be sorted and utilized instead of moDCs in
this model to evaluate their role in virus dissemination and pathogenesis during EBOV

infection.

For future experiments transcriptome analysis on bulk human T cells or single cell level
of different organs at different time points would also help to gain a better
understanding of the immune response in avatar mice. Using flow cytometry so far,
the differences that were detected were not significant. Gene expression analysis
could help to decipher more differences between mock- and EBOV-infected avatar
mice and also answer open questions for example whether T cell proliferation is
affected by the infection. It could also help to understand the mechanisms behind the
development of hemorrhagic symptoms in the intestines, which was not investigated

in this study.

So far, avatar mice were only infected through retroorbital administration of EBOV-
infected moDCs so that they directly enter the peripheral blood stream. The natural
route of infection for EBOV is through direct contact with mucosal tissues or through
skin lesions (Feldman & Geisbert, 2011). For this reason, intranasal infection is widely
used in mouse models for EVD (Ludtke et al., 2015, 2017). In fact, protocols to
inoculate mice intranasally with different subsets of DCs have been developed. For

example, it has been shown that murine antigen-loaded moDCs inoculated intranasally
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in BALB/c mice could induce antigen-specific T cell response in lymphoid organs and
cell could be trafficked in mice (Vilekar et al., 2010). This demonstrated that also with
intranasal administration of moDCs a DC-T-cell interaction could be induced. This
might be as well interesting to address in avatar mice to assess differences in lethality

of EVD and dissemination of moDCs.

It was already demonstrated in avatar mice that EBOV-specific T cell memory and IgG
isolated from EVD survivor was required for survival. These mice could provide a
platform to evaluate EBOV-specific T cells clones or the combination of different T cell
clones specific forimmunodominant epitopes. For this T cell clones could be expanded
in vitro and tested for their functionality. Avatar mice could be inoculated with strong
clones and tested in vivo in combination with plasma IgG from EVD survivors. With
this knowledge about naturally acquired immune responses and their protective
functions vaccines could be developed including induction of a very specific T cell

response.

One major limitation of this mouse model was the impact of GvHD on the T cell
response and therefore it would be of big interest to improve the avatar model in this
regard. Other studies utilized murine MHC-deficient and human HLA-A2 expressing
NSG mice for the transplantation of human PBLs. This resulted in delayed onset of
GvHD (Covassin et al., 2013; King et al., 2009; Shultz et al., 2010). Therefore, these
mouse strains should be tested in the future for the avatar model generated in this
study. It should also be investigated whether this would affect the activation and

exhaustion of the transplanted human cells.
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6. Material

6.1 General consumables
General consumables were obtained from Eppendorf, Sarstedt, Greiner Bio One,
Quiagen, Thermo Scientific, Miltenyi, Sigma-Aldrich, Carl Roth and StemcCell

Technologies. Specific equipment is listed below:

ltem Manufacturer
Syringe 1 ml Braun
Syringe 5 ml Braun
Insulin Syringe Braun
Needles Braun
Tuberculin syringe Braun
Surgical Blades (Carbon Steel Sterile No. 11) Swann-Morton
Microvette z-Gel tubes Hartmann
Microvette LiHep-Gel tubes Sarstedt
EDTA tubes Sarstedt

6.2 Viruses

Infections with EBOV (Ebola virus H.sapiens-tc/COD/1976/Yambuku-Mayinga) were
conducted under BSL-4 containment by trained personnel at the Bernhard Nocht
Institute, Hamburg. In one experiment recombinant wild-type Lassa virus (LASV

Ba366) and Reston Ebola virus (RESTV, Pennsylvania strain) were used.

6.3 Cell lines
Cell line Application
VeroE®6 cells Virus amplification
(African green monkey kidney cells) Immunofluorescence Assay
MUTZ3 cell line Infection
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6.4 Mouse colonies

For reconstitution of mice with human peripheral blood lymphocytes highly immuno-
deficient mouse strains are required. In this study we used 5 — 11-week-old NOD.Cg-
Prkdcsed 112rg'™W! Tg(HLA-A2.1) (NSG) mice from Jackson Laboratories (Bar Harbor,
ME, USA). They were housed in individually ventilated cages (IVCs) and provided with
autoclaved food, bedding, and acidified water. Due to lack of lymphocytes (B cells, T
cells, NK cells) and deficiencies in cytokine signalling pathways engraftment with
human cells was facilitated within these mice (Schultz et al., 2005; Ishikawa et al.,
2005). Mouse colonies were maintained in the animal housing facility at HPIl, Hamburg.

All experiments were performed according to German animal protection law under the

permit N043/2019.

6.5 Chemicals and reagents

ltem Manufacturer
B-Mercaptoethanol Roth

Baytril Bayer

Biocoll Biochrom
Bovine serum albumin (BSA) Sigma
Bromphenol blue

Dulbecco’s Modiefied Eagle Medium (DMEM) Gibco
Dimythylsulfoxid (DMSO) Roth

DNAsel Sigma
Ethylenediaminetetra acetic acid (EDTA) Roth

Fetal calf serum (FCS) Biochrom
Gentamycin Roth

Glycerol Roth
Glutamine 200 mM PAA
GolgiPlug™ Protein Transport Inhibitor BD Bioscience
HEPES Roth

Human Serum

Merck Millipore

lonomycin Sigma
Isoflurane (inhalation anaesthetic) AbbVie Limited
L-glutamine (200 mM) Gibco
Methanol Roth
Paraformaldehyde (PFA) Sigma
Penicillin / Streptomycin (P/S) Gibco

Phorbol 12-myristate 13-acetate (PMA) Sigma-Aldrich
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Dulbecco’s Phosphate Buffered Saline (PBS)

Penicillin / Streptamycin
Recombinant human GM-CSF

Recombinant human interleukin 4 (IL-4)

Roswell Park Memorial Institute (RPMI) 1640

Sodium azide (NaNs)
Sodium chloride

Tris

Triton X-100

Trypsin TrypLE™

Tween-20

6.6 Buffers, media, kits
6.6.1 Buffers

MACS DUferM iiiiiiiii i e e e

Washing buffer (blood)........c.eunnn......

6.6.2 Media

Freezing media.....ccovvivieveniniinnennnnns

Growth Media..vccevieeriieriieriieerinerennns

Infection Media...vevveevierierieririennens

Mutz-3 complete media (100 ml)...........

6. Material

Sigma
Gibco
PeproTech
PeproTech
Gibco
Sigma
Roth
Applichem
Roth
Gibco
Roth

PBS

1% Human serum

2 mM EDTA

PBS

0.02% Human serum
2 mM EDTA

100 U/ml Pen Strep

DMSO

10% FCS

DMEM

5% FCS

100 U/ml Pen Strep
2 mM L-glutamine
DMEM

2% FCS

60 ml MEM-alpha
20 ml FCS

20 ml 5637 conditioned media
1 mlP/S
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Mutz-3 Langerhans cell media..............

Mutz-3 moDC media..c.vevveerierrieennennnn

moDC differentiation media.......vecevenenes

6.6.3 Kits

Reagent

CD14 MicroBeads, human

CompBeads

Fixation / Permeabilization Solution Kit
Fuji DRI-CHEM AST (GOTS8) test chips
ProcartaPlex Mix & Match Human 19-plex
Zombie Red Fixable Viability Kit

6.7Antibodies

6.7.1 Flow cytometry antibodies

6. Material

1 ml L-glutamine
Mutz-3 complete media
GM-CSF (100 ng / ml)
TGF-B (10 ng / ml)
TNF-a (2.5 ng/ ml)
Mutz-3 complete media
GM-CSF (100 ng / ml)
IL-4 (20 ng / ml)

TNF-a (2.5 ng / ml)
RPMI 1640

10% Human serum
500 ng/ml gentamycin
2 mM L-Glutamine

100 mg/m IL-4

200 mg/ml GM-CSF

2 uM beta-mercaptoethanol

Manufacturer

Miltenyi Biotech

BD Biosciences

BD Biosciences

Fujifilm

Thermo Fisher Scientific

Biolegend

Reactivity Antibody Conjugated Fluorophore Clone Manufacturer
o-human  CCR7 APC G043H7 Biolegend
o-human CD14 PE-Texas Red HCD14 Biolegend
o-human  CD16 PE-Texas Red 3G Biolegend
o-human CD19 PE-Texas Red HIB19 Biolegend
o-human CD20 PE-Texas Red 2H7 Biolegend
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a-human CD3 APC-Cy7

o-human CD38 BV785

a-human CD4 BUV395

o-human  CD45 AlexaFluor700

a-human CD45RA PerCP-Cy5.5

o-human CD56 PE-Texas Red

o-human CDh8 BV650

o-human  CTLA-4 PE

o-human HLA-DR PE-Cy7

o-human HLA-A*0201- PE
FLSFASLFL

o-human HLA-A*0201- APC
FLSFASLFL

o-human PD-1 BV605

6.7.2 Other antibodies
Reagent
KZ52 anti-EBOV GP antibody

Polyclonal mouse a-EBQOV antibody

UCHT1 Biolegend
HIT2 Biolegend
SK3 BD
Biosciences

HI30 Biolegend
HI100 Biolegend
HCD56 Biolegend
RPA-T8 Biolegend
L3D10 Biolegend
L243 Biolegend
Tetramer Immudex
Tetramer Immudex

EH12-2HT  Biolegend

Manufacturer
Absolute Antibodies
BNITM

Sheep a-mouse IgG peroxidase-conjugated (H+L) antibody Jackson Immuno Research

6.8 Laboratory Equipment

Instrument

Animal rack

Biosafety animal changing station
Cell counter LUNA-FL

Centrifuge 541SC

CKX41 microscope

Clini Tray

DRI-CHEM NX500 Chemistry Analyzer
Autoclave (bench-top)

Class 2 safety cabinet

F1-ClipTip (10-100ul)(30-300ul)
Fast-Prep-24 — Tissue homogenator

Manufacturer
Techniplast
Techniplast
Logos Biosystems
Eppendorf
Olympus

KLINIKA Medical
Fuji

Tuttnauer Systec
Kojair

Thermo Fisher Scientific

mpbio
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FlowSafe C-[MaxPro]®-130 safety cabinet
Fortessa flow cytometer

Freezer (-20 °C)

Freezer (-20 °C) profi line

Fridge

Fridge

HydroFlex - Microplate Washers

Heracell 150 incubator

Innova CO-170 incubator

IKA Vortex 3

Infrared light

Isoflurane vaporizer Univentor 410 and inhalator chamber
Luminex™ 200™ [nstrument System
Microwave

Mini Start table centrifuge

NanoDrop

Photo scanner Reflection V550

Pipette (1-2 ul)/-20 pl)), (20-200 pl), (100-1000pl)
Plate shaker 3006

Precision scale PCB

Red Tube Tailvein Restrainer

Refrigerated centrifuge; swing buckets 15 & 50 ml (Rotina

420R)

Refrigerated centrifuge; 1.5 — 2 ml (5417R)

SpotChem

Thermocouple with rectal probe (BIO-TK8851 & BIO-
BRET-3)

Thermomixer 5436
ThermoMixer C
TwinGuard freezer

Vortex-genie2

6. Material

Berner

BD

Bosch

Liebherr

Bosch

Liebherr

Tecan

Thermo Fisher Scientific
New Brunswick Scientific
IKA

HT instruments

UNO BV

Millipore

Sharp

VWR

Thermo Fisher Scientific
Epson

Gilson

GFL

Kern

Braintree Scientific
Hettich

Eppendorf
Axonlab

Bioseb

Eppendorf
Eppendorf
PHCBI

Scientific Industries

Waterbath M20 Lauda
6.9 Software

Name Manufacturer

FlowJo Version 10 BD / FlowJo LLC

GraphPad Prism Version 9 GraphPad

Microsoft Excel 16 Microsoft

Microsoft Word 16 Microsoft
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Microsoft PowerPoint 16 (with material from Microsoft
https://smart.servier.com/)

FACS Diva BD
Mendeley Mendeley
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7. Methods

7.1 BSL-4 experiments

Experiments with infectious virus were carried out in the BSL-4 laboratory at the

Bernhard Nocht Institute for tropical medicine, Hamburg, Germany.

7.2 Virus amplification

10° Vero-E6 cells seeded in 20 ml growth medium in T-75 cm2 flasks and incubated
at 37 °C and 5% CO; for 24 h. Cells were infected with an MOI of 0.01 in 3 ml of
infection medium (DMEM with 2% FCS) and incubated at 37 °C 5% CO; for 1 hour.
Inoculum was removed, 20 ml growth media was added, and cells were stored at 37
°C and 5% CO; for 5 days. After this incubation period supernatant was harvested and
centrifuged at 1500 x g for 5 min. The resulting virus stock was aliquoted and stored
at -80 °C.

7.3 Focus formation assay

Focus formation assay was utilized for quantification of viral titers in virus cultures and
blood or organs of infected animals. 1 x 10° Vero-E6 cells were seeded in a 24-well
plate in growth media and incubated for 24 hours at 37 °C and 5% CO,. On the next
day samples were harvested or thawed and logarithmic dilutions were prepared in
infection medium on 96-well u-bottom plates. Blood was prediluted 1:20 in DMEM. Cell
culture media was removed and 200 pl sample dilutions were transferred to the cells
without touching the cell layer. 24-well plates were incubated at 37 °C and 5% CO. for
one hour. The inoculum was removed, cells were covered with overlay medium (2/3
DMEM with 10% FCS and 1/3 methylcellulose) and incubated at 37 °C and 5% CO-
for 6 days. Cells incubated with LASV were incubated for 5 days. After incubation
overlay medium was removed and cells were fixated and inactivated for BSL-4
removal. For this, plates were completely covered with 4% formaldehyde in PBS for
45 min at RT. After fixation, plates were removed from the BSL-4 laboratory and rinsed
under running H20. For permeabilization, cells were incubated with 0.5% Triton X-100
at RT on a shaker with mild agitation for 30 min and rinsed again under running water.
Blocking was obtained by incubation with 10% FCS in PBS on a shaker at RT for 1
hour. Blocking buffer was removed and cells were incubated with primary polyclonal
anti-EBOV antibody (1:5000 in PBS with 10% FCS) at RT for 1 hour or at 4 °C
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overnight. This was followed by a thorough washing step under running water. In the
next step the secondary anti-mouse antibody coupled with HRP (horseradish
peroxidase) was added (1:1000 in PBS with 5% FCS) and incubated at RT for 1 hour.
For the final detection of the foci, cells were washed with H.O and incubated with TMB
substrate (3,3,5,5’-Tetramethylbenzidine). The resulting blue foci were counted

manually.

7.4 Generation of avatar mice

7.4.1 Isolation of lymphocytes from whole blood

Buffy coats from HLA-A2 positive donors were obtained from the transfusion medicine
department at the University Hospital Eppendorf. Approval to obtain blood samples

from healthy donors was granted by the Medical Ethics committee of Hamburg.

The following steps were performed under sterile conditions. The obtained buffy coats
were initially isolated from 500 ml whole blood and still contained erythrocytes
residues. Accordingly, cells had to be purified. Buffy coats were collected in flasks and
washing buffer was added for a total volume of 750 ml (1:1.5 dilution of initial whole
blood) and 35 ml of dilution were carefully layered on 15 ml of biocoll separating
solution (Biochrom) in a 50 ml polypropylene tube. This biocoll has a density of 1.077
g/ml and centrifugation at 2000 rpm, 45 min, 20°C at minimal acceleration leads to
separation of the blood components. The cell pellet under the biocoll layer contains
erythrocytes and granulocytes, whereas peripheral blood mononuclear cells (PBMCs)
form the so-called buffy coat on top of the biocoll layer. Plasma forms the topmost layer
of the gradient. This separation method is called density gradient centrifugation
(Bgyum, 1976). Buffy coats were carefully collected with a pipette, transferred to a 50
ml polypropylene tube, and washed with washing buffer. Cells were centrifuged for 10
min with 1500 rpm at 4 °C. After this step, cell numbers were determined with an
automated cell counter (Countess, Invitrogen), isolated PBMCs were cryopreserved in
FCS with 10% DMSO or directly used for further experiments.

7.4.2 Separation of CD14* and CD14 cells

Magnetic-activated cell sorting is a cell separation method using magnetic beads,

which are conjugated with antibodies against cell surface antigens. In a cell

suspension the antibody binds to all cells expressing these antigens. The cell
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suspension can be transferred to a column, which is attached to a magnetic field.
Labelled cells are retained in the column and undesired cells flow through the column.
To obtain the cells the column is removed from the magnetic field and subsequently
flushed.

For separation of CD14* and CD14 cells fresh or thawed PBMCs (section 7.4.1) were
washed with PBS, passed through a cell strainer, and counted. For the whole
procedure ice cold buffers were used. After centrifugation for 5 min, 4 °C, 1700 g,
supernatant was discarded. Cells were resuspended in 80 pl of MACS buffer (PBS,
1% human serum, 2 mM EDTA) per 10’ total cells. In this case positive selection
(meaning that desired cell population stays in the column) was carried out. 20 pl of
human CD14 microbeads (Miltenyi Biotec) were added per 107 cells and well mixed
with the cells. An incubation step of 15 min at 4°C followed. Cells were washed by
adding 1 ml of MACS buffer per 107 cells, centrifuged for 5 min (1700 rpm, 4 °C),
resuspended in 500 pyl MACS buffer, and applied into a MACS column (MS column,
Miltenyi Biotec) placed in a magnetic field (OctoMACS, Miltenyi Biotec). The column
was washed three times with MACS buffer and flow through containing unlabelled
CD214cells was collected in a 15 ml polypropylene tube that was placed in a 50 ml
polypropylene tube filled with ice. The column was removed from the magnetic field
and placed on a new tube. The CD14* fraction was eluted in 1 ml MACS buffer. Both

cell fractions were counted and either cryopreserved or directly used.

7.4.3 Reconstitution of avatar mice

To adoptively transfer donor-specific PBLs into immunodeficient mice, 10’ human
CD14 PBLs were resuspended in 20 yl PBS and injected retroorbitally (r.0.) into 5 —
11 weeks old NSG mice. During the whole procedure mice were kept under isoflurane
anaesthesia. Recipient mice were transplanted with 50 pl cell suspension
intravenously (i.v.) via the retro-orbital sinus. Mice were anesthetized using isoflurane
and placed on their ventral side on a heating pad (37 — 38 °C). To avoid injection
injures of the experimenter the head was fixed carefully using padded forceps. A
tuberculin syringe with little resistance and 30 G-cannula was carefully inserted
through the cornea at the inner canthus at a 20 — 40 ° degree until the retro orbital
sinus and then the cell suspension was applied. The animals were closely monitored

to ensure their wellbeing after reconstitution.
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7.4.4 Differentiation of moDCs

(Sallusto & Lanzavecchia, 1994)Dendritic cells (DCs) are the only cell type among
antigen-presenting cells that can prime naive T cells (Banchereau and Steinman,
1998). A particular subset of inflammatory DCs derive from monocyte precursors
(CD14") into immature monocyte-derived dendritic (moDCs) cells during inflammation
and are defined phenotypically as CD14", CD11c*, HLA-DR* and CD86". Generation
of moDCs in vitro has been established for a long time (Sallusto & Lanzavecchia, 1994)
and fulfils the necessity to manipulate DCs ex vivo. We have successfully derived

moDCs in culture using the following protocol.

Freshly isolated CD14" cells (section 2.4.2) were cultured at a density of 3*10° cells /
ml in DC differentiation medium on a 6-well plate and kept at 37°C, 5% CO- for five
days. On day 3 half of the medium was replaced with DC medium with doubled
cytokine concentration without disturbing the cells. The cells were harvested on day 5

for further experiments.

7.4.5 Mutz-3 cell culture

Mutz-3 cells are a human cell line for cytokine-induced differentiation of dendritic cells.
They behave as an immortalized equivalent of CD34* DC precursors and express
human HLA-A2. The cell line can acquire phenotypes consistent with either interstitial-

or Langerhans-like DCs through specific cytokine cocktails (Masterson et al., 2002)

MUTZ-3 cells were obtained from Dr. Tanja D. de Grujil (Amsterdam UMC) and were
differentiated into interstitial DC-like cells expressing DC-SIGN or Langerhans-like
cells expressing Langerin using cytokine-conditioned media as previously described.
For routine passaging of undifferentiated Mutz-3 cells, cells are gently resuspended in
each well and collected in 50 ml falcon tubes. After centrifugation at 180 — 200 x g for
6 — 8 min, the supernatant was discarded, and cells were resuspended in 1 — 5 ml
Mutz3 complete media for counting. Cells were replated at a density of 1.5 x 10° cells
per ml with 1 ml total volume per well on a 24 — well plate and kept for at 37 °C, 5%
CO; for 3 — 4 days.

For induction of an immature Langerhans cell phenotype cells were harvested as
described above, but instead of replacing media with Mutz3-complete media,
Langerhans media was used after spinning down. Cells were again seeded at a

density of 1.5 x 10° cells / ml. Cytokines were refreshed at day 4 and day 8 of culture
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through removing half the media and replacing it with fresh media). Cells were cultured
for 10 days total. If cells became adherent over time, ice cold PBS + 0.02% EDTA
solution was used for detaching cells before or after infection.

The immature moDC phenotype was induced using moDC media after harvesting.

Cells were seeded at a density of 1.5 x 10° cells / ml and cultured for 6 — 7 days,

refreshing the media as described above on day 3.

7.5 Animal experiments in the BSL-4 laboratory

7.5.1 In vivo infection

7.5.1.1 Intranasal infection

Virus stocks were diluted to a concentration of 1 000 PFUs EBOV / 20 pl. Mice were
anesthetized using an isoflurane chamber. When breathing slowed down, mice were
placed on their backs on a heating mat (37 °C) and virus suspension was administered
with a pipette dropwise into the nasal cavity. Mice were then turned on their side and

monitored until fully awake.

7.5.1.2 Infection with moDCs

MoDCs were infected ex vivo prior to administration into huPBL mice. After five days
of culture moDCs were harvested, centrifuged for 10 min at RT 300 x g and washed
with PBS to remove serum residues and spun down again. Cells were resuspended in
virus stock to reach an MOI of 1 and incubated at 37 °C, 5% CO. for one hour. Then
the cells were washed again with PBS and adjusted to a concentration of 5 x 10°
moDCs / 50 pl. Recipient mice were transplanted with 50 pl cell suspension
intravenously (i.v.) via the retro-orbital sinus. Mice were anesthetized using isoflurane
and placed on their ventral side on a heating pad (37 — 38 °C). To avoid injection
injures of the experimenter the head was fixed carefully using padded forceps. A
tuberculin syringe with little resistance and 30 G-cannula was carefully inserted
through the cornea at the inner canthus at a 20 — 40 ° degree until the retro orbital

sinus and then the cell suspension was applied.
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7.5.1.3 Monitoring and Scoring

Mice were sacrificed on specific time point as described in the respective experiment
or when termination criteria were met. Blood and organs were harvested for analysis
of immune cell populations, as well as AST serum levels, viremia, and viral titers. Mice
were monitored daily to evaluate weight, temperature, and the outer appearance.
Temperature was measured using a rectal probe. Mice were euthanized through an

isoflurane overdose followed by cervical dislocation.

7.5.2 Blood draw
To collect small amounts of blood during experiments mice were bled 2 — 3 times from

the tail vein. To dilate veins and increase their visibility mice were kept under infrared
light for 2 min prior to bleeding. For venipuncture, mice were restrained in a specific
mouse restraining device and the lateral vein was punctured with a small scalpel blade.
Three drops of whole blood were collected in a heparin tube, subsequently diluted 1:20
in DMEM on a 96-well u-bottom plate, and frozen until titration at — 20 °C. To obtain
serum, whole blood was directly collected in serum tubes. These were centrifuged at
12 000 x g for 3 min and stored at — 20 °C until further analysis. Bleeding was stopped

by applying pressure with a sterile tissue.

7.5.3 Organ preparation

Viral titers were determined in liver, kidney, spleen, lung, and heart. For this, animals
were sacrificed via isoflurane narcosis and cervical dislocation, organs were
harvested, and stored at — 80 °C until titration. For processing, organs were thawed,
weighted, and transferred into Lysing matrix D tubes filled prefilled with 1 ml DMEM.
Organs were homogenized with a FastPrep homogenizer (3 x 30 sec, level 5, 2 x).
Tubes were centrifuged at 5 000 x g and then logarithmic dilutions were prepared and

frozen at — 80 °C until titration.

7.5.4 Clinical parameters

Levels of ASTs in serum were analysed with a commercial kit and using a Fuijifilm
machine. Sera were diluted 1:10 or higher (if sample was out of range) with a 0.9%
saline solution (v/v). The normal range of AST in humanized mice has been
determined as < 200 U/l
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7.5.5 Luminex

Analysis of cytokine concentrations was performed using ProcartaPlex Multiplex
Immunoassay magnetic bead panel premix 19 plex according to manufacturer’s
instructions. The Luminex principle works as following: a sample (in this case serum)
is added to a mixture of colour-coded magnetic beads, which are pre-coated with
analyte-specific capture antibodies. These antibodies can bind to the analyte of
interest if present. In the next step, biotinylated detection antibodies specific for the
analytes of interests are added and form an antibody-antigen sandwich. In the end
phycoerythrin (PE)-conjugated streptavidin is added and binds to the biotinylated
detection antibodies. A dual-laser flow-based detection instrument can read the beads,
which can determine on the one hand the analyte and on the other hand the magnitude

of the PE-derived signal, which is in direct proportion to the amount of analyte bound.

7.5.5.1 Sample preparation

To analyse cytokine concentrations in serum of avatar mice, samples were thawed
and centrifuged for 10 min at maximum speed at RT. Samples were diluted 1:1 with 1
X universal assay buffer (diluted with ddH,0) and kept on a master plate at -80 °C until

assay was performed.

7.5.5.2 Preparation of antigen standards

Antigen standard set vials were centrifuged at 2 000 x g for 10 seconds. 50 pl of 1 x
universal buffer was added into 5 different standard set vials, which were gently
vortexed for 30 seconds and centrifuged at 2 000 x g for 10 seconds to remove solution
from lids and collect content at the bottom of the vials. Afterwards, vials were incubated
on ice for 10 more minutes to ensure complete reconstitution. The entire content of
one vial was transferred to the sixth antigen standard vial (for this specific kit 6 different
standard vials were provided) and the reconstitution steps were repeated. This
ensured that the final volume of 250 pl was not exceeded. All standard vials were
pooled into one vial, gently vortexed for 30 seconds, and centrifuged at 2 000 x g for
10 seconds. From this pool 4-fold serial dilutions were prepared using PCR 8-tube
strips. Standards were prepared as duplicates. 200 pl of the reconstituted antigen
standards were pipetted into the first tube of each strip (tube 1), while 50 pl of 1 x
universal buffer were added into the remaining empty tubes (tubes 2 — 7). For the first
dilution50 pl of the reconstituted antigen standards from tube 1 was transferred into
tube 2 and mixed by pipetting up and down for a total of 10 times. 50 pl of the standard
mix was transferred from tube 2 into tube 3. These steps were repeated for tubes 3 —
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7. Tube 8 received 200 ul 1x universal buffer and served as blank. Dilutions were kept

on ice until assay was performed.

7.5.5.3 Assay protocol

After the plate set up was planned, magnetic beads were prepared. For this, the vial
with beads was vortexed for 30 seconds and 50 pul of bead solution was added to each
well of the plate using a multichannel pipette. Magnetic beads were washed with 1 x
wash buffer (10 x wash buffer diluted with ddH»O) using an automated plate washer
(Tecan). After the washing buffer was removed, 25 pl of universal assay buffer (1x)
was loaded into each well followed by 25 ul of prepared standards or samples into
dedicated wells. For wells assigned as blanks 25 pl of universal assay buffer (1x) was
used. The plate was sealed with a provided plate seal, covered with a black microplate
lid, and incubated for 30 min at RT at 500 rpm on a shaker, then transferred to 4 °C
overnight. After overnight incubation, the plate was placed for 30 min on shaker at 500
rpm. Afterwards, two wash cycles using an automated plate washer were followed by
the addition of detection antibody mix (25 ul per well). The Plate was sealed again with
a new plate seal, covered with a black lid, and incubated for 30 min on a plate shaker
at RT at 500 rpm, followed by 2 x washing with the automated plate washer. The next
step included the addition of 50 pl streptavidin-PE (SA-PE) to each well, followed by
sealing, covering with the black lid, and incubating for 30 min on a plate shaker at RT
at 500 rpm. After that, two more washing cycles were conducted, and the plate was
prepared for the final analysis on a Luminex instrument. In this case a Luminex 200
system (Millipore) was used for data acquisition. 120 pl reading buffer was loaded into
each well, the plate was sealed with a new seal, covered with the black lid, and
incubated for 5 min on a plate shaker at RT for 500 rpm. After removal of plate seal,

the plate was run on Luminex instrument.

7.5.6 Sample preparation for flow cytometry

7.5.6.1 Blood

Blood was analysed through flow cytometry after mice have been euthanized. After
sacrifice, blood was collected through heart puncture using 1ml U-100 insulin syringes
and transferred into EDTA tubes to prevent clotting. To lysing erythrocytes blood was
pipetted into a 15 ml falcon tube containing 5 ml 1 x red blood cell (RBC) lysis buffer
(diluted in dH20) for 5 min. The reaction was stopped with 10 ml PBS and cell

96



7. Methods

suspension was centrifuged at 300 x g for 5 min. The cell pellet was resuspended in
PBS and kept at 4 °C until staining.

7.5.6.2 Organs

Spleen and lungs were harvested in DMEM for flow cytometry in 2 ml Eppendorf tubes
containing 1 ml DMEM. To obtain single cell suspension organs were transferred into
2 ml Eppendorf tubes containing Collagenase D / DNAse | solution (2 mg/ml
collagenase D, 50 pg/ml DNAsel), cut into small pieces with scissors, and incubated
at 37 °C, 650 rpm on a ThermoMixer C (Eppendorf) for 30 min. Organ pieces were
poured and mashed through a 70 nm cell straining with the aid of a plunger into 50 ml
falcon tubes. Cell strainers were washed with PBS and cells were centrifuged at 500
x g for 5 min, followed by a 1 min red blood cell lysis in 1 ml 1 x RBC lysis buffer at RT.
The reaction was stopped with PBS and cells were washed with PBS twice at 500 x g

for 5 min. The cell pellet was resuspended in PBS and kept at 4 °C until staining.

7.6 Avatar mice from human EVD survivors

EDTA blood samples of EVD survivors were collected in Guéckédou, Guinea, under
the Ethics protocols approved by both the Guinean National Committee for Research
and Health (33/CNERS/15) and the Medical Ethics Commission of the state of
Hamburg (PV5309).

7.6.1 Generation of survivor avatar mice and infection

To evaluate protection of the immunological memory of EVD survivors huPBL Avatar
mice were generated with PBLs from EVD survivors. CD14" cells were separated as
described previously and 107 PBLs were administered to the mice. Since the yield of
monocytes was too low to generate the appropriate amount of moDCs, monocytes
from naive donors were isolated and cultured. The infection experiments were

conducted as previously described.

7.6.2 1gG isolation

Bulk 1gG was isolated through affinity-purification using Protein G beads (GE
Healthcare) from plasma of EVD survivors. Beads were washed three times with
binding buffer (20 mM sodium phosphate, pH 7) and incubated with plasma for 2h at
RT. Columns were washed with binding buffer and incubated beads were applied to

column. After plasma passed the column columns were rinsed 2 x with binding buffer.
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For IgG elution 15ml polypropylene tubes were filled with 500 pl (10% v/v) of
neutralization buffer (Tris 1M, pH 8) and placed under the column on ice. The columns
were sealed and incubated for 5 min with 4.5 ml elution buffer (0.1 M glycine buffer,
pH 2.8). For final elution of IgG, seal was removed and flow through was collected in
prepared tubes. IgG concentration was determined with a Nanodrop system and

antibodies were stored at -80°C until use.

7.6.3 1gG administration into mice

For antibody protection studies, isolated IgG with a concentration of 10 mg/kg of body
weight was administered i.p. per mouse directly after infection (Duehr at al., 2017). As
a control anti-Ebola GP clone KZ52 (Absolute Antibodies) was used at the same
concentration. For i.p. injections mice were anesthetized using an isoflurane chamber.
When breathing slowed down, mice were restrained appropriately in a head-down
position. Needles were carefully inserted with bevel facing up into the lower right
quadrant of the abdomen towards the head at a 30 — 40° angle to horizontal up to a
depth in which the entire bevel was within the abdominal cavity. The plunger was
depressed until the virus suspension has been fully administered and the needle was
pulled straight out again. Mice were then placed on a heating mat and turned on their

side and monitored until fully awake.

7.7 Flow cytometry

Flow cytometry is a widely used method in immunology to discriminate cell population
according to their expression of surface molecules, also referred to as cluster of
discrimination (CD). A cell suspension is incubated with specific antibodies conjugated
with fluorophores and applied to a flow cytometer. Single cells pass beams of different
lasers in the cytometer and fluorescent signals are detected. Besides the division by
cell surface marker, flow cytometer can also separate populations by characteristics

like cell size (forward scatter, FSC) and granularity of the cell (sideward scatter, SSC).

7.7.1 Staining protocol

7.7.1.1 Sample preparation
Samples (blood cell or organ cell suspensions) were washed with either PBS or PBS
+ 2% FCS and centrifuged at 300 x g for 5 min and the supernatant was removed.

Cells were either stained in 2 ml Eppendorf tubes or on 96-well v-bottom plates. Murine
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cells were directly stained after isolation and human PBMCs after cryopreservation. If

cells were cryopreserved prior DNase | was added in each staining step until fixation.

7.7.1.2 Extracellular staining

All staining steps were conducted at 4 °C omitted from light. In between staining steps
cells were washed with PBS and centrifugation was performed at 300 x g for 5 min. If
antigen-specific T cells were detected through dextramer staining, an additional
staining step was included at the beginning. For this, cells were incubated with a
dextramer for 30 min in 50 pl PBS (10% FCS) at 37 °C. Otherwise, the staining started
with staining of dead cells through a Zombie dye (Biolegend) diluted 1:500 in PBS for
20 min at 4 °C to distinguish between live and dead cells. Afterwards unspecific binding
sites were blocked with an Fc block 1:100 diluted in PBS for 10 min at 4 °C.
Extracellular staining was performed with antibody cocktails diluted in 50 ul PBS

according to section 2.9.2 for 45 min at 4 °C.

7.7.1.3 Fixation and intracellular staining

After extracellular staining samples were washed and at the same time fixed and
inactivated with 400 ul Cytofix/Cytoperm (BD) containing additional 4% formaldehyde
solution for 30 min. If intracellular marker were included in the panel, cells were washed
twice with 1 x PermWash solution (BD) diluted in ddH20 and stained for 30 min with
intracellular antibodies in 50 pl PermWash solution. Samples were washed twice with
PBS and passed through cell strainers into FACS tubes and acquired using a Fortessa

(BD) flow cytometer.
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7.7.2 T cell phenotyping antibody panel

Table 2: T cell phenotyping antibody panel with Fortessa laser setup.

7. Methods

Laser Detector / Filter Fluorochrome  Marker Dilution
(excitation)
UV-Laser 740/35 690 BUV 737
(355nm)
380/14 BUV395 CD4 1:200
Yellow/Green 780/60 750 PE-Cy7 HLA-DR 1:100
Laser (561 nm)
670/30 635 PE-Cy5
610/20 600 PE-Texas Red Dump (CD14, 1:200
CD19, (D20,
CD56, CD16,
Zombie Red)
586/15 PE CTLA-4 (intra) / 1:100/
Tetramer 1:50
Violet Laser 780/60 735 BV785 CD38 1:100
(405 nm)
710/40 670 BV711
675/50 635 BV650 CDS8 1:400
610/20 600 BV605 PD-1 1:100
586/15 570 BV570
525/50 505 BV510
450/50 BV421
Red Laser (640 780/60 750 APC-Cy7 CD3 1:400
nm)
730/45 690 AlexaFluor700 CD45 1:200
670/14 APC CCRY7 / 1:100/
Tetramer 1:50
Blue Laser 710/40 685 PerCP-Cy5.5 CD45RA 1:200
(488 nm)
530/30 595 FITC
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Human
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Figure 29: Human T cell gating strategy: Lymphocytes were gated based on FSC and SSC followed
by doublet exclusion and live cell gating. To discriminate between mouse and human cells, CD45+ cells
were gated. In the next step, T lymphocytes were separated from B cell, NK cell, and myeloid cells (dump).
T lymphocytes were then separated according to their lineage into CD4 and CD8 T cells. Within these two
lineages activation status was evaluated or the expression of PD-1 and CTLA-4.
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7.8 Statistical analysis

Statistical analysis was performed with GraphPad Prism 9 software. Differences in
survival rate were evaluated using Mantel-Cox test. Differences in weight, AST levels,
and serum or virus titers in blood over time were evaluated with two-way ANOVA,
followed by Dunnett’s multiple comparison test. To compare virus titers in organs
Kruskal-Wallis test was carried out. Significance levels are presented as follows: *, p<
0.05, **, p< 0.01, ***, p< 0.001, and ****, p< 0.0001. Data are presented as mean and

the standard error of mean (SEM).
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Supp. Fig. 1: Dextramer-staining of huPBL-Avatar mice. Surviving mice from experiments 5.1.4 and
5.1.5 were evaluated for generation of EBOV-specific CD8+ T cells. Briefly, avatar mice were infected
with 5*104 or 5*103 EBOV-infected moDCs, or 5*105 LASV-infected moDCs 5 days post transplantation.
Mock mice received mock-infected moDCs. Mice were sacrificed 21 days post infection and frequency of
EBOV-specific CD8+ T cells specific for the HLA-A*02:01-resticted peptide FLSFASLFL were assessed
through flow cytometry dextramer staining. A) Representative plots from dextramer-specific CD8+ T cells
(gate: lymphocytes, single cells, live cells, CD45+ cells, dump-, CD3+, CD8+) mock, EBOV-infected, and
LASV-infected mice. Mock and LASV-infected mice were included as background. Left plots display
dextramer-FMO and right plots dextramer+ staining. B) Bar graph displays frequencies of dextramer+
CD8+ T cells. Mean and SEM are shown.
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Suppl. Fig. 2: EBOV infection of avatar mice with HLA-A2* non-donor-matched moDCs. (A) 5 mice
were inoculated with 107 PBLs from a healthy donor. 5 days post inoculation mice were transplanted with
5*10° in vitro generated either mock-infected (black; n = 2) or EBOV-infected moDCs (red; n = 3) from a
different HLA-A2* donor. Survival, weight, and temperature were monitored daily (B — D), blood and serum
were collected at indicated time points for detection of AST levels and viremia (E / F). The normal range
for AST and the limit of detection for viremia are shaded in grey. Mean and SEM are shown unless
individual data points are depicted. Statistical significance was analyzed using LogRank (Mantel-Cox)
test. Levels of significance were interpreted as follows: NS (not significant) p > 0.05, *p < 0.05, ** p <
0.01, *** p £ 0.001, and **** p < 0.0001.
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