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Introduction

1. Introduction

Lassa fever (LF) is a viral hemorrhagic fever disease endemic to West African
countries. Estimations of yearly infection rates range up to 300,000 people each year
with estimated 5,000 fatalities [1]. Many parts of Lassa fever pathogenesis are not yet
fully understood, leaving humans vulnerable to outbreaks since no approved vaccines
or specific treatments exist. This gives strong precedence to increase our research and

deepen our knowledge of this disease.

1.1 Discovery of Lassa fever and outbreaks

The first reported cases of Lassa fever (LF) occurred in 1969 in Nigeria on the Jos
plateau. After treating local patients, the nurses Laura Wine, Lily Pinneo and Harry
Elyea at the Jos Mission Hospital sequentially fell ill of a back then unknown disease
[2]. Laura Wine died from this unknown combination of symptoms, while Lily Penny
Pinneo and Harry Elyea were able to be evacuated to the USA, where they slowly
recovered from the Lassa fever. The Lassa mammarenavirus (LASV) itself was first
isolated by a research team around Dr. John Frame at Yale University.

Since then various countries ranging from Guinea, Sierra Leone, Liberia to Nigeria are
reporting outbreaks of LF, while reports of singular cases can also be found throughout
other West African countries [3-5].

In the past, outbreaks of LF usually occurred on a small locally contained scale, but with
increasing mobility and rising population density in West Africa the chance of an
uncontrolled epidemic spread increases. At the same time slowly rising standards of
living and hygienic standards in West Africa partially reduce the chance of transmission.
However, import of this disease via aircraft passengers makes LF also a global
concern. As a disease with major health system impact and epidemic potential LF was

prioritized by the WHO in their Research and Development Blueprints from 2015 on [6].

LASV infections occur mostly during the local dry season each year. Potential
explanations for this include that the natural reservoir host of LASV, Mastomys
natalensis, lives closer to humans, because of natural food shortages during the dry
season [7]. It is also hypothesized, that due to increased stability of LASV at low relative
humidity, virus particles could also be transmitted via aerosolized dust from Mastomys
urine [8], leaving LF a wide spread health risk in West Africa.
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1.2 Epidemiology

Most laboratory confirmed cases of LF in the last years have been reported from
Nigeria. Nevertheless, LF cases were also reported by other West African countries like
Guinea, Sierra Leon, Liberia, Mali, Benin and Togo [4, 9, 10] during the last decades.
Broad serological antibody studies of humans point towards a geographical spread of
Lassa virus (LASV) in countries like Cote d’lvoire, Burkina Faso and Ghana [11]. These
serological studies also revealed regionally high seroprevalence of anti-Lassa
antibodies in native people, indicating that the overall morbidity and mortality rates of
Lassa virus infection are lower than the hospitalization and case fatality rates suggest.
However, past nosocomial outbreaks still reached case fatality rates as high as 65%
[12].

Other viral diseases like influenza infections often show complicated disease
progression in immune compromised people like children and elderly [13]. LF cases
however are seen in all age groups and prominent in healthy adults (20-50 years),
which are usually considered to be in prime physiological condition. It remains not fully
understood if strong immunological reactions favor LF disease progression or if adults

are more prone to LASV infection, because of behavioral and sociological aspects.

1.3 Natural reservoir host Mastomys natalensis

The natural transmission route of LASV occurs from animal to human, marking LF as a
zoonosis [14]. The natural reservoir hosts of LASV are small rodents, mostly the
multimammate mouse Mastomys natalensis, but LASV has also been detected in other
rodent species like Mastomys erytholeucus and Hylomyscus pamfi[15].

Like the majority of small rodent species, M. natalensis is highly reproductive. The mice
are distributed over wide areas of Sub-Saharan Africa (Figure 1 [16]), nevertheless
LASV has only been found in West African Mastomys sp. [17]. The wide geographical
spread, high reproductivity and the feeding habits of an adaptive generalist make the
eradication of M. natalensis and consequentially of LASV by conventional vermin-

control practically impossible.
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Figure 1 Mean predicted Lassa risk map for West Africa based on Mastomys natalensis habitat
spread. Probability scale range from 0.0 (green) to 1.0 (red). Blue stars indicate LASV localities. Grey
areas are excluded from predictions due to insufficient satellite imagery (cloud cowerage) or
environmental conditions are outside the model’s limit. Image: Fichet-Calvez & Rogers 2009 [16] CC BY.

1.4 Possible transmission routes of LASV

M. natalensis is considered vermin in West African countries. These rodents can often
be found close to human dwellings, foraging for food in human storages. It is
speculated, that transmission therefore mostly occurs via food contaminated with urine
or feces of M. natalensis [18, 19]. Other sources of transmission could include direct
contact with the infected rodents’ blood during killing or contact due to hunting, trading,
preparation and consumption of M. natalensis as bush meat [20].

While most LF cases occur through spillover events from the rodent reservoir, human to
human transmissions, especially in hospital settings have been reported. LASV infected
people excrete LASV RNA in all bodily fluids including saliva, urine, feces, blood and
semen [21]. Historically, these nosocomial outbreaks rear the highest lethality rates. It
remains unclear if the disease course is worsened, because of higher inoculation titers

in human-to-human-transmission or if viral codon-adaption through human host
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passage could be responsible for the increased pathogenicity as it is being
hypothesized [22].

1.5 Symptoms of Lassa fever

The clinical symptoms of Lassa fever are ambiguous and are often mistaken for other
common tropical febrile illnesses like malaria, typhoid fever or influenza. Common
symptoms include: fever, sore throat, cough, headache, malaise, chest and muscle
pain, vomiting and diarrhea [23]. Less frequent symptoms are oral ulcers, purulent
pharyngitis, facial oedemas, petechiae and intestinal hemorrhage. These less frequent
symptoms are specific for viral hemorrhagic fevers, but are also indicators of a severe
disease progression. Additional complications of LF can arise in late infection or early
reconvalescent stages with sensorineural hearing loss [24]. In studies from the 1980s
LF in humans was associated with a leukopenia in the early symptomatic time frame,
while late severe course are marked especially by granulocytosis and expansion of
lymphocytes [25]. Levels of transaminases like AST/GOT (Aspartate aminotransferase)
are elevated in patient serum during LF, exceeding AST levels of >200 U/L in severe
cases. Another common complication of severe Lassa fever is kidney failure, marked by
rising blood urea nitrogen and creatinine levels. Early detection of renal failure allows
for intervention with dialysis, possibly increasing the patient's chance of survival [26].
The chain of events leading to death in severe LF cases is not completely understood.
Most pathological symptoms of LF can be replicated with the help of different animal
models. Studies in mice and non-human primates (NHPs) helped elucidate connections
of sensorineural hearing loss in LASV infections with T cell infiltration [27, 28].
Experiments in chimeric mice could rule out vascular leakage syndrome as a singular
cause of death by use of the fibrin-derived signaling peptide FX-06 (Oestereich et al.
information in publishing), but also showing a CD8 T cell connection with induction of
vascular leakage [29]. Even though the enrollment of animal models gives important
insights into the pathology of LASV infections, the definitive cause for lethality in LF
remains unclear; leaving cytokine storm and multi organ failure still as the major
descriptors of death [30, 31].

The described broad symptomatic and severe complications that can arise during LASV
infection make rapid and reliable diagnostic of the disease most valuable tools in correct

treatment and prevention of spread.

4
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1.6 Diagnostics, Treatment and Vaccines

In the past, specific proof of viral infections has been slow and labor-intensive, since the
virus had to be cultivated on mammalian cells to be amplified for visual conformation
using electron microscopy. The indirect detection of Lassa-specific IgM and IgG in
patient sera is another diagnostic tool, but with limited use in acute infection as the
disease can rapidly progress to lethal complications even before antibodies are
produced by the patient. The need of a progressed infection status with humoral
immune reaction makes this method thereby suboptimal for early detection and medical
intervention in newly infected patients. Direct and indirect detection methods can also
be prone to cross-reactions with other viruses [32, 33]. Nowadays, the fastest, most
sensitive and specific detection method for Lassa fever diagnostics is considered to be
reverse transcription polymerase chain reaction (RT-PCR). Quantitative reactions (RT-
gPCR) even can provide an approximated predictor of outcome, because high viremia
correlates with low survival rate [34]. Testing of sequential samples via RT-gPCR also
allows a broad categorization into the infection stages: increasing viremia, peak viremia
or clearance/reconvalescence phase. However, due to the high interstrain variability of
LASV, PCRs should be performed with variable primer sequences [35].

No generally approved drug against LASV exists; therefore, treatment is restricted to
supportive and intensive medical care and the off-label use of Ribavirin (a ribonucleic
analogon), which has shown positive effects on outcome, when administered early
during infection [36]. Researchers are screening several existing antiviral drugs for new
uses against LASV [37]. One promising and further tested drug candidate against LASV
is Favipiravir (T-705), a broad-spectrum ribonucleic analogon, licensed in Japan as an
Influenza flu medication. This compound has been shown to reliably reduce viremia of
LASV and increase survival in an in vivo mouse model and NHPs [38, 39].

Up to this point there is also no licensed vaccine against LASV infections. Neutralizing
antibodies against LASV arise only late after reconvalescence and have been shown to
impart protection against LF as shown in NHP experiments, if applied in high doses
[40]. Dependent on the targeted antigen epitope antibodies can be very strain specific
and can allow for escape mutants to arise if antibodies of a singular clone are used.
Development of an effective vaccine is a topic of ongoing research employing different
virus platforms [41, 42], focusing on inducing both a humoral and cellular immune
response. It is known, that immunity against LASV is generally possible, in vivo

experiments with attenuated reassortant virus ML29 conveyed protection against LASV
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infection [42, 43]. Absence of reports from reinfection of people, who survived Lassa
fever despite ongoing exposure risk, indicates similar protection in humans. Anecdotal
reports even provide data of long lasting specific IgG antibody production 40 years after

the last possible exposure to LASV [44].

1.7 Lassa virus

1.7.1 Lassa virus structure

LASV is a negative stranded enveloped RNA virus without a capsid and belongs to the
family of Arenaviridae. It has a variable size ranging from 60-300 nm [45, 46] and
contains electron-dense granule structures that gave the Arenaviridae its name (Latin
arena: sand). The genome of LASV is segmented and its four viral genes are encoded
in an ambisense manner. Each virion is comprised of two single stranded RNA genome
segments (S- & L-segment) as well as ofall four encoded viral proteins - NP, L, GPC& Z
proteins. The lipid envelope of the virions is host membrane derived and internally

incorporates ribosomes of the host (‘sandy’ electron-dense granules) (see Figure 2).

Figure 2 Structure of Lassa virus (LASV). Left: Electron-microscopic image of LASV budding from a
cell. Right: Schematic of the structural protein composition of a LASV virion including the S- & L-segment
RNPs. Image: C. S. Goldsmith, D. Auperin public domain; Structure schematic: adapted from Kerber et al. 2015 [47].



Introduction

Each of the virus proteins is multifunctional. They do not only represent the building
blocks of the virus replication and budding machinery, but also directly interfere with
host cell processes (see 1.12 LASV mechanisms against the immune system).

The viral RNA-dependent RNA polymerase (L protein; L: large) is the biggest of the
LASV proteins (~ 250 kDa) [48]. It is responsible for viral genome transcription and
replication [49]. The L protein utilizes a cap-snatching mechanism enabling host-derived
cap-structures to be transferred to viral RNA [50, 51] in order to initiate translation and
to protect its viral mRNA from intracellular degradation. The L protein is the least
abundant protein in the LASV virion and is usually bound to the ends of the RNA
genome segments.

The nucleoprotein NP binds to the single stranded VRNA and stabilizes it in a
ribonucleoprotein (RNP) complex [52]. High abundance of NP negatively regulates the
viral replication by degrading dsRNA and thereby probably delaying the immunological
detection via RIG-I-like-receptors [53].

The RNP and L protein together are the minimum requirement for the viral genome
replication machinery [54].

The glycoprotein precursor (GPC) of Arenaviridae forms the viral receptor for cell
surface adhesion, cell entry and late endosomal egress. LASV pre-GPC is cleaved
during virus assembly by the host subtilase SKI-1/S1P into glycoprotein 1 and
glycoprotein 2 (GP-1 & GP-2), which form the functional multimeric virus receptor and
the stable-signaling peptide, which stays associated to the receptor [55].

The smallest of the encoded viral proteins is the matrix protein Z. Not only is it the
structural matrix protein of the virion and important for budding from the cell surface, it is
also known to directly interfere with the Type | Interferon (IFN) response of the host cell,
by inhibiting the signaling of intracellular host receptors for viral RNA structures (e.g.,
RIG-I, MDA5) [56].

1.7.2 LASV genome

The bisegmented genome of LASV consists of the S-segment with a length of ~3.4 kb
and the L-segment ~7 kb in length. Each segment carries two open reading frames with
one protein being encoded in genomic orientation and the other in antigenomic
orientation. This coding strategy is also referred to as ambisense coding. The S-

segment encodes the NP and GPC protein, while the L-segments encodes the L and Z
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protein. Both open reading frames of each segment are separated by a predicted
hairpin-loop structure forming sequence, the intergenic region (IGR), which topologically
terminates transcription (see Figure 4). The 5 and 3’ ends of each RNA genome
segment additionally carry untranslated regions (UTRs), which are important cis-acting
elements [54]. Since the L protein and the NP protein, which are essential for the viral
replication machinery, are coded in negative strand orientation, LASV is categorized as
a negative single strand RNA virus by origin like the phylogenetically related segmented

negative stranded Bunyaviridae and Orthomyxoviridae [57].

1.7.3 Old World and New World arenaviruses

Up to this date the family Arenaviridae contains 41 virus species [57], subclassified into
mammarenaviruses, reptarenaviruses and newly classified hartmaniviruses.
Mammarenaviruses are classically subdivided into Old and New World arenaviruses
based on their geographical distribution (Figure 3). Representatives of the Old World
arenaviruses are e.g., lymphocytic choriomeningitis virus (LCMV), LASV, LuJo virus
(LudV) and Morogoro virus (MORV). Representatives of the New World arenaviruses
are e.g., Junin virus (JUNV), Machupo virus (MACV) and Tacaribe virus (TACV). Both
the Old and New World complexes are comprised of human pathogenic and
apathogenic viruses. A selection of the arenavirus complexes and the corresponding

diseases is listed in Table 1.
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Table 1 Selected pathogenic and apathogenic Arenaviruses. Adapted from Maesetal. 2018 and Fenner's
Veterinary Virology (Fifth Edition) [57, 59]

Geographic
Species Virus Human Disease [Natural Host
Occurrence
Genus Hartmanivirus
Hartmaniviruses
. Haartman Institute snake | captive boid )
Haartman hartmanivirus none uncertain
virus (HISV) snakes
Genus Reptarenavirus
Reptarenaviruses
) . ) ) captive boid )
California reptarenavirus CAS virus (CASV) none uncertain
snakes
] ] University of Giessen captive boid ]
Giessen reptarenavirus . none uncertain
virus 1 (UGV-1) snakes
) Golden Gate virus captive boid ]
Golden reptarenavirus none uncertain
(GOGV) snakes
tavallinen suomalainen captive boid
Ordinary reptarenavirus . . none uncertain
mies virus 2 (TSMV-2) snakes
captive boid
Rotterdam reptarenavirus |[ROUT virus (ROUTV) none uncertain

snakes
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Geographic
Species Virus Human Disease Natural Host
Occurrence
Genus Mammarenavirus
Old World Arenaviruses
Lymphocytic lymphocytic flu-like disease,
choriomeningitis choriomeningitis virus Worldw ide meningitis, Mus musculus
mammarenavirus (LCWV) meningoencephalitis
Central
Ippy mammarenavirus Ippy virus (IPPYV) African Infection, no disease |Arvicanthus spp.
Republic
Hemorrhagic fever
Lassa mammarenavirus Lassa virus (LASV) West Africa Mastomys natalensis
(Lassa fever)
. ) o Southern Hemorrhagic fever
Lujo mammarenavirus Lujo virus ] ) unknow n
Africa (Lujo fever)
Mobala mammarenavirus Mobala virus (MOBV) Zambia Infection, no disease |Praomys jacksoni
) ) o Southern ] ] )
Mopeia mammarenavirus Mopeia virus (MOPV) e Infection, no disease | Mastomys natalensis
rica
South East
Morogoro
) Morogoro virus (MORV) Africa no disease Mastomys natalensis
mammarenavirus .
(Tanzania)
New World Arenaviruses
Hemorrhagic fever | Calomys musculinus,
Argentinian L ) )
Junin virus (JUNV) Argentina (Argentine C. laucha, Akodon
mammarenavirus
hemorrhagic fever) |azarae
Hemorrhagic fever
Brazilian mammarenavirus | Sabia virus (SABV) Brazil (Brazilian unknow n
hemorrhagic fever)
Cali mammarenavirus Pichindé virus (PICHV) Colombia none Oryzomys albigularis
Chapare mammarenavirus |Chapare virus (CHAPV) Bolivia Hemorrhagic fever |unknown
. Hemorrhagic fever |Zygodontomys
Guanarito
] Guanarito virus (GTOV) Venezuela (Venezuelan brevicauda,
mammarenavirus
hemorrhagic fever) |Oryzomys spp.
Hemorrhagic fever
Machupo mammarenavirus |Machupo virus (MACV) Bolivia (Bolivian hemorrhagic | Calomys callosus

fever)

Tacaribe mammarenavirus

Tacaribe virus (TCRV)

Trinidad

none, except for one
laboratory-acquired
case systemic

disease

unknow n, possibly

Artibeus spp. bats

Whitewater Arroyo

mammarenavirus

Whitew ater Arroyo virus
(WWAV)

United States

Hemorrhagic fever

Neotoma albigula
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1.7.4 LASV replication cycle

LASV, like every virus, is dependent on host cells for replication. Entering a host cell is
hereby the first important step of the infection cycle. The most commonly used host
ligand enabling LASV to bind to a cell is a-dystroglycan. Cell infections in the absence
of a-dystroglycan have also been shown, indicating that alternative entry ligands exist
[60]. To enter a cell, the Lassa virion binds a-dystroglycan via GP1, which induces a
clathrine-dependent non-classical endocytosis of the virion. Internal pH changes in the
late endosome results in a intercellular receptor switch to the host receptor LAMP1 and
conformational changes of the GP-trimer, bringing virus envelope and endosome
membrane into membrane fusion distance [61]. This process releases the contents of
the LASV virion into the host cell cytoplasm, where viral transcription and replication
occurs.

At first, only the L protein and NP can be transcribed into mRNA restricted by the
ambisense coding strategy. Only after the antigenomic strand is produced during
genome replication, the Z protein coding gene and GPC gene are in the correct 3 to 5'-
orientation for their transcription to occur (Figure 4).

After translation by host ribosomes virus assembly occurs at the plasma membrane,
where viral RNPs, consisting of L, NP and the viral RNA are transported to. GPC is
transported via the endoplasmatic reticulum and is maturation cleaved, while Z is
interacting with the ESCRT (endosomal sorting complex required for transport)
machinery. This induces cell membrane protrusion and finally budding of the virion [62,
63].

This non-cytolytic replication cycle of LASV induces low to no cytopathic effects in most

cell lines [64].
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Figure 4 Replication and Transcription Mechanism of the ambisense Arenavirus genomes. Viral
MRNA (vmRNA) from the NP and L genes can be directly transcribed from the genome with transcription
termination by the intergenic region (IGR). Transcription of the GPC and Z genes can only occur in the

same fashion once a viral copy RNA (vcRNA) strand is replicated from the VRNA genome template.
Modified from Urata & Yasuda 2012 [65] CC BY 3.0.

1.8 Immunology

After life existed in a sufficient density on this planet, parasitism as a survival strategy
became highly viable. Being able to fend off parasitic pathogens of all kinds thereby
became an important evolutionary advantage. From unicellular bacteria, archaea and
eukarya to the big multicellular organisms of the eukarya each branch of life developed
its own kind of pathogen defense. The unison of the different pathogen defense
reactions of an organism is called the immune system. In the following basic concepts

of the mammalian immune systems will be described.

1.8.1 Hematopoiesis

Multicellularism allowed for specialization of singular cells, which also led to extensive
specialization of cells whose main purpose is the immune defense. The majority of
these specialized immune cells is generated by the bone marrow in a process called
hematopoiesis. Hematopoiesis (Greek: hemato-: blood; poiesis: to make) generates all
cell types of the blood: from erythrocytes and platelets to all different types of

leukocytes (Figure 5). The diverse types of leukocytes are overall subdivided into
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myeloid cells and lymphoid cells dependent on their progenitor cell and fulfill different
important roles.
Multipotential hematopoietic

stem cell
(Hemocytoblast)

v v

Common myeloid progenitor Common lymphoid progenitor

| |
1 R . 1
’ 0. © @ [ ]
° Erythrocyte Mast cell Natural killer cell ‘S/rna” |YQ|“IO:IYIB

Myeloblast (Large granular lymphocyte)

\ l l l T lymphocyte B lymphocyte
Megakaryocyt:a ‘) @ @ @ l
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. l Plasma cell
Thrombocytes
Macrophage

Figure 5 Simplified hematopoietic cell lineages. Cells of the blood are separated in to myeloid and
lymphoid progenitor descendants. The main constituent of the blood, the erythrocyte is of myeloid
origin, while cells of the adaptive immune system like T and B lymphocytes belong to the lymphoid
compartment. Modified from Mikael Haggstrém modified from A. Rad CC BY SA 3.0

1.8.2 The innate and the adaptive immune system

The myeloid leukocyte compartment is comprised of monocytes, macrophages,
dendritic cells (DCs), mast cells as well as different kinds of granulocytes. It is
categorized as part of the innate immune system, meaning that cells of this
compartment mostly recognize pathogens via evolutionary selected, conserved pattern-
recognition receptors (PRR) targeted against various pathogen-associated molecular
patterns (PAMPs). These cells combat pathogens by phagocytosis, release of soluble
antimicrobial proteins from granules or expulsion of DNA to form extracellular traps
kiling pathogens [66, 67].

In contrast, most of the lymphoid immune compartment is categorized as the adaptive
part of the immune system and consists of various T lymphocytes (T cells) and B
lymphocytes (B cells) subtypes as well as natural killer cells (NK cells). B-and T cells

recognize pathogens via variable receptors, which are genetically newly recombined

13



Introduction

during each lymphocyte’s maturation. This makes the system adaptive against a
tremendous range of structures the organism might encounter [68].

Once a lymphocyte contacts a pathogen or foreign structure that fits its specific
receptor, it proliferates and can also produce long-lived memory cells. Memory cells
allow for rapid targeted immunological response should the same structure be
encountered again in the future.

The types of responses between B and T cells hereby differ strongly. While B cells
begin the production of antibodies, that can neutralize, block or mark the encountered
specific antigens, T cells on the other hand are capable of directly inducing cell death in
cells presenting their specifically recognized antigen in a major histocompatibility
complex (MHC).

NK cells — the third type of lymphocyte — classically act more in an innate immunity
manner, based on germline-encoded invariant receptors. NK cells are, therefore, also
known as innate lymphocytes. In recent years however, evidence of adaptive receptor
regulation and memory reactions of NK cells has surfaced [69, 70], which further blurs
the lines between innate and adaptive immunity.

Both the innate and adaptive immune systems are interacting with each other and are
critical for efficient protection against pathogens. For example monocytes,
macrophages and dendritic cells, cells of the innate immune system, hold roles of
professional antigen presenting cells (APCs). APCs are capable of processing and
afterwards presenting phagocytosed extracellular antigens on their surface via MHCs,
where T cells of the adaptive immune system can sense them. In this way APCs can
prime T lymphocytes or elicit the help of T helper cells for the stimulation and

maturation of the APC itself by provided ligand interaction or cytokine production [71].

1.8.3 Immunological Messengers: Cytokines

Cytokines are important signaling molecules of the immune system. 66 different
cytokines are described for humans [72]. Cytokine types vary strongly in their molecular
structure and the associated responses. The responses to cytokines are overall divided
into proinfammatory and anti-inflammatory responses. Proinfammatory cytokines
regulate the expression of antimicrobial agents up, induce immune cell proliferation,
recruit other immune cells to the site and inhibit cellular metabolism. All in order to

attack foreign structures, inhibit pathogen replication, induce apoptosis in cells and to
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prevent pathogen spread. Important proinflammatory cytokines are e.g. IFNa IFNR,
IFNy, TNFa, IL-2 (interleukin-2), IL-6 and IL-8. Anti-inflammatory cytokines on the other
hand inhibit these proinflammatory responses in order to avoid undesired damage
induced by indiscriminate run-away processes of inflammation. Anti-inflammatory
cytokines facilitate antibody production, inhibit immune responses to harmless foreign
antigens and facilitate cell regeneration. Important anti-inflammatory cytokines are e.g.,
IL-4, IL-10, and IL-13. Both, proinflammatory and anti-inflammatory cytokines, are
needed for a well regulated immune response and the correct development and

maturation of immune cells [73, 74].

1.9 Mechanisms against intracellular pathogens/viruses

1.9.1 Intracellular PRRs

Evolutionary, the innate immune system is the older part of the immune system and
allows for cells to recognize pathogen structures via conserved PRRs.

One family of PRRs are the toll-like-receptors (TLRs). Different receptors of this family
are able to bind to structurally conserved molecules of pathogens. The TLR2-TLR6
heterodimer for example can recognize bacterial and fungal cell wall components,
B-glucans, while TLR4 can sense bacterial lipopolysaccharides. This allows for a first
cellular reaction against the pathogen including alterations of the cell metabolism or
secretion of chemo- and/or cytokines into the cell surroundings. Also intracellular PRRs
play an important role to fend off cell invading pathogens. TLR3, RIG-I and MDAS5 are
examples of intracellular receptors recognizing double stranded RNA molecules that
occur during replication of RNA viruses [75, 76]. These receptors are situated at the
beginning of signaling cascades that lead to activation of transcription factors like NFk-B
(nuclear factor kappa-light-chain enhancer of activated B-cells) and IRF3 (interferon
regulatory factor 3), which induce secretion of Type | interferons (IFNa & IFN@) from the

host cell to itself and to adjacent cells (Figure 6).
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Figure 6 Pathway of Type | IFN Production and Signaling. RIG-I & MDA-5 dsRNA detection (left) with
subsequent IFN production. Type | Interferon recognition (right) by the Interferon a/f receptor (IFNAR)
with translocation of phosphorylated STAT1/STAT2 dimers and resulting transcription of interferon
stimulated genes (ISG). Copyright ©InvivoGen. All Rights Reserved. https://w w w .invivogen.cony

1.9.2 The Type | IFN response

IFNa and IFNB are important messenger molecules in the early immune response.
When IFNa or IFNB bind to the extracellular domain of the membrane anchored
interferon alpha/beta receptor (IFNAR), the JAK/STAT-signaling pathway is engaged
(Figure 6), shifting the cell into an antiviral state. The antiviral state includes the
production of protective Mx-proteins [77] and increases the production of MHC
molecules and proteins of the antigen processing machinery [78, 79]. While the MHC |
molecule is already expressed by cells in a steady-state, its expression can be further
increased to present more peptides of degraded intracellular proteins on the cell's
surface to cells of the adaptive immune system. Should a cell harbor foreign proteins,
e.g. because it has been infected, the foreign proteins also get indiscriminately
processed by the antigen-presentation machinery and are then presented on the cell
surface. Cytotoxic CD8 T cells, which recognize MHC-I-presented peptides with their

peptide-specific T cell receptor (TCR), then can induce apoptosis of the infected cell.
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Thus the upregulation of MHC | molecules increases the chance of detection of the
infected cell by T lymphocytes.

1.9.3 Induced apoptosis

One of the most basal evolutionary perks in the metazoan tree of life is the controlled
apoptosis of single cells, either throughout development [80] and maturation
checkpoints [81, 82], or induced by other cells or pathogens [83]. To clear pathogens
from the intracellular space, infected host cells are readily sacrificed in a controlled self-
destruct sequence (apoptosis) for the greater good of the organism. This chosen and
orderly cell death denies obligate intracellular pathogens their replication niche. In
plants this reaction is a very common reaction since they inherited no cellular immune
system and the cell-cell-contacts are very restricted by their cell walls leaving non-
motile pathogens usually isolated and limited in further propagation [84].

Also mammalian cells can undergo apoptosis once viral infections are sensed by the
cell itself via RIG-I and MDAS [83, 85], which can be counteracted by other anti-
apoptotic signaling or by viral proteins. Another common apoptosis is induced during an
infection directly by other pathogen-surveying cells, e.g., NK cells and T cells. NK cells
are capable of surveying for pathogen-induced changes of cell surface markers (down
regulation of MHC ) on other cells or are capable of binding to antibody-opsonized cells
via a FcylllA receptor (CD16) in a process called antibody dependent cellular
cytotoxicity (ADCC) [86]. T cells on the other hand specifically survey for pathogen-
specific peptides that are presented in MHC complexes on cells. Contact-induced
apoptosis can be executed by these cells via several pathways. Fas ligand on the
effector cells, for example, can bind to the Fas receptor on the recipient cell, setting
further signal transduction into action and activating caspase 8. Caspase 8 in turn
activates other downstream caspases and induces apoptosis [87]. Furthermore direct
inducers of apoptosis can be released in the immunological synapses between effector
and target cells by the cytotoxic T cell. These pro-apoptotic caspase-pathway-inducing
granzymes are shuttled via the membrane pore-forming protein perforin into target cells

[88], which starts the self-disassembly process in the receiving cell.
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110 T lymphocytes

1101 The T cell receptor and T lymphocyte maturation

T cells like all hematopoietic cells are generated in the bone marrow, but unlike cells of
the innate immune system, T cells leave the bone marrow in an immature state. They
migrate to the thymus (T Iymphocyte = Thymus lymphocyte) to complete their
maturation. The reason for this elaborate maturation process is the highly adaptive
nature of the TCR. It can be virtually recombined to ~10'° possible clonotypes of the
receptor [72, 89, 90], but in reality much lower numbers have to be considered at single
points in time. This adaption through recombination is of a semi-random nature and
working receptors have to be selected for. The TCR consists of four domains (V, D, J,
C) each with various differing gene duplications. Genetic recombination of the domains
by the host recombinases RAG1 & RAG2 (recombination associated gene) rebuilds the
TCR randomly in each T cell with one gene for each domain. The recombined TCR is
tested on the epithelium of the thymus, if it can bind either MHC | or MHC II. T cells at
this stage express both of the CD4 and CD8 co-receptors. Only TCRs able to bind the
MHCs get positively selected, while all T cells with a dysfunctional TCR undergo
apoptosis.

The thymus is a specialized immune organ needed for T cell maturation. Cells of its
cortex express proteins, which are normally only found in other specialized tissue cells.
These proteins are degraded by the antigen-presentation machinery for presentation on
the epithelial cells of thymus cortex.

T cells with a MHC-binding TCR will survey the thymal epithelia cells and, if strong
binding of the new TCR to such a self-antigen loaded MHC occurs, the T cells receives
signaling to undergo apoptosis. This way, the negative TCR selection in the thymus
inhibits the existence of T cells, which react to self-antigens (auto-reactive) and could
thereby induce autoimmune reactions.

T cells, which survived both the positive as well as the negative selection steps during
maturation are released into the body as naive T cells where they circulate until they

encounter their specific TCR antigen epitope.
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1.10.2 CDA4 T cells

In the beginning of their maturation process T cells harbor both the CD4 as well as the
CD8 co-receptor on their surface. After positive selection to either MHC | with the CD8
co-receptor or MHC Il with the CD4 co-receptor, they will start to exclusively express
only the one relevant co-receptor splitting them into a CD4" and a CD8" T cell
population [91], which fulfill different roles in the organism.

CD4 T cells, also commonly named T helper cells, survey for specific antigen loaded
onto MHC Il on APC surfaces. During the cell-cell interaction CD4 T cells provide APCs
with cell activation/maturation signals in form of cell-ligand interactions and additional
cytokine production (e.g., IFNy) enhancing their responses [92]. Another important key
signal in the activation of APCs is the ligation of cell-surface receptors with other cell
surface ligands e.g., the APC’s CD40 interacting with CD40 ligand (CD40L) expressed
on CD4 T cells.

APCs that have been ‘licensed’ this way are more effective in priming CD8 T cells under
low inflammatory circumstances and show enhanced cross-presentation of antigens
[93, 94].

Additionally, CD4 T cell help is an important factor in the proper function of CD8"
cytotoxic T cells. Not only can CD4 T cells release chemokines to attract CD8 T cells
[95], the paracrine production of IL-2 by CD4 T cells is also critical for CD8 T cells to
pass proliferation check points during low antigen, low inflammation conditions, thereby
avoiding activation induced non-responsiveness [96]. Instances of cell-contact mediated
help of CD4 to CD8 T cells via CD40-CD40L stimulation also have been described, but
seems to be majorly facilitated by APCs [97].

CDA4 T cells not always supplement and enhance the functions of other immune cell
types. Specialized regulatory T cells can also suppress the effector functions of immune
cells in order to prevent overshooting or reactions and induce immune tolerance
(T regulatory cells), which in some cases is to the detriment of pathogen clearance [98-
100].

1.10.3 CD8 T cells
As soon as a pathogen is able to invade a host cell, it becomes untargetable by many
eradication mechanisms of the immune system, which are only targeting the

extracellular space. An important cell type against threats, which subvert extracellular
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immune responses, are cytotoxic CD8 T cells. When an activated CD8 T cell senses
peptides of non-self origin on a MHC | complex, they actively induce apoptosis via
formation of an immunological synapse with the presenting cell (see 1.9.3 Induced
apoptosis). CD8 T cells like other cells of the adaptive immune system can be
discriminated on basis of their differentiation and activation status. T cells, which have
not yet encountered their specific antigen, are considered antigen naive T cells (CD44",
CD62L"). Once activated via priming through APCs, the now primed T cells proliferate
and produce further differentiated cell progeny. Several putative models for the mode of
differentiation into effector and memory subtype haven been proposed and are still
highly debated for the past decade [101-103]. During acute infection, the most
prominent subtype are the short lived effector cells (SLECs). Characterized by
expression of cell surface markers like KLRG1 (killer cell lectin-like receptor subfamily
G, member 1), CD44, the downregulation of CD62L and the expression of effector
proteins like granzymes, perforins as well as IFNy and TNFa. These cells are able to
produce strong effector functions and are terminally differentiated losing most their
proliferative capabilities. Once an infection is cleared the SLEC population contracts,
leaving back only long-lived memory cells [104]. CD8 memory T cells are distinguished
by the expression of anti-apoptotic markers like the IL-7 receptor (CD127) and are
subdivided into effector memory (Tem) and central memory T cells (Tcm). Memory cells
are responsible for rapid recall reactions should the antigen be encountered again, this
includes effector functions as well as high proliferation responses. Tgy are usually
tissue resident, surveying the periphery and strong effector responses. Tcy on the other
hand remain in a lymphoid homing preferential status (CD62L") waiting for antigens to

be encountered and reacting by rapid proliferation to generate new effector cells.

1104 KLRG1, CTLA-4 & PD-1: immune receptors with tyrosine-based
inhibitory motifs (ITIM) and different functions

KLRG1, CTLA-4 (cytotoxic T lymphocyte associated protein 4) and PD-1 (programmed

cell death protein 1) have been identified to have inhibitory effects on the immune

responses of the expressing cells. These immune receptors share a tyrosine-based

inhibitory motif (ITIM), marked by a S/I/V/LxYxxI/V/L-motif in the cytoplasmic tail of the

receptor, that recruits phosphatases inhibiting the Akt (Protein Kinase B)-signaling
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pathway [105]. Still, the extent of their inhibitory function and their use as phenotypic
markers varies greatly between the three receptors.

Several inhibitory effects of KLRG1 on NK cells and T cells have been presented over
the last years, including inhibition of the NFAT signaling-pathway (nuclear factor of
activated T cells) as well as reduction of T cell proliferation and Ca®* influx (reviewed in
[106]). Inhibition by KLRG1 occurs spatially restricted together with TCR engagement
when KLRGT's ligand E-, R- or N-cadherin is also expressed on the surveyed cell.
However in experimental LCMV infections in vivo it was a shown that KLRG1 does only
have a negligible physiological role on CD8 T cells as infected KLRG1-deficient mice
clear the infection [107]. None the less, KLRG1 is a powerful predictor to discriminate
SLECs (KLRG1" CD127'°) and CD8 T cells that a predisposed to become memory
T cells (KLRG1"° CD127") [108].

The inhibitory receptor, CTLA-4, has been the topic of avid research in the past decade,
as CTLA-4-agonists or CD28-antagonists show potential in immune modulatory therapy
of autoimmune diseases and in transplantation settings [109]. Monoclonal CTLA-4
antagonists on the other hand can be employed against melanoma [110]. CTLA4 is
expressed on T cells and functions as a competitor to stimulation of CD28. CD28 is
expressed on T cells and transduces co-stimulating signals when bound to CD80 or
CD86 on APCs during priming events. Not only does CTLA-4 has a higher avidity to
CD80 than CD28 does and, thereby, reducing co-stimulatory potential, it also carries an
ITIM further propagating inhibitory signals instead of CD28's stimulatory ones. The
expression of CTLA-4 is transient on the cell surfaces after the activation of T cells
[111]. It strongly limits T cell proliferation and effector functions and is important for
proper regulatory T cell (Trg) function. CTLA-4 KO mice for example die within 3-4
weeks after birth of lymphoproliferative autoimmune responses [112]. In late stages of
the immune response CTLA-4 is especially upregulated on anergic or exhausted CD8
effector T cells [113] e.g. after high dose antigen stimulation or chronic stimulation.
CTLA-4 is thus often considered as a marker of inhibited T cell populations. However,
CTLA-4 can also mark normal function as it is in the case of CD4 T regulatory cells.
Additionally, CTLA-4 is also transiently upregulated after early T cell receptor
engagement [111, 114, 115].

Similar to CTLA-4, PD-1 expression is also transiently upregulated upon antigen
stimulation of T cells [116] and on exhausted T cells after chronic stimulation [113, 117].
The PD-1 ligands PD-L1 and PD-L2 are differentially expressed on cells. PD-L2 can be
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induced on APCs while PD-L1 is constitutively found on a wide variety of cells from non-
hematopoietic cells like neurons and endothelial cells to immune cells like T cells and
APCs. PD-1, like CTLA-4, is also a highly researched topic and has been the target of
several now licensed cancer treatments. Antagonizing PD-1's inhibitory effects on
effector T cells can reactivate T cells and thereby improve anti-cancer responses [118,
119]. Thus PD-1 is generally considered to be an inhibitory marker of effector T cells
and especially found on dysfunctional exhausted T cells during chronic infection or
stimulation. Additionally LCMV infection experiments have shown, that a block of PD-1
during early and late time points of infection leads to faster clearance of the infection
[116], presenting another potential scope of important PD-1 interactions during early

immune responses.

111 Macrophages and dendritic cells

Asalready mentioned; monocytes, macrophages and dendritic cells are highly important
interaction partners for the adaptive immune responses. The ability of these cells to
phagocytose antigens and process them, allows APCs to effectively prime CD4 T cells
via MHC Il and CD8 T cells via cross-presentation on MHC |. Monocytes, macrophages
and dendritic cells exist in different subtypes with partly very different functions.
Macrophages are a prime example of producers of inflammation (subtype M1) by strong
secretion of inflammatory cytokines (e.g., IFNy and TNFa), in contrast the M2
macrophage subtype is also important for healing and tissue regeneration [120].
Similarly, discussions are held over the manifold subsets of dendritic cells [121]. To
functionally differentiate the most important, only conventional DCs (cDCs) and
plasmacytoid DCs (pDCs) will be discussed here.

cDCs with CD141 expression in humans and CD8 in mice are functional considered as
antigen-cross-presenting APCs capable of effectively priming CD8 T cells [122]. pDCs
with their expression of CD123/CD303/CD304 in humans and B220 in mice are, on the
other hand often described for their antiviral functions through secretion of high levels of
type | interferons, IFN-a & -3 [123].

It is hypothesized, that in particular APCs might play a critical role in several diseases
as they are early infection targets of some pathogens [124]. Migration of the activated
APCs would thereby facilitate the dissemination of the pathogens to the lymphatic
system [125, 126].
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The duality of APCs providing essential co-stimulation and cytokine milieus to
T lymphocytes, but also escalating the infection by disseminating it, marks another
example of the double-edged nature of immunological responses. Therefore, the study
of adaptive immune responses always also has to consider the innate immune cell

responses.

112 LASV mechanisms against the immune system

The most important evolutionary trait of every virus besides replication is the evasion or
delay of immune responses of its host cell to avoid early and total eradication of the
own genetic information before propagation. For this purpose LASV has a range of
immune suppressive tools within its small genome. Two of the most prominent immune
evasion aspects are conveyed by secondary functions of the viral NP and the Z protein.
The highly abundant NP protein, e.g., suppresses replication activity by degrading
dsRNA [53]. Studies performed with LCMV also showed capabilities of arenaviral NP to
directly inhibit IKB kinase ¢ (IKKe) and the resulting IRF3 induction [127]. Also the
translocation of NF-kB is efficiently inhibited in a dose-dependent manner by NP of
pathogenic arenaviruses [128]. The Z protein of LASV on the other hand is capable of
directly inhibiting signaling from PRR-induced Type | interferon pathways through the
blockade of the double-stranded RNA sensor proteins RIG-I and MDA-5 from
transducing. The Z protein competitively blocks the CARD (caspase-recruitment
domain) of MAVS at the mitochondrial membrane [56], effectively interrupting the
signaling cascade of RIG-I and MDA-5. The ability to quench Type | interferon response
before Type | interferons are abundantly produced is a trait found throughout the

pathogenic arenaviruses.

1.13 The balancing act of immunological responses

Many immunological mechanisms from antibody- or complement-opsonization to direct
induction of apoptosis by cytotoxic T cells result in destruction of cells, which is
beneficial and wanted if it occurs on a small and organized scale. Immunological
responses are tightly regulated feedback mechanisms acting under a general Goldie-
locks principle. The immune reaction need not be too weak as it would allow pathogens

to overrun the host or enable a chronic infection. An immune response that is too strong
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or directed against harmless or self-antigens is on the other hand just as critical, since
the resulting cell damage from the reaction can be worse than the infection itself and in
worst cases can even lead to death. Strong examples are toxins that indiscriminately
overstimulate the immune system like Staphylococcus’ superantigen TSST-1 (toxic
shock syndrome toxin 1), which can induce T cell-dependent cytokine storms with
multiorgan failure [129]. Another point of immune overstimulation constitutes the
anaphylactic shock by antibody-dependent basophile and mast cell degranulation that
shut down vital function critically within very short time frames, easily resulting in the
death of the organism [130]. In case of viral infections, cytokine storm have been
reported as a severe complication often with fatal outcome as in Influenza virus
infections [131, 132]. Cytokine storms and accompanying vascular permeability
syndromes are also considered to be a key hallmark in fatal pathologies of hemorrhagic
fever viruses like Dengue virus, Ebola virus and Lassa virus [133, 134]. Fatal cases of
Lassa fever show an increased expression of proinflammatory cytokines like IFNy, IL-6,
IL-8 and the immune inhibitory IL-10 [135] (Oestereich et al. in preparation), but the
simultaneous expression and complex functional redundancies of the different cytokines
make pinpointing of specific effects difficult.

These immune pathological cases demonstrate the power the system inherits in order
to normally protect the host. Immune dysregulations are therefore an important
research topic, creating a possibility for better understanding of tight immune regulation
frame works. More and more immune modulatory therapies are introduced for cancer
and autoimmune diseases based on receptor-ligand-blocking antibodies or cytokine
application [136, 137]. Future capabilites to artificially modulate immune response might
enable medical sciences to control immune reactions in a defined manner to better
avoid adverse pathological effects. Harnessing of the power of the most versatile and
naturally complex defense mechanism that has been produced by evolution, which is
effective against bacteria, virus, fungi, parasites and cancers could solve future fears of

a post-antibiotic era.

114 Thesis Aim
Previous depletion experiments of T cells have shown a strong involvement of CD8
T cells in the severity of symptoms in the IFNARP"® bone marrow chimeric mouse model

for LASV [29]. Observed hospitalization rates of humans at our study site cluster around

24



Introduction

the age groups of young adults and adults, which could indicate a putative involvement
of detrimental immune overreactions in the clinical symptoms of Lassa fever. Even
though a high quantity and quality of immunological research regarding arenaviral
LCMV infection exists, knowledge about immune reactions to LASV is sparse. Except
for the general antiviral response mechanisms it is unknown if the genetic and
taxonomic proximity of LASV to LCMV could allow for a direct transfer of knowledge.
While the natural co-evolved host for LCMV is Mus musculus, LASV is not adapted to
mice and humans. This difference might result in differing inflammation signatures in
vivo, which in turn can lead to differences in T cell differentiation and response [138].

This thesis aims on further characterizing immune cell responses especially CD8 T cell
responses in an established small animal disease model for Lassa fever, in order to
compare the results with analyses performed on blood collected at the Irrua Teaching
Hospital in Nigeria of Lassa fever study patients. This approach could provide valuable

insight into immune cell responses associated with the manifestation of severe LF.
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Materials and Methods

2. Materials and Methods

2.1 Materials and instruments

2.1.1 Disposable Materials and reagents

Disposable materials and materials for molecular biological and microbiological
applications were sourced from Sarstedt, Eppendorf, Thermo Scientific, Greiner,
Invitrogen, Qiagen, New England Biolabs, and Fermentas.

Disposable materials and materials for cell culturing purposes were manufactured by
Sarstedt, PAA, Life Technologies, PAN Biotech, Greiner Bio One, and Biochrom/TPP
and STEMCELL Technologies.

2.1.2 Viruses

Virus strain Source

LASV Ba366 BNITM, Virology

Morogoro-Virus (MORV) BNITM, Virology

EBOV Zaire BNITM, Virology

21.3 Cell lines

Cell line Source

Vero E6 FM Vero cell line (Kidney cell line from green Friedrich-Loeffler Institut; Frankfurt
lemurs) am Main
Vero cell line (Kidney cell line from green ATCC

Vero E6 76 lemurs)

L929 Murine fibroblast cell line BNITM, diagnostic department

2.1.4 Mouse lines

Cell line Source
B6(Cg)-Ifnar1™**/J (IFNAR-/-) BNITM
B6.SJL-Ptprc®Pepc’/BoyJ (Ly5.1/CD45.1) BNITM
C57BL/6J BNITM
B6.129S7-Rag1™"1J BNITM / HPI
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2.1.5 Reagents
Reagent

Manufacturer/Distributor

Acridine Orange/Propidium lodide

Antibody Labeling Kit Alexa 647

BD Cytofix/Cytoperm Plus Golgi Plug Kit
CFSE’ Cell Division Tracker Kit

Collagenase D(from Clostridium histolytica)
DNase | (from bovine pancreas)

EDTA?

Formaldehyde (37%) stabilised with methanol
Immunoblot TMB®substrates

Lymphoprep

Mix-n-Stain Antibody Labeling Kits; CF405S & CF633
PrimeFlow Probe Sets mouse B-actin& LASV GA391 NP
PrimeFlow RNA Assay Kit

Red Blood Cell Lysis Buffer (BD Pharm Lyse)

Triton X-100

Trypan blue solution (0.4%) — Gibco'"

2.1.6 Pharmaceuticals

Logos biosystems
Thermo Fisher Scientific
BD

biolegend

Roche

Sigma-Aldrich (Merck)
Roth

Roth

Mikrogen

STEMCELL Technologies
Biotium/Sigma-Aldrich
(Merck)

Invitrogen

Invitrogen

BD

Roth

Thermo Fisher Scientific

Name Manufacturer

Enrofloxacin, Baytril'"'(2.5%) Bayer AG

T-705 (Favipiravir), biochemical grade BOC Science

2.1.7 Buffers and solutions

Name Composition

10x PBS®, pH7,5 NaCl 1,37 M
Na,HPO, 0,17 M
KCI 0,03 M
KH,PO, 0,017 M

'Carboxyfluorescein succinimidy! ester
’Ethylenediaminetetraacetic acid
°3,3',5,5"-Tetramethylbenzidine
*Phosphate buffered solution
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Name Composition
Cell culture medium with 5% FCS DMEM® 500 mL
FESE 25 mL
Penicillin/Streptomycin (100x) 5mL
L-Glutamine (100x) 5mL
Non-essential amino acids (100x) 5mL
Pyruvate (100x) 5mL
Infection/Titration media (2% FCS) DMEM or GMEM 500 mL
FCS 10 mL
Penicillin/Streptomycin (100x) 5mL
L-Glutamine (100x) 5mL
Non-essential amino acids (100x) 5mL
Pyruvate (100x) 5mL
Methylcellulose solution for overlay Methylcellulose 16.89
media dH,O 600 mL
autoclaved; stirred for 24 hours
Overlay medium for immunofocus Cell culture media with 10% FCS 400 mL
assays Methylcellulose solution 200 mL
Collagenase D stock solution Collagenase D 20 mg
(20 mg/mL) 1x PBS 1mL
DNasel stock soltution (5 mg/mL) DNase | 5mg
1x PBS 1mL
Heparin stock solution 20 U/mL Heparin (5,000 U/mL) 200 pl
HBSS buffer 49.8 mL
Heparin working solution HBSS buffer 450 mL
Heparin stock solution 20 U/mL 50 mL

*Dulbecco’s Modified Eagle’s Media

®Fetal Calf Serum, FCS
"Hank’s Balanced Salt Solution
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2.1.8 Materials for animal experiments

Material

Manufacturer

0.9% sodium chloride solution

BD Micro-Fine 0.5 mL, cannula diameter: 0,3 mm, length 8 mm
BD Micro-Fine 0.5 mL, cannula diameter: 0.3 mm, length 12.7 mm

BD Microtainer K2E Tubes

BD Microtainer SST Tubes

Cell Strainer 70 um, Nylon

Clini Tray

FACS tubes, 5 mL, 75x12 mm, PS

Fuji DRI-CHEM AST(GOT®) test chips
Lysing Matrix D

MACS MS separation columns

Mouse restrainer diameter 28.5 mm

Pan T cell Isolation Kit ||, mouse
Reflotron® GOT test strips

Roche Reflotron® Clean + Check test strips
Sarstedt Microvette K2E Tubes

Sarstedt Microvette LiHep-Gel Tubes
Sarstedt Microwvette Z-Gel Tubes
Screwcaptube2 mL

Sodium Heparin 25000 I.U./5mL

Stainless steel balls 5 mm

Sterile cellulose swabs Pur-Zellin

Surgical blades (Carbon Steel Sterile No. 11)

Fresenius Kabi
BD

BD

BD

BD

Greiner Bio-One& Sarstedt
KLINIKA Medical
Sarstedt

Fuji

MP Biomedicals
Miltenyi Biotec
Bioseb

Miltenyi Biotec
Roche

Roche

Sarstedt
Sarstedt
Sarstedt
Sarstedt

Braun

Qiagen
Hartmann
Swann-Morton

Syringe 1 mL Braun

Syringe 5 mL Braun

2.1.9 Immunofocus assay antibodies

Reagent Manufacturer
Mouse a-LASV mAB 2F1 BNITM, Virology
Mouse a-LASV/MORVY mAB 5D6 BNITM, Virology

Sheep Anti-Mouse IgG, Peroxidase-conjugated

Jackson Immuno Research

®Glutamic Oxaloacetic-Transaminase, also known as Aspartate Aminotransferase (AST)
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21.10 Flow cytometric reagents

Reagent Manufacturer
LIVE/DEAD® Fixable Blue Dead Cell Stain Kit Life Technologies
Dextramer SIINFEKL-PE Immudex

Dextramer H-2 Kb/INHKFCNL-APC Immudex

Dextramer H-2 Kb/INHKFCNL-PE Immudex

Dextramer H-2 Kb/KSFLWTQSL-APC Immudex

Zombie NIR Live/Dead Cell stain BioLegend

21.1 Cell stimulation reagents

Reagent Manufacturer
Phorbol myristate acetate (PMA) Sigma-Aldrich (Merck)
Golgi Stop (Brefeldin A) BD

lonomycin Sigma-Aldrich (Merck)
Peptide KSFLWTQSL-NH2 Peptides & elephants
Peptide LTYSQLMTL-NH2 Peptides & elephants
Peptide QAVNNLVEL-NH2 Peptides & elephants
Peptide QSAGFTAGL-NH2 Peptides & elephants
Peptide RALLNMIGM-NH2 Peptides & elephants
Peptide SAGVYMGNL-NH2 Peptides & elephants
Peptide SGYNFSLAGA-NH2 Peptides & elephants
Peptide SGYNFSLSA-NH2 Peptides & elephants
Peptide YQPSNGQYI-NH2 Peptides & elephants
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2112 Anti-mouse antibodies
Antigen Fluorophore Clone Class Manufacturer
CD3 APC 17A2 Rat IgG2b, « biolegend
CD3 FITC 17A2 Rat IgG2b, biolegend
Armenian Hamster
CD3 PE/Cy7 145-2C11 IgG biolegend
CD3 Alexa 700 17A2 Rat IgG2b, k biolegend
CD3 BV785 17A2 Rat IgG2b, biolegend
CD3 PerCP/Cy5.5 17A2 Rat IgG2b, biolegend
CD3 BV785 17A2 Rat IgG2b, k biolegend
CD4 FITC GK1.5 Rat IgG2b, k biolegend
CD4 PE GK1.5 Rat IgG2b, eBioscience
CD4 BUV737 GK1.5 Rat 1IgG2b, k BD
CD8 BV650 53.6.7 Rat IgG2a, biolegend
CD8 BUV395 53-6.7 Rat IgG2a, biolegend
CD8a APC/Cy7 53.6.7 Rat IgG2a, k biolegend
CD8a BVv421 53-6.7 Rat IgG2a, k biolegend
CD11a eFluor 450 M17/4 Rat IgG2a, K eBioscience
CD11b BV510 M1/70 Rat IgG2b, « biolegend
CD11b BV650 M1/70 Rat IgG2b, biolegend
Armenian Hamster
CD11c PE HL3 9G4, A2 BD
Armenian Hamster
CD11c BV785 N418 IgG biolegend
Armenian Hamster
CD11c PE/Cy7 N418 IgG biolegend
CD16/32 FACS Block
TruStainX - 101320 biolegend
CD38 Alexa 488 90 Rat IgG2a, k biolegend
CD44 BV510 IM7 Rat IgG2b, biolegend
CD45 APC 30-F11 Rat IgG2b, biolegend
CD45.1 PE A20 Mouse IgG2a, k biolegend
CD45.1 Alexa 700 A20 Mouse IgG2a, K biolegend
CD45.2 APC 104 Mouse IgG2a, K biolegend
CD45R/B220 BV650 RA3-6B2 Rat IgG2a, k biolegend
CD45R/B220 BV785 RA3-6B2 Rat IgG2a, k biolegend
CD45R/B220 PerCP/Cy5.5 RA3-6B2 Rat IgG2a, K biolegend
CD45R/B220 PE/Cy7 RA3-6B2 Rat IgG2a, k biolegend
CD45R/B220 FITC RA3-6B2 Rat IgG2a, biolegend
CD62L APC MEL-14 Rat IgG2a, k biolegend
CD62L FITC MEL-14 Rat IgG2a, k biolegend
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Antigen Fluorophore Clone Class Manufacturer
CD62L BV421 MEL-14 Rat 1gG2a, k biolegend
Armenian Hamster
CD103 PerCP/Cy5.5 2,00E+07 I9G biolegend
Armenian Hamster
CD103 PE-Dazzle 2,00E+07 [s[€] biolegend
Armenian Hamster
CD103 BV421 2,00E+07 I9G biolegend
CD127 PerCP/Cy5.5 A7R34 Rat IgG2a, k biolegend
Armenian Hamster
CD152 (CTLA-4) PE uUC10-4B9 IgG eBioscience
Armenian Hamster
CD152 (CTLA-4) APC UC10-4B9 [s[€] biolegend
CD161b/c (NK1.1) FITC PK136 Mouse IgG2a, k biolegend
CD161b/c (NK1.1) PerCP/Cy5.5 PK136 Mouse IgG2a, « biolegend
CD279 (PD-1) PerCP/Cy5.5 RMP1-30 Rat IgG2b, biolegend
CD279 (PD-1) APC/Cy7 29F.1A12 Rat IgG2a, biolegend
CD279 (PD-1) BV605 29F.1A12 Rat 1gG2a, k biolegend
F4/80 PerCP/Cy5.5 BM8 Rat IgG2a, « biolegend
F4/80 PE BM8 Rat IgG2a, biolegend
GrzmB PerCP/Cy5.5 QA16A02 Mouse IgG1, « biolegend
IFNy FITC XMG1.2 Rat 1gG1, « biolegend
KLRG1 (MAFA) PE 2F1/KLRG1  Syrian hamster, I1gG biolegend
KLRG1 (MAFA) PE/Cy7 2F1/KLRG1  Syrian hamster, IgG biolegend
LASV GP CF 633 1B3 - BNI/NewY ork
Florian
Krammer,
LASV GP CF 633 Nanobody02  Llama nanobody Mount Sinai
LASV NP CF 633 2B5 - BNI
Ly6C APC/Cy7 HK1.4 Rat IgG2c, k biolegend
Ly6C BV510 HK1.4 Rat IgG2c¢, k biolegend
Ly6G PE/Cy7 1A8 Rat IgG2a, biolegend
Ly6G BV785 1A8 Rat IgG2a, k biolegend
MHC Il (I-A/I-E) eFluor 450 M5/114.15.2 Rat IgG2b, k eBioscience
MHC Il (I-A/I-E) Pacific Blue M5/114.15.2 Rat IgG2b, k biolegend
Siglec-F PE E50-2440 Rat IgG2a, BD
TNFa PE/Cy7 MP6-XT22 Rat IgG1, biolegend
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2113 Anti-human antibodies
Antigen Fluorophore Clone Class Manufacturer
CD1c BV421 L161 Mouse IgG1, k biolegend
CD3 BV650 OKT3 Mouse IgG2a, « biolegend
CD3 Pacific Blue SK7 Mouse IgG1, « biolegend
CD3 BV785 OKT3 Mouse IgG2a, « biolegend
CD3 BV510 OKT3 Mouse IgG2a, « biolegend
CD4 PerCP/Cy5.5 OKT4 Mouse IgG2b, « biolegend
CD4 BV650 OKT4 Mouse IgG2b, « biolegend
CcD4 Alexa 488 OKT4 Mouse IgG2b, k biolegend
CD8a Alexa 488 RPA-T8 Mouse IgG1, K biolegend
CD8a BV510 RPA-T8 Mouse IgG1, k biolegend
CD8a Alexa 700 RPA-T8 Mouse IgG1, k biolegend
CD11c PerCP/Cy5.5 Bu15 Mouse IgG1, k biolegend
CD14 PE/Cy7 HCD14 Mouse IgG1, k biolegend
CD15 BV510 weD3 Mouse IgG1, K biolegend
CD16 BUV395 3G8 Mouse IgG1, « BD
CD16 BV711 3G8 Mouse IgG1, K biolegend
CD19 BV650 HIB19 Mouse IgG1, k biolegend
CD19 BV785 HIB19 Mouse IgG1, K biolegend
CD19 PerCP/Cy5.5 HIB19 Mouse IgG1, k biolegend
CD16/32 FACS )
Block TruStainX ) ) Plolegend
CD38 BV510 HB-7 Mouse IgG1, k biolegend
CD40L (CD152) FITC 24-31 Mouse IgG1, « biolegend
CD45RA BV711 HI100 Mouse IgG2b, « biolegend
CD56 BV605 5.1H11 Mouse IgG1, k biolegend
CD56 BV650 HCD56 Mouse IgG1, k biolegend
CD62L PE/Dazzle594 DREG-56 Mouse IgG1, « biolegend
CD69 BUV737 FN50 Mouse IgG1, BD
CD86 APC IT2.2 Mouse IgG2b, « biolegend
CD103 BV 421 Ber-ACT8 Mouse IgG1, k biolegend
CD123 BV510 6H6 Mouse IgG1, K biolegend
CD141 PE M80 Mouse IgG1, biolegend
CD152 (CTLA-4) PE L3D10 Mouse IgG1, k biolegend
CD152 (CTLA-4) PE/Cy7 BNI3 Mouse IgG2a, « biolegend
CD178 (FaslL) BVv421 NOK-1 Mouse IgG1, « biolegend
CD197 (CCRY7) BV421 G043H7 Mouse IgG2a, k biolegend
CD279 (PD-1) APC EH12.2H7 Mouse IgG1, k biolegend
CD303 PE/Cy7 201A Mouse IgG2a, k biolegend
CD304 PE/Cy7 12C2 Mouse IgG2a, k biolegend
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Antigen Fluorophore Clone Class Manufacturer
CD370 PE 8F9 Mouse IgG2a, K biolegend
GrzmB PerCP/Cy5.5 QA16A02 Mouse IgG1, k biolegend
HLA-DR BV785 L243 Mouse IgG2a, « biolegend
HLA-DR PE/Cy7 L243 Mouse IgG2a, « biolegend
HLA-DR Alexa 488 L243 Mouse IgG2a, k biolegend
IFNy FITC 4S.B3 Mouse IgG1, k biolegend
KLRG1 (MAFA) PE SA231A2 Mouse IgG2a, « biolegend
KLRG1 (MAFA) BV605 2F1/KLRG1 Syrian hamster, IgG biolegend
KLRG1 (MAFA) PE 2F1/KLRG1 Syrian hamster, IgG biolegend
Perforin BV711 dG9o Mouse IgG2b, « biolegend
TNFa PE/Cy7 MAb11 Mouse IgG1, k biolegend
2114 Instruments/Apparatuses
Name of the Instrument Manufacturer
Cell counter LUNA-FL Logos Biosystems
Flow cytometer Fortessa BD
Flow cytometer LSRII BD
Flow cytometer Guava12 EMD Millipore (Luminex)
Scale Kern
Precision Scale Sartorius
Refrigerated centrifuge; swing buckets 15& 50 mL (Rotina 420R) Hettich
Refrigerated centrifuge; 1.5 - 2 mL (5417R) Eppendorf
Thermocouple with rectal probe (BIO-TK8851 & BIO-BRET-3) Bioseb
Fast-Prep-24 - Tissue homogenator mpbio
Reflotron® Chemistry Analyzer Roche

DRI-CHEM NX500 Chemistry Analyzer Fuji

TissuelLyzer — Tissue homogenator Qiagen

Isoflurane vaporizer Univentor 410 and inhalation chamber UNO BV
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2115 Software

Software Application
FACS DIVABD Settings and recording with BD flow cytometers
FlowJo X Analyzes of flow cytometric data

Graphpad Prism 6 & 7

Microsoft Excel 2011 for Mac
Microsoft Excel 2007 Windows
Microsoft PowerPoint 2011 for Mac

Microsoft Word 2011 for Mac
Microsoft Word 2007 Windows
Thomson Reuters EndNote X7

35

Generation of graphs & statistical analyses
Table calculation

Creation of diagrams and plots
Text editor

Literature database manager



Materials and Methods

2.2 Methods

2.2.1 Immunofocus Assay (IFA)

In order to titrate potential infectious virus concentrations in samples, Vero E6 cells
grown in 24-well cell culture plates (~4.2x10* cells per well; seeded the previous day) in
supplemented DMEM were infected with the samples of interest for one hour at 37 °C
under a 5% CO, atmosphere. Each sample underwent a previous serial dilution in
approximated half logarithmic steps within a 96-well polypropylene U-bottom plate. This
was achieved by transferring 60 uL of each dilution into 130 uL of fresh medium DMEM
or GMEM (2% FCS), mixing the sample at least six times. 200 pL of the full logarithmic
dilution steps (every second dilution step) from 10° up to 10® dilutions were used to
infect the cells. The infectious inoculum was removed after 1 hour. Afterwards each well
was filled with about 1 mL of 6.6% FCS DMEM culture medium thickened with 0.933%
methylcellulose (two parts 10% FCS DMEM culture medium with 1 part methylcellulose
(2.8% in PBS)) and incubated for five days at 37 °C under a 5% CO, atmosphere.

Five days after the infection, the culture overlay medium was removed by inversion of
the plates and the 24-well plates were submerged in 4% formalin at room temperature
to inactivate the virus and fixate the cells, enabling the export out of the BSL-4 facility.
After fixation the plates were washed three times in a bucket with running tap water.
300 yL of 0.5% Triton-X100 in PBS were added to each well and incubated for
30 minutes at room temperature to permeabilize the cells. Afterwards, the plates were
washed again with water and incubated with 300 pL of blocking solution (5% FCS in
PBS) for 1 hour on a laboratory rocker. The supernatant was discarded and 200 uL of
primary antibody 1:30 (1:100 dilution when 4 °C overnight) in 2% FCS PBS was
overlaid for another incubation period of 1 hour at room temperature. Then, the plates
were again thoroughly washed with tap water three times before applying 200 pL of
peroxidase coupled sheep anti-mouse-IgG detection antibody (1:1,000 dilution) in 2%
FCS PBS for another hour of incubation on a rocker. Three subsequent washings with
water followed and later 220 yL TMB was added (1:3 dilution with PBS). The conversion
of TMB by the coupled horse radish peroxidase resulted in the development of blue
colored antigenic foci. The foci were counted manually, and titers calculated based on
the dilution steps displaying between 20 to 100 foci. In order to present data in a
logarithmic manner, results below the limit of detection were entered as 'z of the

detection limit.
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2.2.2 Generation of the chimeric mouse model

To generate a LASV susceptible immunocompetent mouse model for LASV infection,
6-8-week-old IFNAR” (B6(Cg)-Ifnar1™ ?5¢5J) recipient mice were transplanted with
C57BL/6 Ly5.1 (B6.SJL-Ptorc®Pepc’/BoyJ) wildtype bone marrow as previously
described [29].

In short: Recipient mice were gamma-irradiated with 4 Gray (~150 seconds) two times
with a time spacing of 4 hours for a total of 8 Gray. The bone marrow of Ly5.1 mice was
extracted under sterile conditions from femurs and tibiae. After red blood cell lysis,
straining (70 pm) and PBS washing the cells were manually counted. 3x10° bone
marrow cells were intravenously transplanted within 50 yL PBS into the twice irradiated
recipient mice via the retro-orbital vein plexus. For the procedure the mice were kept
under short time isoflurane anesthesia. Transplanted mice received enrofloxacin
(Baytril, Bayer) treated drinking water (0.1 mg/mL) for 6 weeks post transplantation.
Eight weeks post transplantation; blood was sampled from the chimeric mice to verify
transplantation efficiency via flow cytometry with a CD45.1-PE CD45.2-APC staining.

Animals with >85% CD45.1" PBMCs were used for infection experiments.

2.2.3 Animal housing

Work with and housing of experimental animals was subject to the German animal
welfare laws “Tierschutzverordnung” and were conducted with the permission of the
science administration “Behodrde fur Wissenschaft, Forschung und Gleichstellung,
Hamburg”, department “Lebensmittelsicherheit und Veterindrwesen” under approval
number 31/17. Animals were bred and reared in the animal facilities of the BNITM. One
week before the start of the experiment, mice were transferred in individually ventilated
cages (IVCs) into the BSL4 laboratory with pellet chow and water ad libitum. As
symptoms of infection arose around day 8 post infection (dpi), all animals additionally
received pre-wetted food pellets on height of the bedding. Cages and water were

changed on a weekly basis.

2.2.4 Infection of animals
Animals were infected with virus stocks of LASV strain Bantou 366 (LASV Ba366;
Accession: KP339063.1) or MORV (Accession: NC_013057.1-58.1) stored at -80 °C
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and harvested from infected Vero E6 cell supernatant. Infection was performed with
virus diluted in PBS to 100 or 1000 FFU per animal. Intraperitoneal infection (i.p.) was
conducted with BD Micro-fine syringes in 100 pL volume. Intranasal (i.n.) infection was
performed under short time isofluran anesthesia with 25 pL of inoculum carefully and

slowly being pipetted onto one nostril for aspiration.

2.2.5 Organ tissue dissociation

In order to dissociate tissue and cells for virus titration 10-200 mg of the organs were
ball-milled within culture media. The organ input was weighed and afterwards 1 mL of
DMEM was added. Milling occurred with either using the ceramic lysing matrix D (MP
Biomedical) in conjunction with the Fast-Prep-24 for twice 30 seconds at 6 m/s? or using
the TissuelLyzer (Qiagen) with a single 5 mm steel ball at 50 Hz for two times 6 minutes.
The samples were afterwards centrifuged at 10,000 x g for 10 minutes to remove

debris, then the supernatant was titrated.

2.2.6 Blood sampling

Small volume blood sampling of mice was performed by puncture (transversal puncture)
of the vena caudalis mediana. Falling blood droplets were collected dependent on the
application in either EDTA tubes (BD microtainer/ Sarstedt Microvette) or LiHep tube
(Sarstedt Microvette) for flow cytometric analysis, SST tubes (BD microtainer), LiHep-
Gel tubes or Z-gel tubes (Sarstedt) for analysis of serum parameters, or HBSS+heparin
(2 IU/mL) prefilled reaction tubes for virus titration from full blood. The bleeding was
stopped by applying sterile cellulose swabs (Hartmann Pur-Zellin) with pressure to the
puncture for 20-30 seconds.

Larger volumes of blood were collected by heart puncture with a syringe (BD micro-fine)
as a final bleeding step upon sacrifice of the animal after overdose isoflurane inhalation
anesthesia.

Patient blood samples were drawn with full consent of the patients by health care
professionals at the ISTH as part of the Lassa pathology study. The National Committee
of Ethics in Medical Research of Nigeria, as well as the Ethics Committee of the
Medical Association of Hamburg, approved the use of diagnostic leftover samples and

the corresponding patient data for this study as well as the collection of samples for the
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pathogenesis study of confirmed patients (permits ISTH/HREC/20171208/45,
ISTH/HREC/2017128/43 and PV3186 respectively).

2.2.7 Preparation of single cell suspensions (SCS) from mouse organs for
flow cytometric analysis
Mouse spleens and lungs were temporarily explanted in to cold PBS until processing.
Organs were cut into ~1 mm? pieces within 1.5 mL DNAse I/Collagenase D DMEM
media (final concentration: 50 Kunitz-Units/mL DNAse |, 400 U/mL Collagenase D). The
suspension was incubated at 37 °C for 25 minutes under constant agitation (1000 rpm).
Afterwards 30 L of 0.5 M EDTA was added and incubated for 5 minutes to inhibit
further digestion by ca* dependent enzymes. The organ suspension was minced
through pre-wetted 70 um cell strainers with sterile syringe plungers. Strainers were
then washed with PBS. The cell suspension was centrifuged at 300 x g for 5 minutes at
4 °C. The supernatant was discarded and the cell pellet resuspended in 5 mL red cell
lysis buffer (BD Pharm Lyse) to be incubated at room temperature for 5-10 minutes,
after which 15 mL PBS were added to osmotically stabilize the suspension. The cells

were washed twice with PBS and resuspended in 1 mL PBS.

2.2.8 Blood biochemistry analyzes

Biochemical parameters from mouse sera (SST or Z-gel tubes) were acquired using the
Roche Reflotron system and corresponding test strips (AST, ALT, etc.). Human plasma
parameters were acquired from EDTA-plasma (purple cap) using the SpotChem
platform (Axon Lab).

Sera from mice, starting 2018, were collected in LiHep-Gel tubes and analyzed with test
strips from Fuji on the DRI-CHEM NX500. If samples were out of the upper measuring
range, they were diluted with 0.9% NaCl.

2.2.9 Cell counting
Concentrations of single cells in suspension were determined by manual counting within

a Neubauer counting chamber and Trypan blue stainings or by the use of an automatic
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fluorescent cell counter LUNA-FL (Logos Biosystems) with Acridine Orange/Propidium
lodide cell discrimination stain.

2210 T cell purification

Mouse T cells were purified using the Pan T cell isolation Kit Il from Miltenyi Biotec
following the manufacturer instructions with MACS MS columns (Miltenyi Biotec). Input
cells originated from sterile spleen SCSs, which were prepared as described above.
Identical procedures were used for purification of T cells from human lymphocyte
samples from blood following the manufacturer instructions with the human T cell

isolations kits from Miltenyi.

221 CFSE labeling

If needed purified T cells were labeled with carboxyfluorescein succinimidyl ester
(CFSE) staining according to Biolegend’s “CFSE Cell Division Tracker Kit”, but using an
excess of a 15 uM solution of CFSE instead of 5 uyM to account for higher labeled cell

concentrations.

2212 Verification of purified T cells

10-20 uL of purified T cells were stained with antibodies against CD3, CD4, CD8, and
CD45.1 or in case of OT-IT cells against CD3, CD4, CD8 and B220 to verify the cell
purity. The same panels were applied to track the T cell repopulation within the blood of

transplanted animals over time.

2213 Adoptive transfers

Single cell suspensions of spleen or MACS purified CD3 T cells were transplanted in
receiver mice within 100 pL PBS through a BD Micro-Fine syringe intraperitoneally.
Transfer of OT-I T cell was done intravenously (i.v.) via the retro-orbital vein plexus in a

volume of 50 pyL with BD Micro-Fine syringes.
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2214 Peptide stimulation

In silico determined MHC-I restricted LASV peptides were ordered from Peptides &
Elephants. Peptide pools of 31 different peptides were reconstituted in water with
20-40% DMSO as a stock solution for stimulation assays of human leukocytes.
Dilutions of these stock solutions to their final concentration were generated with the
respective culturing media.

The cells were incubated at 37 °C with concentrations of 5-10 pg/mL per single peptide
for 6-24 h. Brefeldin A (1:1,000) was added during the last 6 h of incubation. Unspecific
positive stimulation controls were generated with PMA (50 ng/mL), lonomycin (2 pg/mL)
and Brefeldin A.

2215 Freezing and thawing of PBMCs

Human peripheral blood mononuclear cells (PBMCs) were concentrated at the study
site in Nigeria within a biosafety glove box. The purification procedure of the PBMCs
consisted of centrifugation and red blood cell lysis (biolegend RBC lysis (10x); BD
Pharm Lyse) including several centrifugal washing steps with PBS.

From 2018 on PBMCs were purified using Lymphoprep (STEMCELL) gradient
centrifugations in SepMate-15 tubes (STEMCELL) according to manufacturer’s
protocol.

PBMC pellets were resuspended in fetal bovine serum with 10% (v/v) DMSO and frozen
at a constant rate of -1°C-min™ down to -80 °C to be exported on dry ice to Germany for
further processing and analysis.

Thawing of the cells was conducted following the protocol of Steinberg and colleagues
from 1999 [139] as developed for sensitive hepatocytes, as its since then has been
retested as one of the best procedures in an comparative study [140]. The protocol was
later changed to the thawing method evaluated by Hgnge and colleagues analyzes on
thawing of PBMCs in 2017 [141], describing the biggest cell viability factor during
thawing being a rapid thawing process with warmed media. This was adapted for our
samples with the addition of DNAse (50 Kunitz-Units/mL) within thawing and washing

media to reduce cell clumping.
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2.2.16 Flow cytometric staining of cells

Previous to live-dead staining, RBCs were lysed or Lymphoprep-purified PBMCs were
resuspended in PBS. For live-dead staining cells were incubated with fixable dead cell
permeable amine-reactive cross-linker fluorophore couplers (LIVE/Dead fixable Dye
thermoFisher, or Zombie dyes biolegend) for 10-15 minutes at room temperature in the
dark. Afterwards the cells were washed with serum-supplemented FACS buffer to react
left-over amine-reactive couplers prior to addition of antibodies. The cells were pelleted
at 300 xg for 5 minutes to be then resuspended in 20 yL unlabeled Fcy-receptor
blocking antibodies anti-CD16/CD32 (1:100 predilution) (TruStainX biolegend, mouse or
human) for 10 minutes at room temperature. Finally 30 yL of 1.66-fold fluorescent
staining antibody mix were added and incubated at 4° C for one hour or 30 min at room
temperature to be then washed with FACS buffer and resuspended in 400 pL
fixation/permeabilization buffer (BD Cytoperm/Cytofix) with additional 4% (v/v)
formaldehyde supplemented for fixation and inactivation of viruses. The cells were fixed
for 1 hour at room temperature before being washed with FACS buffer twice or with BD
Perm/Wash if intracellular staining was to be performed. Intracellular staining antibodies
were diluted in 50 yL BD Perm/Wash buffer and incubated with the samples for 30
minutes at room temperature. Afterwards the cells were washed twice with Perm/Wash
buffer to be afterwards resuspended FACS staining buffer. FACS gatings were applied
under exclusion of dead cells and doublets (Gating Strategies: murine T cells
(Supplemental figure S1); murine myeloid cells in lung (Supplemental figure S2); murine
myeloid cells in spleen and blood (Supplemental figure S3); human T cells
(Supplemental figure S5); human myeloid cells (Supplemental figure S5); human DCs

(Supplemental figure S6).

2217 Cell count extrapolation per organ

Cell counts were calculated in two different ways. Blood samples were extrapolated to
cells'mL" by recording the volume of the blood used for staining as well as defined
volumes of counting beads (biolegend precision counting beads).

For spleen and lungs cell concentrations were determined prior to staining using a cell
counter (Luna-FL). Total volumes of single cells suspensions as well as the volume of
suspension used for staining were noted. Counting beads were used to assess the cell

loss occurring in the staining procedure and recording of cells.
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2218 PrimeFlow RNA hybridization assay

PrimeFlow RNA hybridization assays were performed on LASV Ba366 infected murine
L929 cells (MOl 0.01 harvested 4 dpi) according to manufacturer’s instructions. Slight
protocol adaptations were required for inactivation and fixation of pathogenic samples.
After the first RNA fixation and subsequent washing steps with RNA permeabilization
buffer with added RNAse inhibitors, the cells were spun down at 800 x g for 5 minutes
at 2-8 °C to be resuspended in BD Cytofix/Cytoperm fixation buffer supplemented with
additional 4% formaldehyde, and incubated for 60 minutes at room temperature. After
the inactivation step the cells were spun down again and were washed twice with
PrimeFlow permeabilization buffer with RNAse inhibitors before continuing with
intracellular staining and the standard manufacturer instructions. LASV GA391 NP
hybridization probes were used for detection together with murine -actin probes as a
positive control probes to verify successful signal amplification reactions. Uninfected

L929 cells were used as negative control samples.

2219 Software based analysis

Flow cytometric analyses were recorded using BD FACS Diva and analyzed in FlowJo
10.6 (FlowdJo,LLC).

Graphical and statistical analysis was performed using Prism Versions 6 and 7
(Graphpad)

Data organization and clean up was performed using Excel 2011 Mac (Microsoft)

Bibliographic management was executed using Endnote X7 (Thomson Reuters).
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3. Results

R®® mouse model

3.1 Immunological analysis of T cell reaction in the IFNA
for LF
Immunological data on LASV infection is sparse due to the complexity, efforts and costs
of BSL4 experimentation. A few small animal models for LF exist, e.g. guinea pigs
models, which have to be infected with passage adapted strains of LASV or immune
incompetent mouse models showing defects in Type | immune responses are
employed. This bears problems in studying immune cells and their responses during
LASV infection, because immune incompetent mice do not reflect natural phenotypes
and many immunological tools are not available for guinea pigs. Oestereich and
colleagues established a model to study fatal LF in hematopoietic competent bone-
marrow chimeric IFNAR” mice with C57BL/6 bone marrow, showing a link of a-CD8-
antibody treatment with significant alleviation of symptom severity despite absence of
any virus clearance [29]. In order to further the insights into this topic, focus of this study
was concentrated on the role of CD8 T cells in this model including their phenotypes

and their influence.

BL6 mice

3.1.1 Infection via the intranasal route effectively infects IFNAR
In the published infection model for LASV, IFNARP-® mice were infected via a
intraperitoneal route (i.p.) [29]. To mimic a more natural transmission route in humans,
mice in this study were infected intranasally with LASV (i.n.), causing an exposition of
the mucosal membranes of the nasal passage and the pharyngotracheal space.
Additional exposition of the esophagus and digestive tract could also not be excluded
as i.n. application sometimes triggered swallowing reflexes. Intranasal MORYV infection
was chosen as a comparison to LASV, as MORYV is a human non-pathogenic closely
related arenavirus also found in M. natalensis. Differences between both infections

might reveal LASV-specific immune pathogenic reactions.
Mice infected with 1,000 FFU LASV i.n. displayed the identical disease symptoms as

previously published for i.p. infected mice. Abort criteria were reached between nine to

ten days post infection, which following were defined as end time points.
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Following the infection, the body weight of LASV infected animals started to decrease
by 6 dpi until euthanasia criteria were reached at 9 dpi and 10 dpi, the analysis end
points (Figure 7 A). No significant loss of body weight occurred in the MORV or mock
infected groups. Mice infected with LASV showed elevated body temperature at day
seven post infection with a subsequent drop at 9 dpi or 10 dpi in moribund stages
(Figure 7 B). Body temperatures of MORV and mock infected individuals did not change
over the course of infection. Serum AST concentrations started to rise at 7 dpi only in
LASV infected individuals, rising until sacrifice in the late stages of disease (Figure 7 C).
By 7 dpi all LASV infected animals showed pronounced viremia in blood at
approximately 10* FFU/mL (Figure 7 D). Detection of viral titers in MORV infected
animals in blood and organs was less consistent. Only individual animals displayed
detectable MORYV infections. Viremia in blood for MORV was only detectable for one
animal at day seven post infection (Figure 7 D). Additionally, high MORV organ burden
of >10* FFU/g was only encountered in spleen and lung of a single individual at 9 dpi,
while samples of other MORV positive animals only had titers of approximately 10°
FFU/g (Figure 8). In the organs of LASV infected animals low titers of infectious virus
became detectable in some mice earliest at the sacrifice time point at 5 dpi while all
LASV-infected animals sacrificed at 7 dpi were positive in spleen, lung and liver. LASV
titers reached 10° FFU/g and more in spleen and lung tissue (Figure 8).

Taken together, using the intranasal route for the infection of the IFNAR®® model has
proven effective in productively infecting IFNAR®"® mice and recapitulating the LF
disease symptoms also seen in the i.p. infection of the model. However, using the i.n.
infection route greatly reduced the detectable infection efficiency of MORV compared to
LASV in this model.
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Figure 7 Physiological mouse parameters during LASV and MORYV infection.
IFNAR®' were inoculated i.n. with LASV or MORV or mock infection (1,000 FFU). Animals
were sacrificed at predestined time points 3, 5, 7, 9 and 10 dpi. (A) Body weight of LASV or
MORYV infected animals, only LASV-infected mice lose weight beginning 6 dpi. (B) Body
temperature of LASV-infected mice is elevated after 5 dpi with a critical temperature drop at
10 dpi. (C) LASV infected mice show elevated AST serum lewels at late time points indicating
tissue damage. (D) Titration of infectious virus particles in the blood show first detection of
LASV at 5 dpi and increasing viremia with time progression; MORYV infections mostly remain
below the detection limitin the blood. Pooled data of 4 experiments; Data shows mean +SD
(+replicates).
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3.1.2 Characterization of CD8 T cell responses in bone-marrow chimeric

IFNAR®® mice to LASV and MORY infections
Previous experiments of Oestereich and colleagues indicated an involvement of CD8-
positive cell populations in immune pathological processes, as depletion with a-CD8-

antibody significantly reduced the observed LF symptomatology in the IFNARB-®

mouse
model. Under the hypothesis of a potential causation of the pathology through
CD8 T cells during the LASV infection, any involvement of CD8 T cells had to be
reflected within their immunological phenotype. Therefore potential activation and
inhibition statuses of T cells were analyzed using flow cytometry. Immunological
reactions of IFNAR®" mice to i.n. LASV inoculation were compared against the reactions
to the non-pathogenic MORV and mock infected control animals at early (3 & 5 dpi),
intermediate (7 dpi) and late (9 & 10 dpi) time points of infection.

Flow cytometric analyses of the activation markers over the course of infection revealed
the appearance of a strongly defined (>70%) CD8 T cell (CD44" CD62L") population
(Figure 9 A) in the spleen and lung nine days post infection. The activation phenotype of
CDS8 T cells was delayed compared to the onset of symptoms with weight loss starting
seven days post infection but coincided the emergence of severe symptoms of the
disease. Infection with MORYV did not induce an increase in the CD8 T population at 9
dpi compared to the mock control (Figure 9B). The calculated total number of
CD3 T cells in the lung was decreased at 9 dpi compared with the mock control and
might have had a trend of returning towards mock levels in the moribund stages at 10
dpi (Figure 9 C). At the same time, an overall trend of T cell reduction from the spleen
was observed even though it remained unclear, whether this was due to exfiltration or
apoptotic cell loss. The measured reduction of T cells in the organs indicated that the
occurrence of the prominently activated CD44" CD62L" CD8 T cell population could
have arisen either from an overall phenotypic shift of the CD8 T cells or from an
expansion of LASV-specific CD8 T cells with a simultaneous exfiltration or cell loss of

unspecific T cells.
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Inflammatory T cell responses usually are characterized by strong expansion of specific

T cells, leading to the generation of terminally differentiated SLECs, which make up the

majority of the cells undergoing apoptosis in the contraction phase of the immune

response.

In this mouse model,
CD8 T cell population expressed KLRG1 by day nine post infection with LASV (Figure
10 A&B), identifying these cells as SLECs.
Additionally, research for Ebola had shown that fatal cases of Ebola virus disease

approximately a third in lung and a fourth in spleen of the

correlated with a significant increase in the expression of the inhibitory markers PD-1
and CTLA-4 on CD8 T cells [142].

49



Results

In the investigated i.n. infection with LASV the proportion of CD8 T cells expressing the
inhibitory surface marker PD-1 rapidly increased with the occurrence of the shift to the
Terr and SLEC phenotypes at 9 dpi. The proportion of CD8 T cell expressing PD-1 even
further escalated in the lung up to 10 dpi (Figure 10 A&B). PD-1 was co-expressed on
KLRG1" CD8 T cells indicating the possibility of effector functions ceasing and
exhaustion in these cells. The expression pattern of KLRG1 and PD-1 co-expression
was more pronounced in the lungs (Figure 10 C) with 9.0% (7.2 SD) of CD8 T cells co-
expressing KLRG1 together with PD-1 at 9 dpi and 16.8% (7.1 SD) at ten days post
infection (Figure 10 A&B). The emergence of the T cell inhibitory marker CTLA-4
reflected the same progression as already seen for PD-1. CD8 T cells started CTLA-4
expression by day seven post infection. Up to day ten post infection the majority of
CD8 Tcells (77.7% +21.6 SD) were expressing CTLA-4 (Figure 10 D), while only
4.2% (£1.0 SD) of CD8 T cells were CTLA-4 positive in the lung during early infection (5
dpi) or in mock infected controls. CD8 T cells of the spleen reacted very similar with
31.3% (x20.2 SD) of CD8 T cells expressing CTLA-4 at 9 dpi and 71.7% (£26.3 SD) by
day ten of the LASV infection, displaying that this reaction was not locally confined.

The T cell reactions of MORYV infected animals did not vary as greatly over the course
of the infection (Supplemental figure S7). While MORYV infection also led to an activation
of CD8 T cells in lung and blood, only a minor induction of CTLA-4 in the spleen was
observed. Interestingly PD-1 was only transiently expressed on CD8 T cell at 7 dpi. In
LASV infection, however, strong shifts of CD8 T cells to a highly activated SLEC
together with the expression of co-inhibitory factors like CTLA-4 and PD-1 point towards
a possible overstimulation and subsequent inhibitory regulation of this cell type. Despite
the expression of inhibitory factors on the CD8 T cells in the late stages of disease the
observed pathology in the mice still progressed on until abort criteria were reached.

Knowing the extent of the overall CD8 T cell response, it was important to fully grasp
the nature of the reactions of LASV-specific cytotoxic T cells. Unfortunately however, all
attempts to characterize the phenotypes of LASV-specific CD8 T cells via the use of
tetramers loaded with the oligopeptide KSFLWTQSL (part of GPC sequence: good in
silico binding prediction ICso: 56.54 nM (artificial neural network: IEDB)) and the
oligopeptide INHKFCNL (part of NP sequence: immunogenic in IFNy-ELISPOT)
showed insufficient and unspecific staining, thereby not allowing for direct answers on

the role of LASV-specific CD8 T cells during the infection.
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Figure 10 Upregulation of KLRG1 and PD-1 on CD8 T cells
during LASV infection.

Mice infected i.n. with LASV or mock-inoculum (M) were
sacrificed at days 2, 3, 5, 7, 9 & 10 dpi. Flow cytometric KLRG1
(orange) and PD-1 (teal) phenotyping on CD8 T lymphocytes of
the lung (A) and the spleen (B) during LASV infection shows
increase of KLRG1*, PD-1" as well as double positive (peach)
CD8 T cells in the late stages of disease. (C) Representative
KLRG1 vs. PD-1 staining in the lung over different time points of
infection within one experiment. (D) Upregulation of CTLA-4 on
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the inhibitory marker PD-1. Data shows mean +SD (+replicates).
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3.1.3 LASV-unspecific CD8 Tcells show only miniscule bystander
activation in vivo
Failing to directly stain LASV-specific T cells with tetramers lead to an approach of
characterizing the opposite. Guaranteed LASV-unspecific T cells of transgenic OT-I
T cells were to be characterized in two different animal model approaches to fathom the
involvement of unspecific bystander activation of cells during the infection.
OT-I mice only express a single transgenic T cell receptor specific for the
MHC | (H-2K®)-restricted SINFEKL peptide, which is part of ovalbumin. OT-IT cells
therefore cannot directly react to LASV infection and are thus guaranteed LASV-
unspecific. Should activation of OT-I T cells in IFNAR®"® still occur, is this an indicator
for unspecific bystander activation of T cells by the environmental inflammatory milieu
during the infection.
In the first approach chimeric IFNAR®"® mice were provided i.v. with 1.3x10” adoptively
transferred MACS purified OT-ICD3 T cells one day prior to the infection with LASV.
The second approach employed the use OT-I mouse bone marrow in the generation of
multi-bone-marrow-chimeric mice generating chimeric IFNARP-®*°T" mice. After
repopulation, the generated mice harbor matured T cells of three different genotypes:
wild type (Ly5.1) T cells, SINFEKL-restricted OT-I T cells and a small leftover minority
of immune impaired IFNAR™ T cells. All three genotypes could be distinguished based
on phenotypic markers. Hematopoietic wild type cells expressed CD45.1, while cells of
OT-l and IFNAR™ did not. Additionally, OT-I T cells could be identified by SINFEKL-
tetramer staining.
The introduction of additional OT-IT cells to the established IFNARP-® animal model via
adoptive transfer shifted the disease induced weight loss by half a day ahead within this
small sample size (n=5) (two-way ANOVA of cubic regression models) compared to the
normal INFAR®"® mice or IFNARP-¢*°T! mice, which both did not differ from each other.
(Figure 11 A) (Supplemental table S1).
Prior to the adoptive transfer into the recipients, OT-I T cells were labeled with CFSE
staining enabling flow cytometric tracking of the adoptively transferred OT-I T cells and
estimations of the number of cell divisions they underwent since labeling. To test for
infection unrelated influences on the adoptively transferred T cells, one recipient mouse
was solely mock-infected.
Within the inflammatory milieu of LASV-infected mice, transferred OT-I T cells showed

enhanced proliferation compared to the steady-state milieu of an uninfected mouse
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(Figure 11 B). Based on SIINFEKL-loaded tetramer staining even OT-I T cell could be
identified, which had proliferated sufficiently to dilute the CFSE signal for identification.
Of the adoptively transferred OT-IT cells a smaller fraction expressed the SLEC marker
KLRG1 (22.5% +13 SD) in the lung compared to the CD45.1 wild type CD8 T cells in
the same mouse (32.7% +5.2 SD) (Figure 11 C&D). While the extent of KLRG1-postive
CD8 T cells in the blood (Supplemental figure S8 A) behaved similar to the lung (OT-I:
17.7 £10.4 SD; CD45.1: 31.7% £10.9 SD), OT-I T cells of the spleen showed virtually
no induction KLRG1 expression (OT-I 1.5% 0.4 SD; CD45.1: 25.1% 9.8 SD)
(Supplemental figure S8 B). A smaller portion of the OT-IT cells downregulated CD62L
compared to CD45.1" CD8 T cells in the lung (OT-I. 44.6%%10.2 SD; CD45.1:
18.5%+7.9 SD). Downregulation of CD62L on the transferred OT-IT cells, however,
was still stronger compared to immune incompetent IFNAR™ T cells (Figure 11 C). High
percentages of OT-1 T cells did express Granzyme B in the lung (77.0% +17.0 SD) as
did the CD45.1 WT CD8 T cells (58.2% +11.3 SD), while the IFNAR” CD8 T cells within
every animal remained mostly Granzyme B negative (3.9% +3.0 SD) in the late stages
of infection (Figure 11 E).

ARBLE*OT mixed bone marrow

Interestingly, retesting for bystander activation within IFN
chimeras led to different results. In IFNARBY®*°T! mixed bone marrow chimeras,
CD8 Tcells of each of the three different genotypes matured in the identical
environment and were not manipulated ex vivo minimizing externally induced
influences. The disease progression of LASV infection in IFNARB-°*°T! behaved
identical to normal IFNAR®"® bone marrow chimeras (Figure 11 A (grey triangle)), and
yielded far greater recoveries of OT-IT cells during flow cytometric analysis than the
previous adoptive transfer experiment. The activation of OT-I T cells previously seen
during the adoptive transfer experiment did not occur within this experimental setup.
OT-IT cells of IFNARB-6*°™ mice did neither downregulate CD62L to display a SLEC
phenotype (Figure 12 A) nor was KLRG1 expression on OT-I T cells induced (Figure
12 B) during the infection. Meaning that the partial activation observed in the adoptive
transfer experiment might have been an artifact due to unknown confound variables
introduced by magnetic cell sorting, the CFSE staining and the adoptive transfer of the
OT-I T cells.

The results of the IFNARP'**°™! model showed that guaranteed LASV-unspecific
endogenously matured OT-IT cells were not activated during a fulminate LASV
infection, in which wild type CD45.1 cytotoxic T cells were highly activated. This
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unresponsiveness of LASV-unspecific T cells shifted the research focus to the
involvement of LASV-specific CD8 T cells.
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Figure 11 Partial activation of adoptively transferred OT-l T cells in IFNAR®"°split by T cell
genotype origin.

(A) Neither transfer of OT-I T cells (solid black square) nor transplantation of OT-I bone marrow (grey
triangle) did influence weight loss during infection. (B) OT-l T cells in the lungs of LASV infected
animals underwent more cell divisions. (C) CD62L downregulation and (D) KLRG1 upregulation in the
lung (9 dpi) depicting differing activation based on genotype after adoptive transfer during infection.
(E) Representative CD8 T cell dot plot of an infected animal’s lung 10 dpi; (blue) wild type reaction,
(orange) IFNAR™ reaction, (red) OT-l reaction in the same host; Data shows mean +SD (+replicates).
Multiple t-test (9 dpi), two-tailed, adjusted p-values with Dunn’s correction, n.s.: p>0.05.
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Figure 12 No bystander activation in IFNAR®-**°"" bone marrow chimeras.

(A) No induced activation phenotype on endogenously matured OT-I CD8 T cells during LASV
infection in the lung (9 and 10 dpi pooled). (B) KLRG1" SLEC phenotype of OT-I T cell previously
seen after adoptive transfer is completely diminished despite a fulminant LASV infection being
present. Data shows mean +SD (+replicates).

3.1.4 Adoptive transfer of spleen single cell suspension does not induce
-

immune pathologies in immune incompetent RAG1™ mice
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Figure 13 Experimental design of the adoptive transfer into RAG1™ mice.

IFNARP donor and RAG1™ recipient mice are inoculated with LASV or PBS at the same day. At 7 dpi
donor mice are sacrificed and spleen single cell suspension adoptively transferred into infected or
uninfected RAG1™" mice. RAG1” are bled at 8, 11, 14 & 18 dpi to measure T cell repopulation, viremia

and serum AST-values. Recolored mouse graphic from original vector graphic by Gwilz (wikimedia) CC 4.0 BY
SA.
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Published experiments [29] argue for a putative CD8 T cell induced immune pathology
in LASV infections, as CD8-depleted mice do not show LASV-dependent symptoms or
disease progression despite high viral titers. Immune incompetent mice like SCID and
RAG1 mice display a similar absence of symptoms as CD8-depleted IFNARP-® mice.
On ground of generating evidence towards the involvement of the hematopoietic
immune system in the induction pathologies, RAG1” mice, which do not generate cells
of the adaptive immune system, received a transfer of 5x10° cells of spleen single cell
suspension i.p. at seven days post infection (Figure 13). Usage of spleen single cells
from synchronized infected donors ensured the transfer of already LASV-primed T cells
as well as already LASV-antigen presenting APCs from the IFNARP-® mice to the
recipient mice. As a control, one group of RAG1” mice received donor spleen single
cell suspension originating naive C57BL/6 wild type mice (naive) to test whether
priming of T cells and antigenic presentation of APCs was still important at advanced
stages of the disease with viremia (7 dpi).

Flow cytometric analysis of blood from receiver RAG1” mice was performed 1, 5, 7 and
11 days post transfer to track T cell fate and expansion. One day after transplantation,
an influx of CD3 T cells in the blood was measured. The number of CD3 T cells in the
blood decreased at the following two sampling time points - 5 dpi and 7 dpi - indicating
the T cells either disseminating from the blood into tissue or being partially depleted
(Figure 14 A). Eleven days post transplantation (18 dpi) the proportion CD3 T cells in
the blood expanded in all groups, except the infected mice, which also received a
transplant from LASV-infected immune competent donors (LASV+primed) (Figure
14 A). The transplantation of spleen single cell suspension, which included many
different cell types of the innate as well as the adaptive immune system, was not able to
induce any immune pathology. Weight, temperature and overall appearance and serum
AST levels did not significantly worsen over the course of infection (Figure 14 B&C)
even though viremia was high during the course of infection (Figure 14 D) as well as the
viral organ burden at time of sacrifice (18 dpi) (Figure 14 E). Even mock-infected mice,
which received their cell transfer from infected mice showed detectable viremia and viral
organ burden by day 18 post infection (eleven days post transplantation), inadvertently
reapproving the sensitivity of immune compromised animal models for the amplification

and detection of low amounts of pathogens.

56



Results

A adoptive
transfer

110- :

=

—

S

2

£ 100

>

°

o

o
90

0 2 4 6 8 10 12 14 16 18
days post infection

@

adoptive
6- transfer

viremia [log,o, FFU/g]

1 T T T T T T T

0 2 4 6 8 10 12 14 16 18
days post infection

m

virus titer [log,, FFU/g]

spleen kidney Ii\;er heart

adoptive
320- tranisfer
—, 160+
<
= 80
-
(2}
<
40+
20 T
0 2 4 6 8 10 12 14 16 18

O

CD3* [% in lymphocyte gate]

= LASV + primed == Mock + primed

= LASV + naive

=3 Mock + naive

days post infection

adoptive
transfer

304 wild type level - ...................................
204

10+

A
0 T T T T T T T T

0 2 4 6 8 10 12 14 16 18
days post infection

-8~ LASV+primed
=@ LASV+naive

+ no transfer .

=X Mock+primed
V+ Mock+naive

Figure 14 Adoptive transfer of spleen SCS into infected RAG1™ mice does not induce

pathologic infection.

Infected RAG 1" mice received spleen immune cell transfer from infected IFNAR®" (primed) or naive
wild type donors (naive) at 7 dpi but failed to exhibit disease symptoms. Weight progression (A) and
serum AST concentration (B) do not indicate pathological symptoms despite viremia (C) in LASV
infected RAG1™ mice with primed immune cell transfer (black, solid line) or naive immune cells (dark
grey, dashed line). T cell repopulation occurs only >10 days after transfer in the blood (D), except
infected animals with transfer from also infected donors (LASV+ primed: solid line). (E) High LASV
organ titers upon sacrifice 18 dpi even in mock-infected animals with primed immune cells (teal).
Data shows mean +tSD n=3; Mann-Whitney test compared to Mock+naive (18 dpi), two-tailed,
adjusted p-values with Dunn’s correction, AST 1gqmn.s.. p>0.05.
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3.1.5 Adoptive transfer of MACS purified CD3 T cells into RAG1™" recipients
does not induce immune pathology

To specify the transferred cell types and to rule out transfer of insufficient amounts of

transferred T cells, 2x10° MACS purified CD3 T cells from IFNAR®"® mice were directly

transferred i.p. into RAG1” mice at 4 dpi. The purified T cells were sourced from

animals, which were infected parallel to the RAG1" mice with LASV or just mock-

infected, four days prior. A period of four days of pre-incubation was chosen, because

RB® model

the time point was situated prior to any observable pathology in the IFNA
and marks the earliest time point LASV can be detected in the blood of individual
animals. This implicates that lymphoid tissues have been sufficiently exposed and
encountered the virus antigen by 4 dpi, giving CD8 T cells had ample time (>24 h) for
their priming reactions on DCs. As a control, naive T cells were transplanted to another
group to test, whether prior T cell priming in IFNAR®"® was mandatory or sped up T cell
reactions in RAG1™ recipients.

Overall health status, weight, body temperature (not shown) and serum AST levels of
the mice stayed within normal ranges during the infection (Figure 15 A & B). Viremia
was detectable in all actively infected animals at day seven post infection (3 days post
transplantation). Mock-infected mice, which had received transplants from LASV-
infected bone-marrow chimeric mice, displayed viremia beginning at day six post
transplantation (11 dpi) (Figure 15 C). Flow cytometric analysis of blood showed a slow
repopulation of CD3 T cells up to one week after transplantation (11 dpi) with rapid
repopulation occurring in the weeks after (16 & 22 dpi) (Figure 15 D). The proportion of
activated KLRG1 expressing CD8 T cells (Figure 15 F) and CD4 T cells (Figure 15 G) in
spleens at 24 dpi did not differ between the groups displaying the same levels as
uninfected mock mice. Only uninfected mock mice with naively transplanted T cells
displayed a trend of fewer PD-1" CD8 T cells (Figure 15 F, light blue), implicating that
the high viral loads at the time point of sacrifice might have induced T cell exhaustion
independent of prior antigen exposure of the T cells in the original donor. Transfer of
primed T cells from infected IFNARP"® into mock-infected animals also resulted in the
same activation phenotype of the T cells as seen in the actively LASV-infected groups.
Over the course of the experiment a delayed virus replication became imminent in these
animals (Figure 15 C Mock+primed: grey triangle), caused by the T cell transfer despite

the numerous washing steps during the T cell purification.
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Adoptive transfer of CD3 T cells into hosts, which were otherwise devoid of these
populations, did not result in a pathologic disease during LASV infection. It remained
unresolved whether the LASV antigen abundance or the slow and late repopulation of
the CD3 T cells created by the experimental design could have caused a form of anergy

or exhaustion in the T cells as indicated by the slight increase in PD-1" CD8 T cells.
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Figure 15 CD3 T cellsalone do notinduce LF
symptoms.

LASV- or mock-infected RAG1™, which received 2x10°
pan-T cells transferred at 4 dpi do not show disease
symptoms during infection in any group as marked by
stable weight progression (A) and serum AST-levels
(B). (C) Viremia is present in all actively infected mice
by 7 dpi independent of Tcell priming. Even the
washed and MACS’d T cells alone from infected
animals were able to infect recipients of the mock
group (Mock+primed: grey triangle). (D) Repopulation
of T cells only occurs >1 week past transfer. (E) High
virus titers were consistently detectable in organs upon
sacrifice at 24 dpi. (F) CD8 Tcells show SLEC
phenotype with PD-1 being also upregulated. (G) PD-1
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3.1.6 Repopulation of T cells after adoptive transfer might clear low dose
infection without induction of immune pathologies

In order for a T cell repopulation to take place before infection, RAG1” mice received

2x10° MACS purified CD3 T cells ip. seven days prior to infection (-7 dpi). The

transferred CD3 T cells originated either from naive IFNARP-® mice or from

reconvalescent IFNARB®

mice, which survived LASV infection after T-705 treatment
and were immunologically protected (as shown through survival of a later rechallenge
without any disease symptoms). These T cells are in the following called ‘experienced’.
Because already low infectious titers of LASV effectively replicated in RAG1” mice, the
infectious inoculum at O dpi was reduced to 100 FFU i.n. to lower the abundance of
LASV antigen following the infection and to avoid the generation of anergic or
exhausted T cells. Over the course of the infection all animals remained healthy (Figure
16 A). Longitudinal FACS analysis of blood to track T cell repopulation revealed
insufficient repopulation in several animals (data not shown, animals excluded from
original groups for analyses). The remaining count of animals allowed for analysis on
individual basis (Table 2). None of the animals with successful T cell repopulation
developed viremia (individuals: A, B & C), while all animals without successful T cell
repopulation did (Figure 16 C). Despite no viremia being present, low viral organ burden
was found in liver, heart and lung of individual A (experienced T cells) at 21 dpi (Figure
16 B). Organ burden of individuals B, C and D were below the limit of detection. A
single individual of the animals without T cell repopulations was titrated to have high
LASV organ titers between 10° and 10° FFU/g (Figure 16 B), similar to RAG1™” mice of

previous experiments.
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Table 2 Overview of individual CD3 T cell transferred animals and their parameters.
Test subject parameters varied strongly under identical test variables. Animals without successful

T cell repopulation are not listed individually.

Individual |Origin of Tcell Tcell Viremia LASV organ CD8 T cell
animal transplant |repopulation burden status
A experienced +) blood PD-1 +++
++ - +
survivor spleen KLRG1 +
experienced
B&C . + - - KLRG1 +
survivor
D naive donor + - - KLRG1 ++
+
Excluded naive & exp. (based on ,
L - + _ not applicable
individuals donors single
individual)
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