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Summary

The Crimean-Congo Hemorrhagic Fever Virus (CCHFV) is a deadly emerging pathogen from
the Orthonairovirus genus. The virus is transmitted through ticks and has a broad tropism,

infecting humans, cattle, small mammals, or birds.

Until recently, the CCHFV entry receptor was unidentified. Indeed, nucleolin was suggested
but was not further characterised. In this context and using transcription- and entry-
competent virus-like particles (tecVLPs), | first assessed the role of nucleolin. Unexpectedly,
while performing this experiment, | found that, another cellular factor, the low-density

lipoprotein receptor (LDL-R) was playing a crucial role in CCHFV infection.

LDL-R is a lipid transfer receptor that allows the uptake of cholesterol, contained in
lipoproteins, from the circulation. This internalisation is mediated by the apolipoprotein E

(apoE), that is present onto the lipoproteins, and that binds to the LDL-R.

Using antibodies, soluble proteins and knockdowns, | was able to determine that LDL-R
promotes CCHFV infection. Then, by inhibiting endocytosis and increasing the cell surface
expression of the receptor, | showed that LDL-R was a binding and internalisation factor.

Moreover, | showed that this entry pathway was not used in bovine cells.

Then, | was able to determine that apoE is present onto the virion and promotes binding to

the receptor, thus facilitating the virus entry.

Finally, thanks to a collaboration, | was able to confirm my results using the authentic virus

in the biosafety level 4 laboratory.

To summarise, | discovered LDL-R as an entry factor allowing the binding and internalisation
of CCHFV into human cells. Furthermore, | characterised that the interaction virus — receptor
happens through apoE incorporated onto the particles. This results open the possibility for

new therapeutic treatments targeting these factors.






Résumé

Le virus de la fievre hémorragique de Crimée-Congo (VFHCC) est un pathogene émergent
mortel appartenant au genre des Orthonairovirus. Le virus est transmis par les tiques et a un

large tropisme, infectant I'hnomme, le bétail, les petits mammiféres ou les oiseaux.

Jusqu'a récemment, le récepteur d'entrée du VFHCC n'était pas identifié. Dans ce contexte
et en utilisant des particules virales compétentes pour la transcription et I'entrée (tecVLPs),
j'ai évalué le role de la nucléoline. De fagon inattendue, lors de cette expérience, j’ai mis en
évidence que le récepteur des lipoprotéines de basse densité (LDL-R), et déterminé qu’il

jouait un role crucial dans l'infection par le VFHCC.

Le LDL-R est un récepteur de transfert de lipides qui permet I'absorption du cholestérol en
circulation dans les lipoprotéines. Cette internalisation se fait par l'intermédiaire des
apolipoprotéines E (apoE), présents sur les lipoprotéines, et qui se lie aux récepteurs de type

LDL-R.

En utilisant des anticorps, des protéines solubles et des knock-downs, j'ai pu déterminer que
LDL-R favorise l'infection par le VFHCC. En inhibant I'endocytose et en augmentant
I'expression du récepteur a la surface des cellules, j'ai montré que le LDL-R était un facteur
d’attachement et d'internalisation en cellules humaines. De plus, j’ai démontré que LDL-R

n’était pas un facteur d’entrée en cellules bovines.

Ensuite, j'ai pu déterminer qu’apoE est présente sur le virion et promeut la liaison au

récepteur LDL-R, donc I'entrée du virus.

Enfin, grace a une collaboration, j'ai pu confirmer mes résultats en utilisant le virus

authentique, manipulé en laboratoire de biosécurité de niveau 4.

En résumé, j'ai découvert un facteur d'entrée permettant I'attachement et l'internalisation
du VFHCC dans les cellules humaines. De plus, j'ai caractérisé que l'interaction virus-
récepteur se fait par l'intermédiaire de I'apoE incorporée dans les particules. Ces résultats

ouvrent de nouvelles possibilités de traitements thérapeutique ciblant ces facteurs.
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Chapter |. Introduction

A. The Crimean-Congo Hemorrhagic Fever virus, an emerging threat

1. CCHFV discovery and transmission

The Crimean-Congo Hemorrhagic Fever Virus, or CCHFV, is the pathogen that causes the
Crimean-Congo Hemorrhagic fever disease. CCHF disease is characterised by fever, nausea,
haemorrhage and can lead to death. The virus is transmitted through ticks, and with 10 000
to 15 000 cases reported each year, it is the one of the most infectious tick-borne virus

known to infect humans (Patel et al., 2023).

a. Discovery and historical perspective

The Crimean-Congo Hemorrhagic Fever Virus is described as an emerging virus, but the wide
distribution of infected ticks across southern Asia, south-eastern Europe and Africa suggests
that human infection may have first occurred earlier than thought. Indeed, Abu Bakr al-Razi
(854—932), a physician of the eastern world, described three cases with symptoms similar to
CCHF (Arda and Aciduman, 2007). Later in the 12t century, central Asia physicians noticed a
link between tick bites and severe haemorrhagic illnesses, and in the 1970’s Harry
Hoogstraal suggested that these illness could be CCHF (Arda and Aciduman, 2007;
Hoogstraal, 1979).

However, the first recognised outbreak took place in the Crimean Peninsula. In 1944, during
the World War 1, 200 Soviet military physicians in the Crimean Peninsula encountered a
mysterious and severe febrile illness, and around 10% died. The viral origin of the "Crimean
Hemorrhagic Fever" was discovered by the scientist Mikhail Chumakov between 1944 and
1945, by reproducing the disease though inoculation of patients’ blood to non-infected
individuals (Hoogstraal, 1979). At that time, the newborn white mouse (NWM) was a
common experimental system used to isolate viruses, since the young mice were almost
always susceptible to viral agents. In collaboration with Lev Zilber, Mikhail Chumakov

isolated the virus from NWM brain and newborn rat brain tissue after intracranial injection
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of sera from convalescent patients. He then linked the disease with tick exposure

(Hoogstraal, 1979).

In the meantime, in 1956 in Belgian Congo (now the Democratic Republic of the Congo,
DRC), Ghislaine Courtois received in the clinic a 13-year-old child with nausea and vomiting.
Dr. Courtois inoculated the child’s blood into 3-day-old mice. One mouse became sick. He
then serially inoculated the mouse’s brain into 2-day-old mice and observed similar
symptoms. These serial passages suggested a viral agent. A month later, the doctor himself
became ill and his blood was inoculated into infant mice after passing through a bacteria-
tight filter. All mice developed symptoms, establishing the nature of the pathogen, named

“Congo virus” (Woodall, 2007).

Isolates from the "Crimean Hemorrhagic Fever Virus" (CHFV) and the “Congo virus” were
both received at the world reference center for arboviruses at Yale in 1969. There, Dr. Jordi
Casal observed, by complement-fixation (CF), that both viruses were antigenically
indistinguishable and proposed the name “CHF-Congo” (Casals, 1969). This name was then
changed to “Crimean-Congo Hemorrhagic Fever Virus”. At that time, the fact that the virus
had been isolated from two distinct and distant geographic location already suggested that

its distribution could in fact be widespread.

b. Geographic distribution

Since its detection in eastern Europe or central Africa, the virus is now known to be
widespread across Europe, Africa and Asia. According to the Center for Disease Control and
Prevention (CDC, Centers for Disease Control and Prevention, 2014), there are more than 40
countries considered to be endemic to CCHFV, mostly in central Asia and central Africa
(Figure 1). The virus is endemic in Turkey, Iraq, Iran, Afghanistan, and Uzbekistan, with more
than 50 human cases reported per year in those countries. It is also present in the Balkan
states, Mauritania, Sudan, and South Africa, with 5-49 cases reported per year accorded to
the World Health Organization (WHO, Crimean-Congo haemorrhagic fever). Phylogenetic
analysis of the S-segment (the most conserved viral genomic segment) led to the

identification of 7 clades: Clade | (Africa 2), clade Il (Africa 1), clade Il (Africa 3), clade IV (Asia
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1), clade V (Europe 1), clade VI (Europe 2) (see Figure 1) (Hewson et al., 2004; Shahhosseini
etal., 2021).

More recently, sero-surveillance programs have provided evidence of CCHFV in
southwestern Europe countries, such as Portugal (Filipe et al., 1985), Spain (Palomar et al.,

2017) and France since October 2023 (Bernard et al., 2024; Santé Publique France, 2023).

The spread of the virus in non-endemic areas can be attributed to human movement but
also to climate change, which influences vertebrate host migration and can propagate the
virus’ vectors described in the following section. For instance, Hyalomma marginatum and H.
rufipes ticks, that are known to be present only in areas with relatively hot and dry climates,

are now also detected in Sweden (Grandi et al., 2020).
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Figure 1: Phylogenetic tree and map of the geographic distribution of CCHFV. (a) Phylogenetic Maximum
Likelihood tree based on the S-segment of CCHFV. (b) Map representing the wide distribution of CCHFV evidenced
in Africa, Europe and Asia. Countries are coloured accordingly to the prevalent genotype identified. In grey,
countries where CCHFV was detected but where the prevalent genotype is still unknown. Countries with several
genotyped are represented with the corresponding colours. The stars indicate a country considered as endemic
according to the CDC. The dotted line represents the maximum latitude were CCHFV main vector was found.
Modified and updated from Shahhosseini et al. (2021). Created with mapchart.net.
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c. Vectors of CCHFV

By definition, a vector for an infectious agent is known as a hematophagous arthropod
species that transmits a pathogen during blood feeding. In this context, vector competence
is the innate ability of an arthropod to acquire, maintain, and transmit microbial agents (Kahl
et al., 2002). In the case of CCHFV, the vectors are ticks, especially those belonging to the
Hyalomma genus. Consistently, the distribution of Hyalomma ticks overlaps with the
distribution of CCHF cases (Gargili et al., 2017). This genus includes several species, with
Hyalomma marginatum marginatum being the most commonly associated with human

infections (Hoogstraal, 1979).

Hyalomma ticks develop through three active stages (larva, nymph, and adult). Most species
have a “two-host” behaviour, meaning that larva and nymph feed on the same host before
dropping off, moulting and feeding as adults on a second host where they mate and later lay
eggs in the vegetation. In the life cycle of the tick, the virus can be transmitted from one
stage to the next one as the virus can replicate during the different metamorphoses
(transstadial transmission) (Dohm et al., 1996). It can also be transmitted horizontally from
the male to the female during copulation and have a vertical transovarian transmission
(from the female to the thousands of eggs she can lay) (Gonzalez et al., 1992). Indeed, it was
demonstrated that CCHFV replicates in a wide variety of tissue types but mostly in
reproductive and salivary glands (Dickson and Turell, 1992). During the bloodmeal, the virus
can be directly transmitted to ticks feeding nearby (or “co-feeding”) without the need for
viremia in the tick host (Jones et al., 1987; Nuttall and Labuda, 2004). The virus can also be
transmitted to other species such as birds, small mammals, ungulates, or humans (described

in the following section). All of these viral transmission events are represented in Figure 2.

CCHFV is not restricted to Hyalomma marginatum marginatum, as it has been identified in
at least 35 ticks species, among which 32 hard tick (/xodidae) and 3 soft tick (Argasidae)
species (Gargili et al., 2017; Hoogstraal, 1979). This disparity between hard vs soft ticks can
be explained by the fact that while hard ticks may feed for days or even weeks, most
Argasidae only feed for 20-70 minutes, thus reducing the probability of transmission.
Moreover, experiments by Sheperd et al. showed that CCHFV could not be detected later

than one day after inoculation into specimens of Argas walkerae, Ornithodoros savignyi, and
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Ornithodoros p. porcinus, all members of the Argasidae family. These results suggest that
the CCHFV-positive soft ticks described previously may have been false-positives caused by

contaminated tick mouth or a fresh bloodmeal on infected animals (Shepherd et al., 1989b).
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Figure 2: Schematic overview of the life cycle of Hyalomma ticks and its role in CCHFV circulation. In this
representation, the infected larva feed on small vertebrates and molt to the nymph stage on the same host. After
feeding again, it moults to the adult stage and change host to feed, choosing mostly wild ungulates and cattle.
During the blood meal, ticks can infect each other though saliva proximity and they transmit the virus to their hosts.
The virus is transmitted to human mostly by tick bites of fields workers or through the contaminated blood of
slaughter cattle. The human-to-human transmission occur mainly at the hospital environment. The thickness of the
arrow represents the efficiency of transmission. Modified from Bente et al. (2013). Created with BioRender.com.

d. Transmission dynamics to vertebrates

Like most arthropod-borne agents, CCHFV circulates in a tick — nonhuman vertebrate — tick
cycle (Hoogstraal, 1979). Infection in nonhuman vertebrates is asymptomatic and therefore
can be difficult to detect. In order to detect arbovirus infection in vertebrates, several
methods have been used: inoculation of body fluids into NWM, CF, neutralisation test (NT),
indirect hemagglutination-inhibition (HI) or agar gel diffusion precipitation (AGDP) (Casals
and Tignor, 2008; Hoogstraal, 1979; Spengler et al., 2016). More recently, reverse-

transcription polymerase chain reaction (RT-PCR) and enzyme-linked immunosorbent assays
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(ELISA) have been developed (Bonney et al., 2017; Duh et al., 2006; Saijo et al., 2005). Using

these methods, it was shown that a wide range of vertebrates can be infected with CCHFV.

The first animals to be tested were domestic animals in endemic areas. As reviewed in
Spengler et al., (2016), sheep, goats, horses, pigs, dogs, and chickens, as well as camels,

donkeys, and ostriches, were tested seropositive for CCHFV.

Moreover, many wild animal species were reported positive for CCHFV, like hares, buffalo
and rhinoceroses, but no nonhuman primates (reviewed in Spengler et al., 2016) (Figure 3).
Reptiles, including blunt-nosed vipers, and legless lizards were tested, but the only reptile

case reported was a Horsfield’s tortoise in Tadzhikistan (Pak.TP, 1970).

Of note, birds are also involved in the life cycle of Hyalomma ticks; indeed, they transport
ticks over long distances (Capek et al., 2014; Jameson et al., 2012). For instance, CCHFV-
positive ticks collected on migratory birds have been reported in Greece in 2009 (Lindeborg
et al., 2012), and in Italy in 2017 (Mancuso et al., 2019). However, CCHFV infection in avian
species remains unclear as numerous species tested were sero-negative (Spengler et al.,

2016).

Total animals sampled worldwide Relative CCHFV seroprevalence worldwide

Bl Buffalo Hm Buffalo
B Camels B Camels
B Cattle B Cattle
Bl Chicken/ducks Bl Chicken/ducks
i Dogs B Dogs
HEl Donkeys Hl Donkeys
B Goats B Goats
B Horses B Horses
Hl Mules Em Ostriches
Bl Ostriches Sheep
Bl Pigs

Sheep

Figure 3: Total worldwide CCHFV seroprevalence reported in domestic animals by species. The seroprevalence
is determined by sum of seropositive animals over the sum of total animals, sampled internationally. Modified
from Spengler et al. (2016).
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e. Human transmission

Humans can be infected with CCHFV through different routes (Figure 2) including through
bites of infected ticks, or contact with infected animal blood or tissues during slaughter of
livestock (Hoogstraal, 1979a; WHO, fact-sheet). In a study from Ergonil et al., (2004), it was
shown that in Turkey, 80% of the reported cases occurred in farmers, slaughterhouse

workers or butchers.

Human-to-human transmission can occur from close contact with the blood, secretions, or
body fluids of an infected person. These cases are mostly observed among health care
workers. Three cases of sexual transmission have also been documented by Pshenichnaya et
al., (2016), and one by Ergoéniul and Battal, (2014). But in all these cases, the sexual
transmission is only described as “probable” since transmission through saliva could not be
excluded, and the authors were unable to detect the virus in seminal fluid (Ergoénil and
Battal, 2014; Pshenichnaya et al., 2016). The virus can be transmitted vertically through
intrauterine or perinatal routes, but this does not systematically occur. Indeed, in a paper
from Ergoniil et al., the authors described three cases of babies from infected mother who
died because of intense bleeding, two of which were positive for CCHFV by PCR (Ergonil et
al., 2010). In another pregnancy reported, a healthy baby was born, negative for CCHFV
(Aydemir et al., 2010). The risk of vertical transmission probably depends on the gestational

age at the time of the acquired infection (Gozel et al., 2014).

f. A global health concern

As environmental factors change, the disease might spread more widely in humans. From
cases in Crimea or the DRC, cases are now reported in China, Turkey, or Spain. Since 2002,
Turkey has had more than 10 000 human cases reported (Spengler et al., 2018). This wide
distribution, the widest for a tick-born pathogen, can be caused by the numerous competent
tick species (Hoogstraal, 1979; Randolph and Rogers, 2007). The probability of epidemic is
well acknowledged since the virus is under surveillance at the European Union level, and it is
included in the WHO R&D Blueprint priorities for research and product development for

early diagnostics (WHO, blueprint). In order to monitor this risk, sero-surveillance has been

31



Introduction | The Crimean-Congo Hemorrhagic Fever virus, an emerging threat

established as well as risk maps. However environmental and social settings evolve so fast
that it might not be sufficient. For example, in a paper published in 2015, it was established
that the probability of CCHF occurrence in humans in Spain was null; one year later, the
country reported its first autochthonous case (Messina et al., 2015; Mora-Rillo et al., 2018).
Moreover, a retrospective study identified a case from 2013 (Lorenzo Juanes et al., 2023;
Negredo et al., 2021). This demonstrates the need to increase sampling from ticks and other

wild animals and to increase the sero-surveillance.

2. CCHF pathogenesis, diagnostics, and treatments

a. Symptoms

Although CCHF may be fatal in humans (fatality rate from 5-30% depending on the strain and
the care treatment), more than 70% of the infections are asymptomatic. In symptomatic
infections, CCHF disease is divided into four clinical phases: incubation, prehaemorrhagic,

haemorrhagic and convalescent phases (Hoogstraal, 1979) (Figure 4).

The incubation period usually takes place between 3-7 days after exposure (Swanepoel et
al., 1989). The duration of this period may differ depending on the viral dose and the route

of exposure (tick bite or contaminated blood).

The prehemorrhagic period is characterised by fever, headache, myalgia, dizziness, diarrhea,
nausea and vomiting. This period usually last for 1-7 days (Ergdniil, 2006; Hoogstraal, 1979;

Schwarz et al., 1997; Swanepoel et al., 1989).

The hemorrhagic period is short, 2-3 days. During this period, patients show signs of
petechia, large hematomas on the mucous membranes, bleeding from the nose, the vagina,
the gingiva, the gastrointestinal system, the respiratory tract, and cerebral haemorrhage
(Ergonil, 2006). If the patient survives, he enters the convalescence period. This last period
usually starts about 10-20 days after the first symptoms. To date, it remains unclear whether
CCHFV infection leaves long-term sequelae, but the recovery is slow, and some patients

showed signs of weakness and loss of hearing.
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b. Histopathologic studies and biochemical changes

Immunohistochemical analysis and in situ localisation of CCHFV in human tissues associated
parenchymal necrosis in the liver with viral replication, suggesting a direct viral cytopathic
effect (Burt et al., 1997). Like other haemorrhagic viruses, patients infected with CCHFV
appears to have thrombocytopenia (decrease in platelet count; PLT), leukopenia (decrease in
white blood cell count; WBC) and elevated levels of aspartate transaminase (AST), alanine
transferase (ALT), lactate dehydrogenase (LDH), and creatinine phosphokinase (CPK). In the
case of CCHFV, as well as viruses like Lassa or Marburg, AST is generally higher than ALT. This
indicates the involvement of other organs besides the liver (Ergontl, 2006; Swanepoel et al.,
1989). In the case of the survival of the patient, CCHFV immunoglobulin M and G (IgM and
IgG) are detected by days 7 to 9 post infection (Shepherd et al., 1989c) (Figure 4). In the fatal
cases of CCHFV infection, high level of pro-inflammatory cytokines such as tumor necrosis
factor a (TNF-a) or interleukin-6 were detected (Ergoniil et al., 2006; Saksida et al., 2010). In

contrast, these cases do not develop detectable level of antibodies (Swanepoel et al., 1989).

Detection by PCR
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3-7 days : 1-7 days : 2-3 days
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Figure 4: Schematic representation of symptoms and biological changes occurring during CCHFV infection.
CCHF is divided into 4 periods: incubation, pre-hemorrhagic, hemorrhagic and convalescence. The zone in red
represents the fever. The higher the peak is, the higher is the fever. The black dotted double arrow is the period
where most deaths occur. Modified from Ergéniil, (2006). Created with BioRender.com.
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c. Diagnosis

In endemic areas, CCHFV is suspected when a person shows the symptoms described above
(fever, myalgia, malaise, diarrhea, etc.) with elevated serum AST and ALT, and in particular if
the person has a history of tick exposure. The case is then confirmed by RT-PCR and ELISA to
assess the specific IgM and/or 1gG. Both these detection modes have their limitations. On
the one hand, RT-PCR which is quicker, can only be performed during the first 10-12 days of
the iliness. And even if the method is sensitive, the high degree of sequence diversity among
CCHFV genotypes (20-31%) may render it useless (Bente et al., 2013). For this reason,
primers targeting well-conserved sequences (such as the 5’ untranslated region (UTR) of the
S segment) are preferred, allowing the detection of up to 18 different strains (Atkinson et al.,
2012). On the other hand, with the ELISA, the CCHFV-specific IgM and IgG are detectable
only a week after infection, and, as described above, most patients with fatal outcomes do

not develop a measurable antibody response.

d. Treatment

In most cases, CCHFV infections require hospitalisation or therapy. In cases of coagulation
abnormalities, the patient will require the provision of fresh plasma and platelet, while for
severe haemorrhage, the patient will require a blood transfusion. In addition, to counteract
viral replication, ribavirin, a guanosine analogue licensed for the treatment of respiratory
syncytial virus infections (RSV) and hepatitis C (HCV) (Cooper et al., 2003; Mangia et al.,
2005), has been used to treat CCHFV for more than two decades. Ribavirin-mediated
inhibition of CCHFV replication was demonstrated in vitro (Bergeron et al., 2010; Huggins,
1989) and in mice models (Bente et al., 2010; Tignor and Hanham, 1993) but the benefit for
humans is still debated. In most of the trials, a control group is missing, or the trial is not
randomised (Dokuzoguz et al., 2013; Jabbari et al., 2006; Midilli et al., 2007). In papers that
compare the studies on the impact of ribavirin, no clear benefit or adverse effects were
observed, since no control group was included (Johnson et al., 2018; Soares-Weiser et al.,
2010). In a recent study, the effect of the drug on the mutation rate of the CCHFV genome

was assessed through next-generation sequencing (NGS). It this study including a control
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group, no impact on the viral load was observed. The authors noticed also that ribavirin does
have a slight impact on the mutation rate, but it is too low to affect error catastrophe, which

may inhibit the viral replication (D’Addiego et al., 2023).

Usually, ribavirin is combined with an interferon type | (IFN-I) treatment. The assessment of
the impact of IFN-1 on CCHFV was reported in one clinical study, but no benefit was observed

(van Eeden et al., 1985).

Other drugs were tested in vitro or in non-human models. Favipiravir is a pyrazine
carboxamide derivative that is approved for the treatment of Influenza (Furuta et al., 2005).
The use of favipiravir in mice lacking the type | interferon receptor (IFNAR™~ mice) showed
beneficial effects against CCHFV infection by decreasing viral replication (Hawman et al.,
2018; Oestereich et al., 2014). A modest benefit was also demonstrated in cynomolgus
macaques (Hawman et al.,, 2020). More recently, a 65-year-old man was treated with
favipiravir for its CCHFV / SARS-CoV-2 coinfection. By the end of the fifth day of treatment,
his biological parameters and clinical symptoms had normalised (Dilger et al., 2020). In an
inhibitor screen that tested 40 nucleoside analogues, ribavirin, favipiravir, and 2’-deoxy-2'-
fluorocytidine were identified to have a potent antiviral effect on CCHFV replication (Welch

etal., 2017).

In conclusion, several treatments are administered to people infected with CCHFV, but none

of them are commercialised due to a lack of efficacy proof.

e. Prevention

Similar to the absence of approved and licensed treatments to date, no vaccine is currently
approved by the Food and Drug Administration. One vaccine, consisting of inactivated virus
derived from CCHFV-infected suckling mice brain tissue, has been used in Bulgaria since
1974. Since the beginning of the vaccination campaign, the country has reported a decline in
the number of CCHFV cases, from 1105 to 279, but causality has not been demonstrated
(Christova et al., 2009; Papa et al., 2011). Since then, several attempts to develop a vaccine

have been made either with inactivated viruses, viral vectors, viral replicon particles (VRPs),
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DNA vaccines or messenger RNA (mRNA) vaccines, all of which are reviewed in (Ahata and
Akgapinar, 2023). To date, the most promising results seem to be vaccines targeting the
glycoproteins (GPs) or the nucleoprotein (NP) (detailed later in the Chapter I.B.3).
Interestingly, immunisation against CCHFV glycoprotein c¢ (Gc) induces the production of
neutralising antibodies, without being able to provide full protection. On the other hand,
immunisation against NP increases the humoral response but does not induce the
production of neutralising antibodies (Hawman et al., 2023). This counter-intuitive
observation highlights the importance of both cellular and humoral immunity required for a

protection against CCHFV.

The current absence of prophylactic treatment is probably due to the absence of susceptible
immunocompetent animal models for CCHFV infection that replicate the pathology of the
virus typically encountered in humans. As a consequence of the absence of treatment and
the high fatality rate, this pathogen is studied in biosafety level laboratories (BSL-4) in most
countries. Some eastern Europe countries like Albania, Bulgaria or Greece use BSL-3, and

Kosovo even uses BSL-2 (Weidmann et al., 2016).

Of note, vaccination is not the only way to prevent CCHFV infection, as there are ways to
reduce exposure to the virus. Farmers can wear clothing with long sleeves and pants and
reduce the tick population in their farm environment, using plants or solvents as reviewed in
(Kumar et al., 2020). Concerning the slaughterhouse workers and health workers, they
should wear protective equipment to avoid the contact of contaminated blood (boots,
gloves, mask...). Finally, educational campaigns to inform people in endemic areas of the
risks, such as tick bites and early symptoms, may contribute to reducing the risk of CCHFV

infections.
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B. CCHFV characteristics and structure

1. Taxonomy

CCHFV belongs to the class Bunyaviricetes (represented in Figure 5), which regroups
spherical, enveloped viruses with a segmented negative or ambisense-stranded RNA
genome. To date, this class is composed of 15 families of viruses that can infect a wide range
of hosts, from plants to humans (Kuhn et al., 2023). CCHFV belongs to the Nairoviridae
family, which is one of the five families associated with haemorrhagic fever in humans
(together with the families Arenaviridae, Hantaviridae, Peribunyaviridae and Phenuiviridae).
The Nairoviridae family consists of arthropod-borne viruses and is divided into 7 genera, of
which the Orthonairovirus contains 51 viruses, including CCHFV and the closely related

Hazara virus (HAZV), as represented in Figure 5 (Leventhal et al., 2021).
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Figure 5: Bunyaviricetes phylogenetic tree. The phylogenetic tree of the class Bunyaviricete is based on nucleoprotein
amino acid sequences of 13 out of the 15 families. Specific viruses of the 5 families associated with haemorrhagic fever
in humans are listed in no specific order. Modified from Leventhal et al.(2021).
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2. Genome and virion structure

CCHFV genome is composed of three segments of negative or ambisense polarity RNA: small
(S), medium (M) and large (L) segments. These segments are associated with viral proteins to
form the ribonucleoprotein (RNP) complexes (Figure 6). All 3 segments are flanked at their 5’
and 3’ ends by untranslated regions (UTRs). Like other bunyaviruses, the nucleotide
sequences at the 5 and 3’ ends are partially complementary and form a panhandle
structure, giving the RNPs a pseudo-circular conformation (Jeeva et al., 2017b; Morikawa et

al., 2002; Pettersson and von Bonsdorff, 1975; Raju and Kolakofsky, 1989).

The S-segment is approximately 1.6 kilobase (kb) long and encodes the NP along with the
non-structural protein NSs in an opposite-sense reading frame. The M-segment is 5.4kb long
and encodes the glycoprotein precursor complex (GPC), that will be further cleaved into the
glycoproteins Gc and Gn, the non-structural protein NSm and GP160/85, later processed into
GP38 and the mucin-like domain (MLD). Finally, the L-segment is 12.1kb long and encodes
the RNA-dependant RNA polymerase (L protein).

i gg ‘Glycoprotein dimer

GP38?

5' —-Vdp - 3' B UTR
RNA 5'-Hl{ " Ge NSm - Gp3g M - 3

GP160/85

Lprotein  5' il L protein -3

Figure 6: Schematic representation of CCHFV virion. CCHFV is an enveloped, tri-segmented, negative-sense
RNA virus. The two glycoproteins Gc and Gn are expressed at the surface of the virion. Evidence of GP38 at the
surface is still unclear. The segment S encodes NP and, in the opposite-sense, NSs. M encodes the glycoprotein
precursor GPC that processed to produce Gc, NSm, Gn, and GP160/85 that is further cleaved into MLD and
GP38. L encodes the RNA-dependant-RNA-polymerase (L protein). UTR: untranslated region. Modified from
Hawman et al. (2023).
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CCHFV virion is spherical and approximately 80-100nm in diameter (Figure 7) (Korolev et al.,
1976). Its envelope is composed of lipids and incorporates the viral glycoproteins Gn and Gc
that form a lattice of putative tetrameric projections on the viral membrane surface

(demonstrated for HAZV) (Punch et al., 2018). The incorporation of a secreted glycoprotein,

GP38 represented in Figure 6, is still unclear and discussed in Chapter I.B.3.b (Golden et al.,

2019).

Figure 7: Negatively stained CCHFV particle from a porcine kidney cell
culture preparation. Magnification x170,000. From Korolev et al. (1976).

3. Viral proteins and their roles

a. Proteins encoded by the S-segment

The first crystal structure of NP was obtained on the YLO4057 strain, isolated from China,
after being expressed and purified as a recombinant protein in Escherichia coli (Guo et al.,
2012). It is a 482 amino acid-long protein constituted of a globular core, “the head”,
comprising 23 alpha helices, with a “stalk” composed of two long alpha helices that extend
away from the core with an exposed loop at the apex, supported by a three-helix bundle

(Figure 8) (Carter et al., 2012; Guo et al., 2012; Wang et al., 2012).

The main role of NP is to interact with the viral RNA (VRNA) and form the ribonucleoprotein
complex through oligomerisation. The formation of the RNP is essential in the replicative
cycle and to protect the genome from degradation (Jeeva et al., 2017b; Wang et al., 2016,
2012). NP binds to the vVRNA with high affinity through the panhandle structure formed at
the 5’-3" UTRs (Jeeva et al., 2017b). In addition to binding, NP enhances the translation of

messenger VRNA (Jeeva et al., 2017a).

By immunoprecipitation, it was also demonstrated that NP interacts with host heat shock

proteins 70 (HSP70) during viral replication, and shown for HAZV NP, within the viral
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particles too (Surtees et al., 2016). It this study, the authors found that HSP70 is required for
transcription of HAZV. It is also interesting to note that, in ticks, upon infection with the
bacterium Anaplasma phagocytophilum, HSP70 expression is increased which reduces the
risk of desiccation and increases the tick survival (Benelli, 2020). Thus, CCHFV interaction

with HSP70 may play a role in the persistence in CCHFV’s vector.

~350A

Figure 8: Crystal structure of CCHFV NP. (a) The structure is coloured in rainbow colours from blue at the N
terminus to red at the C terminus. (b) Antiparallel double superhelix polymer of CCHFV N. Each superhelix is
coloured in rainbow colours from blue to red. From Wang et al. (2012).

CCHFV NP has also been shown to have an intrinsic nuclease activity on single- and double-
stranded DNA (Guo et al., 2012). This is surprising since the NP of arenaviruses also has an
exonuclease activity, but on RNA. The functional relevance of this activity in arenaviruses is
the degradation of viral dsRNA so it cannot be detected by the innate immune system (Qi et

al., 2010). For CCHFV, this in vitro observation is still not explained.

In addition, it was demonstrated that the apoptotic processes that are coordinated by Bax or
downstream effectors (release of cytochrome C, cleavage of caspase-9 and caspase-3) are
reduced by NP during the early stages of CCHFV infection (Karlberg et al., 2015). The anti-
apoptotic activity contributes to the viral replication and propagation. On the other hand, NP
possesses a specific cleavage motif for caspase-3: the DEVD motif. After induction of
apoptosis, it was shown that NP is cleaved at the DEVD site (Karlberg et al., 2011). It was also

demonstrated that the caspase-3 cleavage of NP results in an incomplete digestion,
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indicating that NP is a poor substrate for cleavage (Carter et al., 2012). This can be explained
by the fact that the cleavage motif is located in the described oligomerisation site, thus, is
not accessible to the caspase-3 (Wang et al., 2012). This highly conserved DEVD motif may
also have another function, maybe in ticks, which differs from a cleavage by a caspase.
Indeed, when mutated into an AEVA motif that is uncleavable, the virus could not grow in

tick cell culture (Salata et al., 2018).

Another viral factor that may play a role in the apoptosis modulation is NSs, also encoded by
the S-segment. As for other bunyaviruses, the CCHFV NSs was reported to induce apoptosis
by disrupting the mitochondrial membrane potential (Barnwal et al., 2016; Colén-Ramos et
al., 2003; Xu et al., 2008). These opposite effects between NP and NSs are not fully explained

yet but might contribute to a fine-tuning of apoptosis in infected cells.

b. Proteins encoded by the M-segment

The medium-sized segment of CCHFV encodes a polyprotein, the GPC that is further cleaved
into the structural proteins: Gc, and Gn, the secreted glycoproteins GP160/GP85 and GP38
as well as into non-structural proteins: mucin-like domain (MLD), and NSm (Sanchez et al.,

2002).

Gc and Gn are the two viral glycoproteins that are located at the surface of the virion and
participate in receptor binding and entry (more details in Chapter I.C.1 ) (Mishra et al., 2022;
Ye et al., 2022). Gc is a class || membrane fusion protein whose structure was recently
revealed and is the major target of neutralising antibodies, demonstrating that it is a well-
exposed and immunogenic protein (Figure 9) (Fels et al., 2021; Li et al., 2022; Mishra et al.,
2022). On the other hand, much remains unknown concerning Gn because of a lack of tools.
What is known is that the protein bears a zinc finger domain and thus binds to RNA (Estrada

and De Guzman, 2011)

On the M-segment, between the open reading frames of the two glycoproteins is the
sequence encoding the non-structural protein NSm. This protein was reported to promote
glycoproteins processing and virion assembly, but was also shown to be non-essential for

CCHFV replication (Freitas et al., 2020; Welch et al., 2020).
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During the processing of the GPC, a preGn protein is released. The preGn is cleaved by host
proteases allowing the release Gn of two proteins of 85kDa and 160 kDa, respectively
(GP85/160), which are further cleaved to form the highly glycosylated MLD and GP38
proteins, both secreted (detailed in Chapter I.B.4.b) (Sanchez et al., 2006). GP85 and GP160
are suggested to be non-cleaved version of MLD-GP38 since they are recognised by the anti-
GP38 antibody 13G8, but more investigation is required. Indeed, while it is known that
GP160 is not a dimer of GP85, the exact mechanism of GP85 and GP160 production is still

not known (Sanchez et al., 2006), as is their role in the viral cycle.

Domain I

Domain |

¥ DI-DIlI
Linker

Figure 9: X-ray structure of CCHFV Gc IbAr10200 strain. (a) X-ray structure of the CCHFV Gc ectodomain in the
post fusion conformation. The front protomer is coloured according to domain, and the trimer axis is shown in
light blue. Secondary structure elements and disulfide bonds (green numbers) are labelled. An orthonairovirus-
specific insertions cluster (IC) is depicted in brown. (b) X-ray structure of the CCHFV Gc monomer, in prefusion
conformation, associated with the ADI-37801 and ADI-36121 Fabs. HC, heavy chain; LC, light chain. From
Mishra et al. (2022).

42



Introduction | CCHFV characteristics and structure

Finally, GP38 was described as participating in the GPC processing and to be crucial for
production of infectious particles (Freitas et al., 2020). More recently, a paper was published
that claimed that GP38 was found at the surface of the plasma membrane in infected cells
and at the virion surface (Golden et al., 2019). However, the evidence is not clear. The
authors showed a localisation of GP38 at the cell surface, but this does not mean that the
protein will be incorporated onto the virions. Furthermore, they could not show a

colocalization of GP38 and other CCHFV’ glycoproteins by electron microscopy.

c. Proteins encoded by the L-segment

With more than 12kb, the large segment of CCHFV genome is one of the largest of the
Bunyaviricetes (Honig et al., 2004). The L-segment of CCHFV encodes the L protein that bears
the RNA-dependant RNA polymerase (RdRp) and the cap-snatching activity. The cap-
snatching allows the transcription of CCHFV RNAs by cellular factors. Moreover, mapping of
the NP showed a binding site to the L protein, suggesting an association to form the viral

RNP (Macleod et al., 2015).

The L protein also has an ovarian tumour protease (OTU) domain (Devignot et al., 2015;
Holm et al., 2018; Honig et al., 2004). The OTU domain of L protein possesses a de-ISGylating
and a deubiquitylation activity that reduces the innate response by blocking the RIG-I-

mediated IFN-B responses (Scholte et al., 2017; Spengler et al., 2015).

All of these properties of CHFV proteins are summarised in Table 1.
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Protein Role Ref Limits
Interaction with vRNA (leeva et al., 2017)
Formation of RNP (Carteret al., 2012)

(Guoet al., 2012)

.. No endonuclease activity in
Endonuclease activity ty

(Wanget al., 2016) RNP complexes (when bind
to RNA)
. i . Interaction within the
Interaction with HSP70 during (Surtees et al., 2016) T

replication and in particles
P P CCHFV but HAZV

Promotes translation of viral mRNA (Jeevaet al,, 2017)
Nucleoprotein
S (Karlberget al., 2011)

(Wanget al., 2012) Motif not available in

Cleaved by caspase 3 throught DEVD oligomeric conformation
motif CCHFV NP is a poor
(Carteret al., 2012) substrate for cleavage from

the caspase 3

Inhibition of apoptosis
(Suppression of the activation of caspase 3
and 9, and induction of apoptosis triggered by (Karlberget al., 2015)
BAX and the release of cytochrome c from
mitochondria)

NSs Induction of apoptosis (Barnwal et al., 2016)
Gn Binding to RNA (Estrada and De Guzman, 2011)
entry ? (Xiao et al., 2011)
M 6c Fusion, entry (Mishra et al., 2022)
NSm GPC processing (Freitas et al., 2020)
MLD Unknown
GP38/GP85/GP160 GPC processing (Freitas et al., 2020)
Capsnatching activity (Jin and Elliott, 1993)
RNAd RNAp (Honig et al., 2004)
Endonuclease activity (Devignot et al., 2015)
L L Formation vRNP (Macleod et al., 2015)

Inhibition of innate immune response

(through de-ISGylating and a deubiquitylation) (Scholte et al,, 2017)

Table 1: Table summarising the known roles of CCHFV'’s proteins.

4. Production of new CCHFV virions

CCHFV, as all viruses, is an obligate intracellular parasite that must infect a cell to replicate,
form new particles, and infect naive cells. In the following section, | will describe what is
known about CCHFV infection cycle (simplified version represented in Figure 10). While it is
conventional to start the viral cycle at the virus attachment step, here | start after the fusion,

in order to focus with extended details on the entry steps in the next chapter.
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Figure 10: Schematic representation of the CCHFV replication cycle. After attachment, CCHFV is internalised
through clathrin-mediated endocytosis, and the viral membrane fuses with the endosome membrane. Upon the
fusion step, the genome is released into the cytoplasm and converted to mRNA by the RdRp while the translation is
initiated to form the proteins. In parallel, the genome is replicated into positive sense vVRNA and then into neo-
synthesised genomic vRNA that will be associated with NP and L protein (RNP). GPC matures though the ER and the
Golgi apparatus, and viral particles bud into the Golgi lumen, incorporating the RNPs, before being released into
the extracellular environment. Modified from Hawman et al. (2023).

a. Replication step

The replication process includes the production of the viral genome and the translation of

viral proteins by host ribosomes. At the time of the release in the cytoplasm, the viral

genome, lacking the 5’ cap and the 3’ poly-A-tail, is associated with the NP and forms a RNP
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(Jeeva et al., 2017a). CCHFV being a negative-sense single-stranded RNA, its genome does
not act as mRNA, but is transcribed into mRNA after entry (Figure 10). This step is catalysed
by the viral RdRp present in the virion. As described previously, the polymerase also has a
cap-snatching activity by which the viral RdRp cleaves host cell mMRNA downstream of the 5’
cap and uses the resulting capped oligoribonucleotide as a primer to initiate transcription
(Jin and Elliott, 1993). From the transcription of the VRNA results not only the mRNA but also
the positive-sense complementary RNA (cRNA), or antigenomic RNA. The cRNA serves as a
template to produce neo-synthetised genomic RNA (Jeeva et al., 2017b). While the cRNA is
the same length as the vVRNA, the mRNA is longer due to the addition of the cap (shown for
Germinston virus (Bouloy et al., 1990)). Even if the exact mechanism of CCHFV replication is
not clear, it was demonstrated for Bunyamwera (BUNV) and Uukuniemi that, although all
three segments are replicated by the viral RdRp, the degree of replication of each segment is
not the same. Indeed, for BUNV and Uukuniemi, the molar abundances of the neo-
synthetised genomic RNAs were quantified, and the authors showed that the M-segment
was more abundant than the L-segment and, to a greater extend still, the S-segment (Barr et

al., 2003; Pettersson and Kaaridinen, 1973).

A fact quite uniqgue among negative stranded viruses is that bunyaviruses transcription of
MRNA requires ongoing protein synthesis (lkegami et al., 2005). This is related to the control
of the transcription termination. Correct termination requires the transcribed mRNA to
anneal with the genomic template RNA in regions containing a termination signal. It the case
of the bunyaviruses, the coding regions (ahead from the authentic termination sites in 5’)
contain termination signals similar to the authentic sequence in the non-coding region in 5.
Upon transcription, ribosomes bind to the on-going synthesised RNA to translate it. These
ribosomes prevent the interaction with the viral RNA and the “premature” transcription

termination (Figure 11) (Barr, 2007; Raju and Kolakofsky, 1987).

Hence, upon transcription, the cellular machinery is used to translate the viral proteins. The
L protein, NSs and NP are translated into the cytosol, while GPC is translated into the

endoplasmic reticulum (ER) in order to mature.
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Figure 11: Model of bunyaviruses transcription and translation. (a) Transcription termination requires RNA
interactions involving the termination signal (shown as stop signs) or its complement in mRNA. Translating
ribosomes prevent formation of interactions, so termination signals within genome coding regions are suppressed.
Termination signals within NTRs are active, as these regions are not translated, thus allowing RNA interactions to
form (shown as a loop). (b) When translation is inhibited, RNA interactions can form, thus activating previously silent
termination signals within coding regions. NTRs: Non translated region, or untranslated region in the manuscript.
From Barr et al. (2007).

b. GPC maturation and viral production

As described previously, GPC is a polyprotein that goes through proteolytic processing. After
its synthesis in the ER, where it is N-glycosylated, GPC is cleaved by a signal peptidase and/or
the intramembrane cleaving proteases, into Gn precursor (PreGn), NSm, and Gc precursor
(PreGc) (Altamura et al., 2007; Sanchez et al., 2002). These products are then transported to
the Golgi complex where the PreGc is cleaved by an unknown protease. Since the cleavage
site of CCHFV (RKLP) is identical to the one of Guanarito virus (arenavirus), it is believed that
the enzyme is either a subtilisin kexin isozyme-1/site-1 protease (SKI-1/S1P), as for Guanarito
virus, or a similar protease (SKI-1/S1P-like) (Sanchez et al., 2006; Vincent et al., 2003).
Concerning PreGn, it is cleaved by a SKI-1/S1P protease into Gn and GP85/160, which
contains the MLD. MLD acquires O-linked glycans at this step (Bergeron et al., 2007; Sanchez
et al., 2002). GP85/160 is further cleaved in the trans-Golgi network (TGN) by a furin to
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produce GP38, and together with GP85/160, they are secreted into the extracellular
environment (Figure 12) (Sanchez et al., 2006). More recently, it was demonstrated that
GP38 deletion affects the Golgi localisation of Gc and thus, impairs the preGc cleavage

(Freitas et al., 2020).
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Figure 12: Schematic representation of the CCHFV glycoproteins processing. After synthesis in the ER, the GPC is
cleaved by signal peptidase into preGn and preGc. Then in the cis Golgi network, cellular proteases SKI-1 and SKI-1
like protease cleave preGn into MLD/GP38 and Gn. This is further processed into the trans Golgi network were
MLD/GP38 can be cleaved by the furin in order to give GP38, MLD/GP38 and MLD that will be secreted, with the
exception of MLD alone that is not detected in the extracellular environment. Modified from Sanchez et al. (2006).
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c. Assembly and egress

The next step is the assembly of new virions. Once again, there are many unknowns about
CCHFV assembly. For most viruses, the cellular localisation of the viral glycoproteins
indicates the assembly site. In the case of CCHFV, Gn protein contains a Golgi localisation
motif and co-expression of Gn and Gc results in a specific Golgi localisation (Figure 10).
Interestingly, expression of Gc only leads to an ER localisation of the protein. This may
indicate that the two glycoproteins have to interact, and form hetero-oligomers for their
transportation to the Golgi (Bertolotti-Ciarlet et al., 2005; Haferkamp et al., 2005). There,
the mature proteins and the viral RNAs encapsulated into RNPs can form new virions that
will bud from the Golgi, acquiring their lipoprotein bilayer. They will then be transported to
the plasma membrane and be secreted into the extracellular environment. Of note, CCHFV
NP is able to self-assemble without the GPC into virus-like particles (VLPs), which are

particles that do not contain viral genome (Zhou et al., 2011).

Once newly formed virions are produced, they will infect naive cells and start the replication

cycle over again, following an entry step that will be detailed in the following section.

C. Viral entry of CCHFV and other members of the Bunyaviricetes class

The viral entry regroups the different steps, starting with the initial interaction between the
virus and the host cell, until the release of the viral genome into the cytoplasm. It can be
separated into attachment, internalisation, and fusion steps in the case of enveloped viruses
(Figure 10). Entry of most enveloped viruses is initiated by the interaction of their envelope

glycoproteins with host cell surface co-factor(s) and/or receptor(s) (Boulant et al., 2015).

A receptor is the molecule that, once bound to the viral particle, changes its conformation,
and mediates the signalling cascade leading to the transfer of the viral genome into the
target cell. The interaction with the receptor can be facilitated by co-factors, such as
attachment factors. Attachment factors can bind specifically, or not-specifically, to the viral
particle and concentrate the virus onto the cell surface, promoting its encounter with the

receptor(s). A single virus can use several co-factors or receptors on a single cell, which
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usually determines the cell tropism. It can also use different factors on different cell types

(Stehle and Casasnovas, 2009).

In the case of CCHFYV, its entry is still poorly understood. As | started my PhD research, its
cellular receptor(s) had not been identified yet, nor had the glycoprotein(s) involved in the
attachment or the entry. In this chapter, | will summarise the knowledge then available
about the entry of CCHFV, as well as provide insight into the different Bunyaviricetes entry

factors.

1. Putative attachment factors for CCHFV

a. Nucleolin

Some studies using soluble ectodomains of CCHFV Gc and Gn suggested that Gc is the
glycoprotein that binds to the cell and, most specifically, binds to nucleolin (NCL) (Xiao et al.,
2011). NCL is involved in ribosome production and is described as being localised in the
nucleolus but also localised at the plasma membrane (Tayyari et al., 2011). This protein is
ubiquitously expressed, and thus is present on CCHFV-susceptible cell lines. In Xiao et al.,
2011, the authors incubated SW-13 (human adrenal cortex cells), VeroE6 (African green
monkey kidney cells) or 293T/17 (human kidney cells) with recombinant fragments of Gn
and Gc and analysed them by flow cytometry. These recombinant fragments were the Gn
ectodomain and a Gc fragment of the ectodomain fused to Fc from human IgG1. It showed
that Gc, and particularly the fragment 180-300, binds to the cell, contrary to the Gn ecto-
domain, which had limited binding. The authors then used these fusion proteins for
immunoprecipitation with SW-13 and 293T/17 lysates, and obtained only one hit, NCL (Xiao
et al., 2011). The authors concluded that the protein was an attachment factor. It is known
that NCL can serve for the attachment of several viruses and bacteria such as RSV (Tayyari et
al., 2011; Xiao et al., 2011), enterovirus 71 (Su et al., 2015), human immunodeficiency virus
type 1 (HIV1) or Francisella tularensis (Barel et al., 2008), which were reviewed in Tonello et
al., (2022). However, NCL is notoriously “sticky” and can easily engage in non-specific
interactions, so immunoprecipitation is no robust evidence that the protein is a bona fide
attachment factor. Furthermore, no studies including CCHFV entire particles were

performed.
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b. DC-SIGN

Another paper described the Dendritic Cell-Specific Intracellular-3-Grabbing Non-integrin
(DC-SIGN) as a potential co-receptor for CCHFV (Suda et al., 2016). In this article, the authors
used vesicular stomatitis virus (VSV) pseudotyped with CCHFV GPs to infect Jurkat cells
(human T lymphocytes) that were overexpressing a control molecule, or DC-SIGN. They
obtained a 4-fold increase in infectivity with DC-SIGN-overexpressing cells. Furthermore,
they used an anti-DC-SIGN antibody and were able to decrease the infection by 2-fold. This
receptor is expressed on dendritic cells, which are susceptible to CCHFV infection (Connolly-
Andersen et al., 2009), and which are recruited at the tick bite, the primary site of infection.
Moreover, several bunyaviruses are known to use DC-SIGN as an attachment factor
(described in Chapter I.C.6), thus strengthening the notion that this hit could be a potential
co-factor for CCHFV entry. However, many CCHFV susceptible cells do not express DC-SIGN,
some technical information is missing in this paper (such as the antibody concentration used
for the blocking assay), and the impact on the pseudotyped particles (pp) is minor,
suggesting that this factor may help with the attachment of the virus but may not be the

main receptor.

c. Heparan Sulfate Proteoglycans

Other factors that may be implicated in CCHFV attachment are the Heparan Sulfate
Proteoglycans (HSPG), which are expressed in all animal tissues and have already been
shown for other bunyaviruses (described in Chapter [.C.6). Due to heavily sulphated
glycosaminoglycan (GAG) chains, HSPG present a negative charge that can interact with the
basic residues of viral glycoproteins (Rusnati et al., 2009). To date, there is only little
evidence of the role of GAGs in CCHFV infection (Riblett et al., 2016). In this paper, the
authors engineered haploid cells (Hap1), which could not produce B3GAT3 or B4GALT7, both
enzymes being required to produce HSPG. Upon infection of these cells with CCHFV, a 2-fold
decrease of infection was observed. HSPG may thus play a role for CCHFV like it does for
other viruses, through weak interaction, increasing the viral concentration at the entry site

and thus facilitating the binding to specific receptors.
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2. Internalisation routes for CCHFV

In most of the cases, following the attachment to the cell and the binding to the receptor(s),
a signalling cascade can be triggered that leads viral particles to be internalised into the cell
and release their genomes. Some viruses, such as the Herpes Simplex Virus 1 do not require
endocytosis and can fuse with the plasma membrane (Fuller and Spear, 1987). Other rely on
endocytosis. There are several mechanisms of endocytosis, well described in Mercer et al.,
2010. The most studied mechanisms are the macropinocytosis, caveolar/raft-dependant
endocytosis, and the clathrin-mediated endocytosis (CME), but some clathrin- and
caveolar/raft independent mechanisms have also been described. In the case of CCHFV,

internalisation occurs through clathrin- and cholesterol-dependant endocytosis.

a. CCHFV relies on clathrin-mediated endocytosis

CME is by definition an endocytic process driven by the formation of a clathrin (a molecular
scaffold for vesicles) coat on the cytoplasmic leaflet of the membrane (Mercer et al., 2010).
In Simon et al., (2009), the authors demonstrated that CCHFV endocytosis was dependant on
clathrin by using chlorpromazine (CPZ) and sucrose, two inhibitors of CME, as well as
downregulation of clathrin. However, these results can be challenged. Indeed, CPZ also
interferes with phagosome formation (Elferink, 1979) while sucrose is not specific to CME
(Guo et al., 2015). Four years later in Garrison et al., (2013), the authors used a more specific
inhibitor: pitstop2, and downregulated the adaptor protein 2 (AP-2), the second most
abundant protein after clathrin in clathrin-coated pits. Both strategies impacted the

infection of CCHFV and thus confirmed the clathrin dependant entry route.

b. Cholesterol-dependant endocytosis in CCHFV entry

In the same paper, the cholesterol dependency was demonstrated by treating Vero E6 cells
with the cholesterol-depleting drug methyl-B-cyclodextrin. Treated cells were used for

binding and infection assays. The authors found that the binding was not affected, while
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CCHFV RNA levels, after 6h of infection, were lower in the treated cells. Their conclusion was
that cholesterol is required in a post-binding event following internalisation, possibly by
interfering with CME. However, these results do not rule out the possibility that cholesterol
may play a role in the replication steps since in Vero E6 mRNA is strongly synthesised as

early as 6h p.i. (Simon et al., 2009).

3. Fusion

The last step of the entry, before the release of the viral genome into the cell, is the fusion of
the viral membrane with the endosome. During this step, the clathrin-coated vesicles that
contain the viral particles, are sorted into endosomes that become increasingly acidic as they
mature from early endosomes (EE) to late endosomes (LE). This change of pH is required for
conformational changes in the glycoproteins, which trigger the fusion process. Indeed, using
NH4Cl (that neutralise luminal pH), it was demonstrated that CCHFV entry is pH-dependant
(Garrison et al., 2013; M. Simon et al., 2009). In was shown in Garrison et al., (2013) that
Rab5 (an EE-specific protein) but not Rab7 (a LE-specific protein) is required for CCHFV
infectivity, demonstrating that CCHFV does not require LE trafficking for entry. However, a
paper was published a year later where the authors showed that, 30min after the infection,
CCHFV starts to localise to multivesicular bodies (MVBs), which correspond to LE (Shtanko et
al., 2014). MVBs are formed from early endosomes by the inward budding of the limiting
membrane into the lumen, and their formation is dependent on the endosomal sorting
complex required for transport (ESCRT) (Piper and Katzmann, 2007). This complex requires
proteins such as Vps24, Tsg101, Alix/Aip1 that were shown to regulate CCHFV entry (Shtanko
etal., 2014).

The process of fusion in CCHFV infection is believed to be similar to the one observed in Rift
Valley Fever Virus (RVFV) and HAZV. It was revealed that Gn acts as a shield to bury the
fusion loop of Gc and prevent premature fusion of the virions (Halldorsson et al., 2018;
Punch et al., 2018). At a low pH (endosomal pH), the Gn shield is repositioned, Gn-Gc
heterodimer dissociates, followed by the extension of Gc into a trimer hairpin to expose its
fusion loop and drive the membrane fusion (represented in Figure 13) (Mishra et al., 2022;

Punch et al., 2018), followed by the release of the viral genome, into the host cell.
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Figure 13: Proposed model of the mechanism of bunyaviruses class Il membrane fusion protein. CCHFV Gn and Gc
form a heterodimer where Gn acts as a shield on Gc. Upon endosomal acidification, the heterodimer dissociates
and Gc changes conformation to form a trimer hairpin that expose its fusion loop (in orange), causing the fusion.
From Mishra et al. (2022).

4. CCHFV cellular tropism

CCHFV ability to complete an infection cycle in a cell depends on several host factors that
contribute to defining the virus tropism. Indeed, for a cell to be able to produce new virions,
the cell must be susceptible and permissive to the infection. A susceptible cell expresses at
its surface host factors required for the virus entry, and a permissive cell is able to replicate

the virus once it has entered.

Since the presence or absence of a receptor/co-factor might explain the capacity of a virus to
infect varied species or different organs and cell types, it is interesting to consider CCHFV
host range and cellular tropism as hints for candidate receptors/co-factors. A retrospective
study indicated that, in humans, mononuclear phagocytes, endothelial cells and hepatocytes
are the main targets of infection (Burt et al., 1997). More recently, a paper was published in
which the authors infected 16 human cell lines and 6 animal cell lines (monkey, pig, hamster,
and dog) and measured the viral RNA load in the supernatant and NP expression in infected
cells, 4 days post-infection (Dai et al., 2021). They described HepG2 (hepatocytes) as non-
permissive, even if they showed, in the supernatant, a viral load comparable to Huh7. They
suggested that HepG2 support transcription and replication but produce defective particles.
A-431 cells (epidermal carcinoma) did not show signs of infection/replication and THP-1
(monocytes) did not support CCHFV replication, probably because of a high interferon

response (Dai et al., 2021).

54



Introduction | Viral entry of CCHFV and other members of the Bunyaviricetes class

During her PhD in 2012 at the United States Army Medical Research Institute of Infectious
Diseases, Aura Garrison used a library of 59 human cancer cell lines and screened their
ability to support CCHFV replication (Garrison, 2012). The experiment was done using
authentic CCHFV and the read-out was done by staining the infected cells for NP after 3, 5
and 7 days. From the 59 cell lines, only 3 did not show signs of infection/replication: Molt-4
and CCRF-CEM, both T-lymphocytes (TL), and HL-60 (promyeloblast). She then assessed a
third TL cell line, Jurkat, and it showed no sign of replication either. Therefore, it is possible
that TL do not express the CCHFV receptor, or that they cannot support virus replication.
Using these candidate cell lines, she did a bioinformatics screen to identify which receptors
could be expressed in the 56 other cell lines, but not in TL, and obtained a list of 25 plasma

membrane proteins that could be receptor/co-factor candidates, as shown below (Table 2).

All these data indicate that CCHFV can infect a wide range of cell lines of human and non-
human origin, with the exception of TL, and thus, can either use several entry factors or use

a receptor ubiquitously expressed and well conserved between species.

Gene symbol Gene name

ACTR2 actin-related protein 2 homolog (yeast)
AGRN Agrin

B2M beta-2-microglobulin

CALMI1 calmodulin 1

CD359 CD59 molecule, complement regulatory protein
CD63 CD63 molecule

CD9 CD9 molecule

CNIH4 cornichon homolog 4 (Drosophila)
CTNNAI cadherin-associated protein

CTTN Cortactin

DSP Desmoplakin

EPCAM Epithelial cell adhesion molecule
HNRNPM Heterogeneous nuclear ribonucleoprotein M
JUP Junction plakoglobin

LAMP1 lysosomal-associated membrane protein 1
LDLR low density lipoprotein receptor

MCAM melanoma cell adhesion molecule

PLXNB2 Plexin-B2

PPAP2C Lipid phosphate phosphohydrolase 2
PTPRF Receptor-type tyrosine-protein phosphatase F
SPTBN1 Spectrin beta chain, brain 1

STOM stomatin

TFRC Transferrin receptor

VAPA vesicle-associated membrane protein

Table 2: List of 25 common plasma membrane proteins genes expressed in permissive cells with low or no
expression in non-permissive cells. Two transcript data sets were used to perform a bioinformatics screen
comparing plasma membrane protein expression between permissive and non-permissive cells. From Garrison
(2012).
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5. Tools to identify entry factors

As it was highlighted above, there are many unknowns about CCHFV entry. To elucidate the
mystery of its entry factors, there are many different assays and tools that can be used.
Here, | will describe some of the methods currently used for identifying a virus entry factor,
and in the next section (Chapter I.C.6), | will provide more insight on how they were used on

bunyaviruses.

a. Affinity purification—mass spectrometry

A common way to identify a viral entry factor is by characterisation of the interactome of the
viral glycoproteins. Previously, the most used technique was the virus overlay protein
binding assays. During an overlay assay, total cell lysate is subjected to gel electrophoresis,
transferred onto a membrane which is then incubated with viral particles, or purified viral
glycoproteins. The band(s) where the virus interacts with a cellular protein is revealed with
an antibody targeting a viral component. In a duplicate gel, non-incubated with the virus,
this band is identified by mass spectrometry (MS). However, this technique fails to identify
entry factors requiring complexes or a specific conformation and cannot be used for viruses

having low binding affinities with their receptors.

More recently, in order to avoid the denaturation step of the gel electrophoresis, the most
common interactome approach became affinity purification followed by mass spectrometry
(AP-MS). This method involves bringing in contact the whole virus, or its glycoproteins, with
the lysate of target cells. Then the complex glycoprotein/entry factor(s) or virus/entry
factor(s) is purified using specific high affinity antibodies directed against a viral component,
followed by an enzymatic digestion of the co-purified proteins. These co-purified proteins
are then identified using Liquid Chromatography coupled to tandem mass spectrometry. This
is efficient for viruses having a high affinity with their receptor, but in the case of a weaker
interaction, a chemical cross-linking reaction can be performed. The AP-MS depends on the
quality of the affinity purification. The choice of the antibody is important because it should

recognise a conformational epitope that is not hidden upon binding to the unknown entry
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factor. Most of the time the antibodies are targeting other viral proteins than the GPs, since
the protein’s epitope could already be involved in the interaction virus/entry factor. Another
solution is to use tagged viral components, but this method is limited because it requires to
genetically modify the viral proteins, and again, the tag should not sterically hinder the
receptor binding. In addition, AP-MS screens can result in false-positive candidates through

non-specific binding.

b. Genome modifications: gain of function and loss of function
screens

Genomic approaches consist in modifying the target cell genome in order to identify an
entry factor. These are divided into gain of function (GOF) and loss of function (LOF). GOF
consists in introducing new functionalities, such as the expression of cellular entry factors,
into target cells. If these cells become more infected, the newly expressed gene encodes a
pro-viral factor, and in contrast, if they become less permissive, it encodes an anti-viral
factor. The most common tool for GOF is cDNA libraries. cDNA libraries are synthesised from
the total mRNA of a susceptible cell line, that is reverse transcribed and cloned into plasmid
or lentiviral expression systems (Kawano et al., 2004). This approach has several limitations.
It requires a suitable non-susceptible cell line that can be modified. Moreover, the reverse
transcriptase step is prone to error and mutations, thus possibly producing truncated ORF

creating false-negative.

In contrast to GOF approaches, LOF screens start with a susceptible cell line that is further
modified to knock down (KD), impair (truncation) or knock out (KO) a host factor. Down
regulation can be produced using RNAI or Clustered Regularly Interspaced Short Palindromic

Repeats/CRISPR associated protein 9 (CRISPR/Cas9) interference (CRISPRi).

RNAI screens are commonly used and are well described in several reviews (Mohr et al.,
2010; Panda and Cherry, 2012). siRNAs are delivered through transfection in the cytosol. In
order to obtain a more stable integration, short hairpin RNAs (shRNAs) are also used. Those
RNAs can also be stably expressed through integration of their DNA sequence after

integration into lentiviral vectors. However, RNAi screen have false positives, caused by off-
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target effects, and false negatives, caused by gene duplication preventing phenotypic

manipulation by single gene knock downs.

In CRISPRI screens, the nuclease-deactivated Cas9 (dCas9) is fused to gene repressors, such
as Krippel associated box, which inhibit a targeted gene activity and its transcription. During
CRISPRi screens, small guide RNAs (sgRNAs) are delivered into the cell with the modified
Cas9 using lentiviral vectors. The sgRNA can also be delivered without the Cas9, in cells
modified to stably express the protein. Once delivered, the sgRNA guides the complex to a
specific region of the DNA where the dCas9 inhibits the gene transcription. This tool results
in more efficient knock down and less off-target effects than siRNA. A limit to KD screen is
that, since the total repression of the gene cannot be achieved, there is a higher risk of false-

negative results than in total KO screen.

However, the CRISPR/Cas technology can also be used to achieved site-specific mutagenesis
that causes the KO of a gene. The KO occurs when a sgRNA assembles with a Cas9 nuclease
to form the CRISPR/Cas9 complex. In this case, the sgRNA guides the complex where the
Cas9 causes a double-stranded DNA break. The DNA is then repaired in a non-homologous
manner, causing the null phenotype. The delivery system is identical to the one described for
CRISPRi. CRISPR/Cas9 screens being widely used recently, different libraries of sgRNA have
been set up and optimised in order to reach the lowest levels of off-target effects (Sanson et

al., 2018).

Furthermore, KO can also be achieved by random mutagenesis. Random mutagenesis is
usually done using retroviral gene-trap vectors containing a reporter gene flanked by strong
splice acceptor sites (to target introns) and a polyadenylation sequence. After transduction,
the gene-trap vectors are integrated into introns, leading to the production of truncated
mRNA fused to the reporter gene and ending at the polyadenylation sequence, disrupting
the expression of the gene (De-Zolt et al., 2009). The gene of interest that is KO can be
identified by sequencing from the inserted reporter gene. However, this method is
inefficient in diploid cells, in which both alleles should be targeted to allow the null

phenotype.

The main issue with KO screens is that there is a total loss of the expression of the host
factor, leading in the case of essential genes, to cell death. This is not the case in KD studies,

giving them the advantage of the ability to study essential genes.
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c. Pooled vs arrayed screens

These tools can be used either pooled or arrayed. Arrayed screens are done by targeting one
gene per well in a multiwell plate format. This method does not require selection and
sequencing in order to identify the factors of interest but is tedious and can be limited in
terms of numbers of targeted genes. In contrast, in pooled screens, a single population of
cells is introduced to a mix of cDNA or sgRNA. In this case, cells that exhibit a phenotype of
interest need to be sorted. This can be done by fluorescence-activated cell sorting, antibiotic
selection, or cytopathic death resulting from the viral infection. The identification of the
factor involved in the virus cycle is then done by next generation sequencing (NGS),
comparing the enrichment of particular cDNA or sgRNA sequences in the selected
population, and in the initial population. All the methods described above are well reviewed

in Barrass and Butcher, (2020).

Screens can highlight receptors or co-factors of entry, but also factors mediating viral
replication itself. They only represent the first step of the long process required for the
validation and characterisation of viral receptors. For example, high-throughput screens are
followed by a smaller screen with the potential hits to validate them. Then it is required to
assess the impact of the candidates on the cell, independently of the infection, before

starting to characterise the precise role of the protein on the viral cycle.

Even if high-throughput screens are more used because of their capacity of evaluate many
factors simultaneously, they are time-consuming, tedious, and sometimes, they may not
highlight any factors. In the following paragraph, | will present the receptors or co-factors of
the Bunyaviricetes class, highlighting that sometimes discoveries are also made by targeting
specific hypothesis-driven candidates, based on the literature. However, serendipity can also

be a factor in discovery.
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6. Bunyaviricetes entry

As described earlier, CCHFV is a virus from the Bunyaviricetes class. This class is now
classified in 15 families: Arenaviridae, Cruliviridae, Discoviridae, Fimoviridae, Hantaviridae,
Konkoviridae, Leishbuviridae, Mypoviridae, Nairoviridae, Peribunyaviridae, Phasmaviridae,
Phenuiviridae, Tospoviridae, Tulasviridae and Wupedeviridae (Kuhn et al., 2023). Even if the
majority of the bunyaviruses are of little public interest, some of them are recognised as
priority pathogens by the WHO, such as CCHFV and RVFV (Mehand et al., 2018). From these
15 families, 5 are known to contain viruses that infect or cause disease in vertebrates or
humans more specifically: Arenaviridae, Hantaviridae, Nairoviridae, Phenuiviridae and
Peribunyaviridae. In the Table 3, | listed the host receptor(s) or co-factors(s) that mediate the
entry of these viruses. In the case of the arenaviruses, only the viruses known for causing

human disease are described.

From this table, it can be noticed that viruses that are closely related can use the same entry
factors, such as TfR1 for the New World arenaviruses, or DC-SIGN for the phleboviruses. This
can be explained by similarities in their glycoproteins and thus, in their receptor-binding
domains. However, this can be biased by the fact that researchers tend to first investigate

given factors already described for closely related viruses.

It can also be noticed that, depending on the vector, viruses use different receptors. For
example, the arboviruses commonly use HSPG or DC-SIGN, in contrast to viruses transmitted

by rodents.

Finally, and highlighted in bold in Table 3, since 2021, more and more Bunyaviricetes are
described using low-density lipoprotein receptor (LDL-R) related protein 1 (LRP1). LRP1 is a
receptor of the LDL receptor family, which is shown to be used by a wide diversity of viruses

for their entry and is discussed in more details in the following section (Chapter I.D).
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strain Josia

defective mutants,

Tool
Virus Main vector Factor Entry step Virus / Peptide Cell line Assay Ref
Cache Vall i
acnejvateyvirus Mosquito Unkown
(CVV)
Bunyamwera Virus )
Mosquito DC-SIGN ND GERV Not shown (Lozach et al., 2011)
(BUNV)
DC-SIGN ND VSV_LACV GPs Raji OE DC-SIGN (Hofmann et al., 2013)
La Crosse Virus (LACV)| Mosquito o .
LRP1 D: Attachment FA Huh-7 Binding assay, (Devignot et al., 2023)
§ California Encephalitis . —
ui w
2 Virus (CEV) q
8
>
S
S : .
= Oropouche Virus OROV strain BeAn19991 and BV2, HEK293T, ..
] Culicoid LRP1 ND LRP1 KO cells, competition assa Schwarz et al., 2022,
& (OROV) ulicoide VSV_OROV GPs A549 and N2a [ Y (Schwarz )
rAKAV OBE-1 and Iriki strains Competition assay, enzymatic
- iki i
Akabane Virus (AKAV)| Mosquito ? HSPG D: Attachment HmLu-1 removal, KO HSPG-KO cells and (Murakami et al., 2017)
and VSVpp AKAV_GPC A~
binding assay,
) Competition assay, enzymatic
Schmallenberg virus o .
(SBV) Culicoide HSPG D: Attachment SBV HmLu-1 cells removal, KO HSPG-KO cells and (Murakami et al., 2017)
binding assay
. . ) VeroE6, CHO and | Competition, neutralisation assay .
avB3integrins ND HTNV 76-118 strain Ve and OF (Gavrilovskaya et al., 1999)
B2 integrin D HTNV 76-118 strain, VSV_HNTV cho OE, NF-kB assement after infection (Raftery etal., 2014)
g GPs with UV inactivated virus. o ’
Hantaan Virus (HTNV) rodent BAF D TNV 76-118 strain Vero C1008 and Neutralisation assa (Krautkrdmer and Zeier,
HUVEC v 2008)
VeroE6 and Overlay assay and mass
gC1qR ND HTNV 76-118 strain Y assay (Choi etal., 2008)
HUVEC, A549 spectrometry, KD and OE
70-kDa protein ND HTN A9 strain CHO Overlay assay and neutralisation (Mou et al., 2006)
VeroE6, CHO and | Competition, neutralisation assa
Seoul Virus (SEOV) rodent avB3integrins ND SEOV SR-11 strain B v (Gavrilovskaya et al., 1999)
HUVEC and OE
) ) ) ) VeroE6, CHO and | Competition, neutralisation assay )
o [Puumala Virus (PUUV) rodent avB3integrins ND PUUV-K27 strain (Gavrilovskaya et al., 1999)
3 HUVEC and OE
= Propect Hill Virus VeroE6, CHO and | Competition, neutralisation assa .
% P (PHV) rodent a5B1integrin ND PHV HIVEC P o Y (Gavrilovskaya et al., 1999)
5]
T Tula Virus (TULV) rodent unknown
VeroE6, CHO and Neutralisation assay, OE and .
avB3integrins ND SNV CC107 L Vi (Gavrilovskaya et al., 1998)
HUVEC inhibition
Sin Nombre Virus Haploid HAP1,
rodent ! KO and OE, neutralisation and
(SNV) PCDH1 D: Attachment VSV_SNV GPs and SNV CC107 |U20S, HUVEC and L (Jangra et al., 2018)
binding assay
HPMEC
DAF D: Attachment SNV SN77734 strain Tanoue B cells Binding assay, (Buranda et al., 2010)
VeroE6 and BHK- Competition assay and
avB3integrins ND ANDV [P (Matthys etal., 2010)
21 neutralisation assay
Andes Virus (ANDV) | - rodent VSV_ANDV GPs, ANDV Chile- | 2PIOIAHAPL |\ o iic gene-trap screen, KO, OE.
PCDH1 D: Attachment - b U208, HUVEC and BN SERSE, 425 ©15; (Jangra et al., 2018)
9717869 neutralisation and binding assay
HPMEC
Genetic gene-trap screen, KO, and
CD63 D: fusion LUJV and VSV_LUJV GPs Haploid HAP1 & P X (Raaben etal., 2017)
cell-cell fusion,
Lujo virus (LUJV) rodent Haploid HAP1, Geneti o KO, OF
e ene-trap screen
NRP2 D: attachment LUV and VSV_LUIV GPs | HUVEC, HEK203T | Ccnetc8ene-trap screen, KO, (Raaben et al., 2017)
and neutralisation
and BSR-T7
Axl, Tyro3 o HIV lentiviral_LCMV GPs strain et o (Shimojima and Kawaoka,
o Cl 13, WE54, ARM53b and WE2.2 2012)
Lymphocytic
Cho.riomeningitis rodent DC-SIGN, LSECtin ND HIV lentiviral_LCMV GPs strain Jurkat oF (Shimojima and Kawaoka,
g Virus (LCMV) Cl 13, WE54, ARM53b and WE2.2 2012)
3 LCMV strain Cl 13, Arm5, WE54, .
£ a-dystroglycan H: main receptor MES7 VeroE6, MC57, ES Overlay assay and blocking (Cao et al., 1998)
5]
s
$ a-dystroglycan H: main receptor LASV VeroE6 and MC57| Overlay assay and neutralisation (Cao et al., 1998)
Genetic gene-trap screen, cell-cell
Jae et al., 2014), (Cohen-
LAPM1 H: pre-fusion VSV_LASV GPs Haploid HAP1 fusion and fusogenic defective ( Dusshiletal ) 2(016)
mutant of LASV GP1. ’
Lassa Virus (LASV; rodent HIV lentiviral vector LASV GP:
( ) DC-SIGN and L ) en {V|ra vector s cDNA library screen from VeroE6 .
. D: binding strain Josiah and VSV_LASV GPs Jurkat . (Shimojima et al., 2012)
LSECtin . . and binding assay
strain Josia
HIV lentiviral vector LASV GPs cDNA library screen from VeroE6,
Axl, Tyro3 H: internalisation |[strainJosiah and VSV_LASV GPs Jurkat binding assay and internalisation (Shimojima et al., 2012)
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Virus (SFSV)

Tool
Virus Mainvector Factor Entry step Virus / Peptide Cell line Assay Ref
D: attachment H:
MLV_JUNV GPs retroviral vect iRNA , inhibitor, bindi
VGCCs main receptorin = 5.re owrg veaor U208 & S .I or. e (Lavanyaetal, 2013)
_ and Candid 1 strain assay and KD in mice
s0me spedes
Junin Virus [JUNV| rodent i
( ) MLY_JUNV GPs |l'eh'0\r| r?I vector u20s siRNAscreen (Lavanya et al., 2013}
and Candid 1strain
THRL D: Atiachment 293T, CHO and (Radoshitzky etal., 2007)
i JUNV strain ¥-13 o Neuftralisation, OE and hinding assay {Flanagan et al., )
E | Whitewater Airoyo MLV retroviral vector WWAV
§ Virus (WWAV) rodent TfR1 ND e R 293T OE (Zong etal., 2014)
Guanarito Virus ) 293T, CHO and — o (Radoshitzky etal., 2007),
(GTOV) rodent TfR1 D: Attachment GTOV strain VINH-9551 o Neutralisation, OE and binding assay e )
Sabia Virus (SBAV) | rodent? TFRL ND SABV Bﬁ’Bc:f and Neutralisation and OF (Radoshitzky etal., 2007)
Chapare Virus ) —
(CHAPV) rodent ? TfR1 ND MLV retroviral vector MACV GPs HEK23T Neutralisation (Helgueraet al., 2012)
Dugbe Virus (DUGV) Tick Unkown
Nairobi Sheep Disease|
Tick Unk
.§ Virus (NSDV) il nkown
£ soluble ectodomain of Geand SW-13and
= ) )
8 Crimean-Congo Nucleolin ND = [ he T ®3T/17 ColP (Sudaetal., 2016)
| D T Tick OE of DC-SIGN, neutralisation and
Virus [CCHFV) DC-SIGN ND VSVpp CCHRY_GPs Ibar 10200 Jurkat ' (Kiaoetal., 2011)
competition assay
Hazara Virus (HAZV) Tick Unkown
DC-SIGN D: Main receptor UUKV 523 strain Hela, Vero Negtml'samn assay, D.E’ inhibiton, (Lozach et al., 2011)
- particles dyed and binding assay and
Uukuniemie Virus ) — ——
(UUKY) tick OE, inhibitor, neutralisation,
L-SIGN D: Attachment UUKV S23 strain Raji, Hela binding assay, endocytic deficient (Léger et al., 2016)
mutant
Heartland Virus tick unkown
(HRTV)
ooy DC-5IGN ND VSV_SFTSV GPs Raji OE, competition assay and (Hof mann et al., 2013)
Thrombocytopenia tick DC-SIGNR, LSECtin H: Attachment VSV_SFTSV GPs Jurkat and Raji OE (Tani etal., 2016)
Syndrome Virus ColP recombinant ectodomaine Gn
(SFTSV) NMMHC-11A H: Attachment SFTSV HUVEC and Hela (Sun etal., 2014)
mFc, mass spectrometry, KD and OE
DC-SIGN ND TOSC ISS strain Raji OE and inhibitors (Lozach et al., 2011)
_§ Toscana Virus (TOSV) | phlebotome L-SIGN ND TOSC ISS strain Raji, Hela OE (Léger et al., 2016)
£ HSPG H:Attachment TOSC ISS strain Vero Vero cells, inhibitors (Pietrantoni etal., 2015)
§ DC-SIGN ND RVFV ZH548 strain Raji Neutralisation assay, OF and (Lozach et al., 2011)
§ inhibitor
= L-SIGN ND rHAZV ZH548 strain Raji, Hela OE (Léger et al., 2016)
RMAi , KD, bindi d
RNASEK D:intemalisation RVFVMP12 strain U208 ! screen, BL, binding an (Hackett etal., 2015)
internalisation assay
RiftValley Fever Virus mosquito CHO deficient
(RVEFV) * HSPG H: Attachment Non-spreading RVFV EEHSEA?;" Inhibitors (DeBoeretal., 2012)
CRISPR/Cas9 screen, KO,
D: Attachment and competition assay, BL, ;
LRP1 internalisation RVFV ZH501, RVFV-MP12GFP BV2, MEF T e frrn et (Ganaie etal., 2021)
internalisationassay
Punta Toro Virus [PTV)| phlebotome DC-SIGN ND PTV Raji Inhibitor (Lozach et al., 2011)
Sandfly Fever Sicilian . - c
phlebotome LRP1 D: Attachme nt Sabin Huh-7 Binding assay (Devignotet al., 2023)

Table 3: Summary table of Bunyaviricetes receptors or co-factors of entry. In this exhaustive list are represented viruses known to
infect vertebrates, or more specifically to infect humans in the case of the Arenaviridae and the Hantaviridae. The accepted vector
transmitting the virus is indicated. If the vector is only putative, it is followed by a question mark. The factors are listed followed by
the precise step of the entry where they act. ND: not determined, D: determined, H: hypothesised. BLI: Bio-layer Interferometry.
Receptors from the family of the LDL-receptors are highlighted in bold.
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D. Low-density lipoprotein receptors in viral entry

LRP1, but also other LDL receptors, have been increasingly cited as viral cofactors over the
past few years and not only for the bunyaviruses. In this section, | will detail the core

members of the LDL-R family, and their implication in viral cycles.

1. Lipoproteins and cholesterol

a. Formation of lipoproteins

As indicated in their names, LDL receptors bind to low-density lipoproteins. Lipoproteins are
particles constituted of a core of lipids, such as cholesterol ester (product of an esterification
reaction between the cholesterol molecule and a fatty acid) and triglycerides. Both
molecules are insoluble in water and require to be surrounded by phospholipids and
proteins, such as apolipoproteins (amphipathic proteins binding to lipids) for their transport
between tissues. Cholesterol is essential for cell metabolism (synthesis of hormones for
example) and cell integrity. Regulation of plasma cholesterol levels is crucial, and default in
this regulation can cause cholesterol accumulation in the arteries, leading to atherosclerosis

(Brown and Goldstein, 1986).

In the endogenous lipid metabolism, lipoproteins are formed in the ER of hepatocytes.
Triglycerides and cholesterol ester accumulate in the ER, leading to the formation of lipid
droplets, and associate with apoB-100 by the action of the microsomal triglyceride transfer
protein (MTP). The association forms lipoproteins called nascent very-low-density
lipoproteins (VLDLs). Nascent VLDLs are secreted and capture apolipoprotein E (apoE) and C
(described in the following section) from circulating high-density lipoprotein (HDL) to form
mature VLDLs (Gibbons et al., 2004). Mature VLDLs are then transported from the liver to
adipose, cardiac and muscle tissues through the circulation. In the capillary endothelium,
mature VLDLs, and more precisely, the apoC presents at their surface, activates the
lipoprotein lipase, which hydrolyses the triglycerides and releases free fatty acids (Nimpf and
Schneider, 2000). VLDLs are reduced by the activity of the lipoprotein lipase and form now
intermediate-density lipoprotein (IDL) that will be further reduced by hepatic lipase into LDL
(Figure 14).
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Figure 14: Formation of LDL (endogenous lipid metabolism). After accumulation into the ER of hepatic cells,
cholesterol ester and triglyceride associate with apoB-100 through the activity of the microsomal triglyceride
transfer protein (MTP). The nascent VLDL formed is secreted and associated with apoE and apoC from free HDL
to form mature VLDL that will be reduced by the activity of lipoprotein lipases on capillary endothelium cells.

The product of the hydrolysis is IDL that will be further reduced into LDL by hepatic lipase. Created with
BioRender.com.

While in the circulation, HDLs exchange their cholesterol ester to triglyceride contained in

HDL, IDL or LDL through the activity of the cholesterol ester transfer protein (CETP).

As indicated above and in the Figure 14, there are different forms of lipoproteins, that differ
in size, density, lipid composition, and incorporated apolipoproteins. All of them are

described in Feingold, (2000) and summarised in the Table 4 below.
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Lipoprotein Density  |Size (nm) [Major Lipids Major
(g/ml) Apoproteins
VLDL 0.930- 30-80 Triglycerides Apo B-100, Apo
1.006 E, Apo C
IDL 1.006- 25-35 Triglycerides Apo B-100, Apo
1.019 Cholesterol E, Apo C
LDL 1.019- 18- 25 Cholesterol Apo B-100
1.063
HDL 1.063- 5-12 Cholesterol Apo A-1, Apo A-
1.210 Phospholipids I, Apo C, Apo E
Table 4: Different class of human lipoproteins. Modified from Feingold (2000).
b. Apolipoproteins on VLDL, IDL and LDL
The human genome encodes 21 apolipoproteins, among which apoA-I, Il, IV, V; apoC-l, II, llI;

apoB and apoE (Zhou et al., 2018) that are secreted in the plasma in their free form, or on

lipoproteins. Here, | will only detail the ones mainly present on human VLDL, IDL and LDL.

ApoB-100 is the mandatory structural component of VLDL, IDL and LDL. It is a protein of 513
to 550 kDa. The protein is synthesised in the ER of hepatocytes and possesses a globular
amino-terminal domain reacting with MTP, allowing its transfer into lipids droplets to form
lipoproteins (Hussain et al., 2003; Knott et al., 1986). ApoB is not an exchangeable protein

and requires the activity of the MTP to be incorporated onto particles.

ApoC-l is a 6.6 kDa protein synthetised in the liver and the intestine (Cohn et al., 2002;
Jackson et al., 1974; Polz et al., 1980). ApoC is a highly exchangeable protein. When it is
incorporated on VLDLs, ApoC-l inhibits the VLDL hydrolysis by LPL (Conde-Knape et al.,
2002), and when it is associated with HDLs, it inhibits the CETP activity (Gautier et al., 2000),

thus regulating the HDL clearance.

ApoC-Il is an 8.8 kDa protein also mainly synthesised mainly in the liver and, to a lesser
extent, in the intestine. ApoC-Il activates the LPL in the capillary endothelium (MacPhee et

al., 2000).

ApoC-lll is the more abundant C apolipoprotein in human plasma and is expressed in similar
organs than apoC-Il (Nestel and Fidge, 1982). In the opposite of apoC-Il, apoC-lll protein is an
inhibitor of the LPL (Brown and Baginsky, 1972).
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ApoE is secreted in the liver and intestine, but also in the kidney, spleen and brain, and has
an approximately mass of 34 kDa (Pitas et al., 1987). ApoE is an exchangeable protein and
can be incorporated from IDL to HDL. In humans, 3 common isoforms of APOE exist: €2, €3,
€4 (Rall Jr and Mahley, 1992). Even if the three isoforms differ by only a single amino acid
substitution, it impacts their stability and affinity to receptors (Morrow et al., 2000). Indeed,
apoE2 binds less to receptors than apoE3 or apoE4 (Morrow et al., 2000). Moreover, the
amino acid change also impacts the binding to lipoproteins. ApoE3 and E2 bind preferentially
to HDLs and apoE4 to VLDLs (Saito et al., 2003). ApoE is involved in cellular proliferation. It
was demonstrated that apoE inhibits smooth muscle cells proliferation, probably through
activation of signalling cascades upon binding to HSPG (Swertfeger and Hui, 2001). But the
main role of apoE is to bind core members of LDL receptors, and thus, as such, it plays a role

in hepatic uptake of lipoprotein particles as described in the following section.

2. LDL-R family: pattern of expression, structure, and functions
independent of viral infection

a. Common features of the LDL receptors

The family of low-density lipoprotein receptors regroups several surface receptors that share
similar motifs in their extracellular regions. They were discovered in 1947 after the
identification of a cellular pathway for the binding, internalisation and degradation of LDL
(Goldstein and Brown, 1974). The core members are the LDL-R, apolipoprotein E receptor 2
(apoER2), very low-density lipoprotein receptor (VLDL-R), LRP1, LRP1B, and the megalin. All
of these proteins present several repetitions of a ligand-binding motif of approximatively 40
amino acids with 6 cysteine residues, called LDL-R type A repeats, or cysteine-rich repeats.
The large members of the family (LRP1, LRP1B and megalin) contain four cluster of repeats
of this ligand-binding motif, when the other members only have one. The receptors of the
family also contain epidermal growth factor (EGF)-like domains along with a B-propeller

(YWTD) domain, a transmembrane anchor, and a cytoplasmic tail.

The cytoplasmic domain of LDL receptors contains several endocytosis signals. Indeed, four
classes of motifs were identified. There are two tyrosine-based signals: a NPxY motif, and a

Yxx@ motif (@ is an amino acid with a bulky hydrophobic group sequence). The NPxY motif
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directs the receptors to clathrin-coated pits (Brown and Goldstein, 1986; Chen et al., 1990).
There is also a di-leucine motif, a serine phosphorylation and a ubiquitin motif (Li et al.,

2001) (Figure 15).

An interesting feature of the receptors of the LDL-R family is that their interaction with their

ligand can be antagonised by the receptor-associated protein (RAP) (Bu, 1998).

Cluster |

@® [DL-R type A repeat
@ EGF-like repeat

€8 8 propeller
XN\ splicing event

Cluster Il

< furin cleavage site

O 0-linked sugar domain
@ transmembrane domain
O NPxY motif

Cluster Ill

% Cluster IV

LDL-R  VLDL-R ApoER2 LRP1 LRP1B LRP2

Figure 15: Structure of the core members of the low-density lipoprotein receptor family. LDL receptors contain
five distinct modules present in characteristic numbers: LDL receptor type A (LA) repeats for ligand binding, EGF-
like domains, YWTD beta propellers, O-linked sugar domain, transmembrane domain, and a cytoplasmic tail
harbouring one or more NPxY motifs essential for binding of intracellular adapter proteins. Differentially spliced
domains are depicted hatched. Cluster I, 1l, Ill, IV are corresponding to the clusters of LA repeats for LRP1, LRP1B
and LRP2. Created with BioRender.com.
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b. LRP1

LRP1, or a2-macroglobulin receptor, is ubiquitously expressed but is expressed at the
highest level in the brain and the liver. Being one of the largest members of the family, it is
constituted of 4 cluster of ligand-binding motifs repeats (Figure 15). These domains interact
with at least 40 different ligands, listed in Boucher and Herz (2011). For example, its
extracellular domain is known to interact with the amyloid precursor protein, a2-
macroglobulin (a protease inhibitor acting in the coagulation cascade) or apoE (Mikhailenko
et al., 2001) (Moestrup et al., 1993; Willnow et al., 1994). Interestingly, ligands bind
specifically to particular clusters in LRP1 sequence. Indeed, most of the ligands bind to the
cluster Il and IV (Neels et al., 1999). It was also demonstrated that its cytoplasmic tail also
binds to several ligands, such as Dab1l (acting on neural migration), or OMP25 (involved in

mitochondrial transport) (Kwon et al., 2010).

Its main functions are the endocytosis of the different ligands (lipoprotein metabolism in the
liver), the regulation of cell signalling pathway (Willnow, 1999) and neurite growth (in the

brain) (Holtzman et al., 1995)

c. LRP1B

LRP1B was first identified as a candidate tumour suppressor, since it is deleted in cell lung
cancer cell lines (Liu et al., 2000). The receptor is expressed in multiple tissues, such as the
cerebral cortex, the lung, the liver or the placenta (Li et al., 2005). LRP1B is a close homolog
of LRP1 (52% homology), and the number of ligand-binding repeats is identical to LRP1,
except for the one additional ligand-binding motif in the cluster IV. Both receptors share
several ligands, such as RAP or apoE, listed in Principe et al., (2021). Similar to LRP1, the

ligands bind preferentially to the cluster Il and IV.

Nonetheless, LRP1B and LRP1 also differ in some aspects. For example, it was demonstrated
that the kinetics of RAP endocytosis and the efficiency of this internalisation is lower for
LRP1B (Liu et al., 2001). This suggests that LRP1B might not be an efficient clearance

receptor.
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It has to be considered that the ORF of LRP1B is 13.8 kb and thus, overexpression (OE) of a
vector encoding the protein is challenging. In this context, a mini receptor, mLRP1B4,
comprising the fourth cluster (1V), the transmembrane domain and the intracellular domain,

was designed and used for most experiments (Liu et al., 2001).

d. Megalin

Megalin, also known as LRP2, is the third and last large member of the LDL-R family (Figure
15). In contrast to the above mentioned LDL receptors that were ubiquitously expressed,
megalin is mainly expressed at the apical side of epithelial cells (Hermo et al., 1999; Zheng et
al., 1998). Interestingly, megalin can be internalised upon interaction with some ligands and
traffic to the opposite side of the polarized cell, to release the ligand in the extracellular
environment without degradation. This was demonstrated for the retinol binding protein,
the thyroglobulin or the albumin (Marino et al., 2000; Marind et al., 2001; Russo et al.,
2007). Just like the other large LDL receptors, it is known to have a great diversity of ligands

listed in Marzolo and Farfan, (2011).

Megalin was shown to have several roles. In the central nervous system, it is implicated in
the formation of brain structures such as the olfactive bulb or the forebrain. This is probably
caused by a requirement of cholesterol uptake during the brain formation (Willnow et al.,
1996). In the liver or the lung, the main role is the internalisation of its ligands, like

selenoproteins, apoE or insulin (Morales et al., 1996; Olson et al., 2008; Orlando et al., 1998)

e. ApoER2

ApoER2, also named LRPS, is preferentially expressed in the central nervous system, but can
also be found in the placenta or the ovaries (Kim et al., 1996; Reddy et al., 2011). The
receptor has 8 ligand binding motifs and an unique proline-rich domain displayed in its
cytoplasmic tail (Figure 15). ApoER2 is mostly known for its role as the Reelin receptor, and
thus, in the Reelin pathway controlling the neuronal migration during brain development.

ApoER?2 also interacts with several factors such as Seppl, a selenoprotein (ligands listed in
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Dlugosz and Nimpf, (2018)). The receptor allows the uptake of selenium at the blood brain
barrier as well as within the brain, on neurons. Selenium is particularly important to prevent

neurodegeneration (Olson et al., 2007).

A particularity of apoER2 is that it undergoes several splicing events. The ligand-binding
motifs 4 to 6 are spliced out of all transcripts (Clatworthy et al., 1999). Some transcripts
contain a furin cleavage site in the ligand-binding motif 8, and some have the additional

proline-rich domain in their cytoplasmic tail (Brandes et al., 2001).

f. VLDL-R

VLDL-R has 8 ligand-binding repeats and shares around 50% homology with apoER2 (Kim et
al., 1996) (Figure 15). Similar to apoER2, the receptor is mostly expressed in the central
nervous system, but can also be found in skeletal muscles or in the heart (Oka et al., 1994).
While both apoER2 and VLDL-R were shown to be expressed in the central nervous system,
they do not co-localise in the same neurons at the same time. Interestingly, both receptors
bind to Reelin (apoER2 with a stronger affinity), contributing to distinct actions on the
development of the cerebral cortex. ApoER2 is mainly involved in the early steps of

migration, and VLDL-R in its termination (Hirota et al., 2015).

VLDL-R also undergoes splicing events producing 4 transcript variants. The transcript Il lacks
the third ligand-binding motif, and the variant IV lacks the same motif as well as the O-linked
sugar domain. Similar to LRP1 and LRP1B, VLDL-R shares several ligands with apoER2, but

also has specific ligands such as the vitellogenin or apoB.

g. LDLR

LDL-R was the first receptor of the family to be discovered, and the most studied one. It was
identified by Brown and Goldstein, (1986) after comparing the LDL uptake by normal
fibroblasts and fibroblasts from patients presenting a familial hypercholesterolemia. LDL-R is
ubiquitously expressed and binds to apoB, apoE and the proprotein convertase

subtilisin/kexin type-9 (PCSK9) (Lagace et al., 2006). PCSK9 is mainly secreted in the liver and
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binds specifically to LDL-R (Kosenko et al., 2013; Seidah et al., 2003) and, once bound to LDL-
R, inhibits its endocytic recycling, causing the lysosomal degradation of both proteins (Surdo
et al., 2011). The prototypic LDL receptor is constituted of 7 LDL receptor type A repeats,
followed by two EGF-like repeats, a YWTD domain, a third EGF-like repeat, the
transmembrane domain and the cytoplasmic tail containing an endocytic NPxY motif (Figure

15).

LDL-R mediates the clearance of LDL (discussed in Chapter I.D.1.a), though the binding of
apoB and apoE followed by endocytosis via clathrin pits. In the endosome, the acidification
of the compartment (pH below 6.5) causes the dissociation of the receptor and its ligand
(Brown and Goldstein, 1986). After dissociation, the ligand is targeted to the lysosome, and
the receptor is recycled to the cell surface where it binds another apolipoprotein. Once in

the endolysosome, the LDL is hydrolysed to liberate cholesterol (Figure 16).

BINDING
Though apoB / apoE %
ENDOCYTOSI
OCYTOSIS [ LDL-R RECYCLING

Clathrin-mediated
endocytosis

Endosome
acidification
LDL LYSOSOMAL Cell membrane
DEGRADATION — Adipogenesis

Lipoprotein

Figure 16: LDL endocytosis by LDL-R. LDL-R binds to LDL through apoB or apoE and internalises it by clathrin-
mediated endocytosis. Upon acidification of the endosome, the ligand and the receptor dissociate. LDL-R is
recycled to the cell surface and LDL is degraded to release into the cell the triglycerides and cholesterols.
Created with BioRender.com.
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3. Roles of LDL receptors in viral infection

Since the discovery of LDL-R, it was demonstrated that the receptors from the family have
several roles outside of the uptake of cholesterol, one of them being a host factor promoting
viral infection. The first paper describing a role as a viral receptor was published in 1993 by
Paul Bates on the Rous Sarcoma Virus. Using a library of chicken genomic DNA transfected
into COS7 cells (chicken being infected by the virus in contrast to COS7 cells), the authors
had previously isolated, but not identified, a gene conferring susceptibility to the virus (GOF
screen) (Young et al., 1993). In Bates et al., (1993), the authors were able to identify a 819
nucleotide sequence encoding an ectodomain related to the ligand-binding motif of LDL-R.
At that time, there were no other virus known to interact with the receptors of the family,
and it was thought that the only ligands were apolipoproteins. Thus, despite failing to find
other corresponding proteins in the GeneBank database, they referred to the protein as “the

RSV(A) receptor” or as “pg800” (Bates et al., 1993).

One year later, Franz Hofer identified a fragment of LDL-R and LRP1 as proteins binding to a
minor-group human rhinovirus (HRV2) (Hofer et al., 1994). Then, in 1998, it was determined
that the fragment previously identified by Hofer et al. was in fact from VLDL-R (Marlovits et
al., 1998).

The following year, it was reported that HCV and the bovine viral diarrheal virus (BVDV),
both from the Flaviviridae family, use LDL-R for their entry. In the case of HCV, using
neutralising antibodies against apoE and apoB, it was further shown that the virus could
interact with the receptor through the apolipoproteins. Since a total inhibition was never
achieved in these neutralisation assays, the authors could not exclude a direct endocytosis
of HCV by LDL-R (Agnello et al., 1999). In 2016, a role of VLDL-R in HCV entry was also
demonstrated (Ujino et al., 2016).

HCV is a particular virus. Its particles are called lipo-viro-particles (André et al., 2002). The
viral particles are associated with triglycerides, cholesterol ester and apolipoproteins, similar
to VLDL or LDL (Merz et al., 2011; Nielsen et al., 2006). Currently, the exact association
between particles and lipoproteins is still unclear and two models have been proposed
(Figure 17). On the one hand, the “one-particle” model represents the incorporation of the

viral particle inside a lipoprotein. On the other hand, the “two-particles” model results from
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the non-covalent link between E1/E2 viral glycoproteins and apolipoproteins at the surface

of lipoproteins (Figure 17) (Cosset et al., 2020).
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Figure 17: Models of HCV association with lipoproteins. Created with BioRender.com.

In 2008, the Japanese Encephalitis Virus (JEV), another flavivirus, was described to use to
LDL-R, using neutralisation assays with antibodies and soluble LDL-R (Chien et al., 2008).
Later, Liu et al, (2020) demonstrated that defensin, an antimicrobial peptide from
mosquitoes is able to bind to the E protein of JEV and increase the virus binding to host cells.
They in fact showed that defensin binds to LRP2 (megalin), and concluded that JEV uses LRP2

as an entry factor through the interaction with defensin (Liu et al., 2020).

It is only in 2013 that LDL-R was identified as a receptor for VSV, that became the classic
control to study the receptor. Previously, in 1993, it was observed that a soluble form of the
LDL-R was secreted upon IFN treatment, and that this correlated with the inhibition of VSV
infection (Fischer et al., 1993). Twenty years later, the same team was able to link their
previous discovery with the capacity of VSV to use LDL-R for entry. They identified the
ligand-binding motif as the epitope for VSV binding. This motif, as described previously, is
shared among the LDL receptors family and thus, VSV probably uses other LDL receptors in
addition to LDL-R. This was demonstrated using fibroblasts that do not express the LDL-R, or
later using haploid cells KO for LDL-R (Finkelshtein et al., 2013; Nikolic et al., 2018). In the
later paper, in 2018, the interaction between VSV and LDL-R was further characterised. From
the 7 repeated ligand-binding motifs (also known as cysteine-rich repeats, CR), the second

and the third (CR2 and CR3) were found to bind the VSV glycoprotein (VSV-G).

Then, from 2021 to 2024, more than 15 viruses were described to use receptors from the

LDL-R family (see Table 5) among which the Hepatitis B virus (HBV) (Li and Luo, 2021). In this
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paper, the authors claimed that the interaction is similar to the one described for HCV and
occurs through apoE. However, they did not show an interaction between apoE and the
virus, but only an interaction between apoE and its receptor (Li and Luo, 2021).
Nevertheless, prior to this publication, it was demonstrated that HBV particles are enriched
in apoE and thus, we can hypothesise that the interaction with the LDL-R can be apoE-

mediated (Qiao and Luo, 2019).

SARS-CoV-2 was also reported to depend on LDL-R for entry. Indeed, LDL-R was shown to
increase the entry of lentiviral particles pseudotyped with SARS-CoV-2 spike protein (Uppal
et al., 2023). The same year, it was demonstrated that there is also an impact of LRP1 on the
replication of the virus (Devignot et al., 2023). The basis of the observation was not
investigated, but in 2020 it was reported that the spike protein interacts with cholesterol

and thus, the interaction could also happen though apoE (Qiao and Luo, 2019).

Most of the recent viruses identified as dependent on LDL receptors are from the
Alphaviruses family (see Table 5). Indeed, several of them were shown to use LDL-R for their
entry, but also LRP8 (apoER2) and VLDL-R (Adams et al., 2024; Cao et al., 2023; Clark et al.,
2022; Ma et al., 2024; Zhai et al., 2024). The interaction of those alphaviruses with their
receptor seems to occur directly though their protein E2E1 and the CR4 and CR5 of LDL-R
(zhai et al., 2024).

Finally, as stated in the “Bunyaviricetes entry” section, several bunyaviruses were recently
shown to interact with LRP1 (see Table 5) (Devignot et al., 2023; Ganaie et al., 2021; Schwarz
et al., 2022). The interaction between these viruses and the receptor is described as direct
since the glycoprotein of RVFV is used to compete with Oropouche virus (OROV) infections
and since the authors used VSV pseudotyped with OROV glycoprotein (Schwarz et al., 2022).
More precisely, the viruses were shown to bind specifically to the cluster Il and IV of ligand-

binding domain repeats of LRP1 (Ganaie et al., 2021; Schwarz et al., 2022).

We can notice that the human hepatotropic viruses discussed above, such as HBV and HCV,
were shown to binds to apolipoproteins, in contrast to other non-hepatotropic viruses. This
may be explained by the fact that viruses take advantages of factors highly expressed in the
liver. It can also be explained by oriented research on these highly expressed factors since
the non-hepatotropic viruses were not assessed for a possible interaction with

apolipoproteins. We can also notice that LRP1B is not listed as entry factors for viruses, even
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if it shares the same ligand-binding motifs than LRP1. This can be explained either by the fact
that LRP1B is less investigated than LRP1, or by the fact that viruses may require co-factors

to allow their entry, and these co-factors may differ depending on the LDL receptor.

Receptor Virus Step Type of interaction Reference
Subgroup A Rous
) Entry Not shown (Bates et al,, 1993)
Sarcoma Virus
Minor group HRV Entry Not shown (Hofer et al., 1994)
HCV Entry and Indirect through apoE and
replication apoB (Agnello et al., 1999)(0Owen et al., 2009)
BVDB Entry Not shown
JEV Entry Not shown (Chien et al., 2008) (Huang et al., 2021)
Entry and later . . (Finkels htein etal., 2013) (Nikolic et al.,
e stages st el 2018) (Devignotetal., 2023)
LDLR o
HBV Entry Seems indirect through apoE (Li and Luo, 2021)
SARS-CoV-2 Entry Not shown (Uppal etal., 2023)
GETV Entry Direct with GETV-E2E1
SFV Entry Direct with SFV-E2E1 .
: : (Zhai etal., 2024) (Ma et al.,, 2024)
RRV Entry Direct with RRV-E2E1
BEBV Entry Direct with BEBV-E2E1
EERN ki DfreCt (Ma et al., 2024)
WEEV Entry Direct
CSFV Later stages Not shown (Leveringhaus et al., 2024)
Minor group HRV Entry Not shown (Hofer et al., 1994)
RVFV Entry Direct (Devignot et al., 2023) (Ganaieetal., 2021)
LRP1 OROV Entry Direct (Schwarz et al., 2022)
SFSV Entry Not shown
LACV Entry Not shown (Devignot et al., 2023)
SARS-CoV-2 Later stages Not shown
Minor group HRV Not shown Not shown (Marlovits etal., 1998)
VLDLR HCV Entry Indirect through apoE (Ujino et al., 2016)
SFV Entry Direct
EEEV Entry Direct
- (Clark et al., 2022)(Cao et al., 2023)(Adams et
SFV Entry Direct al., 2024)
LRP8 SINV Entry Direct
EEEV Entry Direct
Indirect through defensin in
LRP2 JEV Entry . (Liuetal., 2020)
mosquito cells

Table 5: LDL receptors playing a role in viral entry. Retroviridae in light grey, Picornaviridae in dark grey, Flaviviridae in
green, Rhabdoviridae in orange, Hepadnaviridae in light blue, Coronaviridae in blue, Alphaviruses in yellow and
Bunyaviricetes in pink. Viruses in bold highlight the hepatotropic viruses which binds to LDL-R through apolipoproteins.
HRV: Human Rhinovirus; HCV: Hepatitis C virus; HBV: Hepatitis B virus;, BVDV: Bovine viral diarrhea virus; JEV: Japanese
encephalitis virus; VSV: Vesicular stomatitis virus; GETV: Getah virus; SFV: Semliki Forest virus; RRV: Ross River virus;
BEBV: Bebaru virus; EEEV: Eastern equine encephalitis virus; WEEV: Western equine encephalitis virus; CFSV: Classical
swine fever virus; RVFV: Rift Valley fever virus; OROV: Oropouche virus; SFSV: Sandfly fever Sicilian virus; LACV: La
Crosse encephalitis virus; SINV: Sindbis virus.
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E. Tools to study CCHFV

As described above, the authentic CCHFV is classified as a BSL-3 to 4 virus in most countries,
making its study more rare, expensive, and time-consuming. In order to boost the research
required to find anti-viral drugs, vaccines, or simply to dissect its replication cycle, powerful

tools have been developed.

1. Minigenome system

The minigenome system, depicted in Figure 18, is used to study viral transcription,
replication, and encapsidation independently of viral entry. The minigenome is analogue to
the viral RNA. It contains the 5" and 3’ UTR of a viral segment, and in between, the CCHFV
genome is replaced by a reporter gene (Bergeron et al., 2010; Devignot et al., 2015). The
minigenome is cloned into a plasmid, most of the time under the control of a T7 promotor,
thus requiring the transfection of an expression plasmid encoding the T7 RNA polymerase in
trans, or the use of cells stably expressing it. The expression of the reporter gene then relies
on the viral replication machinery, the NP and L proteins, that is provided by transfection of
expression plasmids (Bergeron et al., 2010), or by superinfection in BSL-4 conditions with
authentic CCHFV (Flick et al., 2003). The minigenome RNA (mgRNA) is transcribed,
encapsidated with NP and acts as a template for replication and transcription, resulting in
the expression of the reporter signal. To study the replication alone, the L plasmid can be
replaced with an L protein mutated at the D693, which loses it cap-snatching activity and is
unable to transcribe mRNA (Devignot et al., 2015). Since this system does not produce

infectious particles, it can be studied in BSL-2 laboratories.
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Figure 18: CCHFV minigenome assay. Cells are transfected with plasmids expressing the replication machinery (NP
and L protein), as well as a minigenome encoding a reporter molecule whose open reading frame is flanked by 5’ and
3’ UTRs. Generation of the minigenome RNA (mgRNA) is achieved by transfection of the reporter minigenome plasmid
under a T7 promoter as well as a T7 RNA polymerase helper plasmid (right). In the cell, mgRNA is replicated into

complementary RNA (cRNA) or transcribed into messenger RNA (mRNA) that is translated into the reporter molecule.
Created with BioRender.com.

2. Pseudotyped particles

Pseudotyped particles are chimeric virions which consist of a viral core from a parental virus
and viral envelope proteins from another virus. Contrary to the minigenome system, this
tool is used to study cellular tropism or entry steps. Most pp are based on specific parental
viruses such as retroviruses (Murine Leukemia Virus, MLV; or HIV), or rhabdoviruses (VSV),
and are modified to become defective for a complete replication cycle (Evans et al., 2007
Ma et al., 1999; Whitt, 2010). Generation of pp is more efficient when the glycoprotein of
the virus of interest assembles at the same site as the parental virus. For VSV particles
pseudotyped using CCHFV GPC, it is not the case. Indeed, VSV buds at the plasma
membrane, while CCHFV buds at the Golgi (Bertolotti-Ciarlet et al., 2005; Brown and Lyles,
2005). In order to target CCHFV GPC at the plasma membrane, a mutant was generated with
the deletion of 53 amino acids at the Gc cytoplasmic tail, increasing its localisation at the
plasma membrane (Suda et al., 2016). In this paper, the gene for the VSV-G was deleted
(VSVAG) and replaced by a reporter gene such as the green fluorescent protein (GFP) or the

NanoLuc luciferase (NLuc). To produce VSVpp CCHFV GPC, the authors transfected target
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cells with a plasmid encoding for the Gc mutant, which was produced and targeted at the
plasma membrane, and infected these cells with VSVAG. VSV virion progeny incorporated
the CCHFV GP during the budding, and produced VSVAG_GFP_CCHFV GP, which genome
lacked a gene encoding a glycoprotein, and hence, was not replicative. It is important to
note that infection with VSVAG_GFP_CCHFV GP must be performed with an anti VSV-G

antibody to ensure that there is no impact of residual VSV-G present on the particle.

To produce a replication-competent VSVpp_CCHFV GPC, an ORF encoding a truncated GPC
can be introduced into the VSV genome (Rodriguez et al., 2019). This truncated GPC was
obtained after several passages of VSVAGpp_CCHFV GPC and has 4 mutations in the Gc ORF

and 2 in the preGn. This system has to be handled in a BSL-3 laboratory.

3. Transcription- and entry- competent virus-like particles

The previous systems have the disadvantage that the virion structures and machinery are
not similar to CCHFV virions. In order to overcome this limitation, transcription- and entry-
competent VLPs were developed (tecVLPs, represented in Figure 19). These particles, unlike
the CCHFV GPC-pseudotyped particles derived from VSV, contain all CCHFV proteins, and a
minigenome usually flanked by the L segment UTRs. The tecVLPs mimic authentic CCHFV
virion morphology, entry, and primary transcription (Zivcec et al., 2015). Nonetheless, they
do not contain any authentic viral genome, and therefore are unable to express viral
proteins upon entry. To produce VLPs, producer cells are transfected with plasmids encoding
NP, GPC, L protein, T7 RNA polymerase, and a minigenome (as described previously),
resulting in the encapsidation and incorporation of the mgRNA into the particles. Depending
on the reporter gene, indicator cells that will further be infected, require being “pre-
transfected” with the replication machinery: NP- and L- encoding plasmids. Indeed, a robust
Renilla or GFP signal can be obtained only if the indicator cells strongly express NP and L
protein (Devignot et al., 2015), while NLuc signals can be obtained in the absence of pre-
transfection (Zivcec et al., 2015). Moreover, tecVLPs can also infect “amplifier cells” that
have been pre-transfected with NP, L protein but also GPC prior to infection, and thus form

new virions, only containing the encapsidated minigenome. This provides a view of the
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assembly and egress steps, which is not possible in indicator cells since they do not express

the structural proteins required for the virion production (GPC) (Devignot et al., 2015).
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Figure 19: CCHFV_tecVLP assay. Producer cells are transfected with plasmids encoding the replication machinery (NP and L
protein), the glycoprotein precursor complex (GPC), a minigenome encoding a reporter molecule whose ORF is flanked by
CCHFV 5’ and 3’ UTRs, and a T7 RNA polymerase. In the cell, the minigenome RNA (mgRNA) is replicated into
complementary RNA (cRNA) or transcribed into messenger RNA (mRNA) which is translated into the reporter molecule.
Moreover, assembly and budding of newly formed particles occur. TecVLPs are used to infect amplifier cells (that express
NP, L protein and GPC) or indicator cells (that express NP and L protein, or that are left untransfected) depending on the
reporter protein expressed. Created with BioRender.com.

4. Viral replicon particles

The tecVLPs system has the disadvantage of requiring a step of pre-transfection, depending
on the reporter gene, limiting the population of “detectable infected cells” to the one that is
doubly transfected with NP and L plasmids. Moreover, the particles only incorporate one
RNP, containing the mgRNA, possibly causing differences in the replication process
compared to the authentic virus (with 3 segments). To get closer to the authentic virus, viral
replicon particles were developed (represented in Figure 20). These particles do not contain
a minigenome as previously, but the full-length S-segment and L-segment, allowing them to
perform authentic entry, transcription, and replication. Moreover, since they do not
encapsidate the M-segment, they do not produce the GPC necessary to form new virions

(Scholte et al., 2019; Spengler et al., 2019). In order to produce VRPs, cells are transfected
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with plasmids containing the full S- and L-segment, under the control of the T7 promoter,
but also encoding the T7 RNA polymerase, the GPC without the UTRs, and with the helper
plasmids encoding NP and L protein under a strong cellular RNA polymerase Il promoter
(Scholte et al., 2019). To easily detect infected cells, VRPs expressing ZsGreen were
developed by cloning the ZsGreen ORF into the S-segment plasmid, with a P2A cleavage site
(Scholte et al., 2019). Similar to tecVLPs, a step of “amplification” can be done by
transfecting amplifier cells with the plasmid encoding GPC. This single-cycle infection allows

this system to be manipulated in BSL-2 conditions.
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Figure 20: CCHFV VRP assay. Producer cells are transfected with plasmids encoding the replication machinery (NP and L
protein), the glycoprotein precursor complex (GPC), the S_ZsGreen and L segments and a T7 RNA polymerase. In the cell,
viral RNAs (VRNAs) are replicated into complementary RNAs (cRNAs) or transcribed into messenger RNA (mRNA) that are
translated into L and NP_ZsGreen proteins, the latter being then cleaved into NP and ZsGreen. Moreover, assembly and
budding of newly formed particles occur. VRPs are used to infect amplifier cells (that express GPC) or indicator cells (that
are left untransfected). Created with BioRender.com.

5. Recombinant CCHFV

Finally, complete CCHFV can be produced by adding the M-segment to the VRP system,
resulting in the production of recombinant CCHFV (rCCHFV). As described previously, to

facilitate the monitoring of the infection, a ZsGreen can be added to the S-segment
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(Bergeron et al., 2015; Flick et al., 2003; Welch et al., 2017). Even if this tool must be
manipulated under BSL-4 conditions, recombinant CCHFV allows the functional assessment

of mutations on the complete virus genome.

6. Animal models

As previously stated, there is a lack of animal model to study CCHFV, slowing the
development of vaccines and treatments. CCHFV does not cause disease in
immunocompetent adult rodents (Shepherd et al., 1989a; Zeller et al.,, 1994). The only
model available has long been neonatal mice or rats used since 1967 by Chumakov
(Hoogstraal, 1979). This changed with the discovery that CCHFV infection was lethal in adult
IFNAR” mice (Bereczky et al., 2010; Zivcec et al., 2013). Then, a model of immunocompetent
mice treated with anti IFN-I receptor A (MAR1-5A3), and thus producing a transient IFN-I
blockade, resulted in lethal CCHFV infection (Garrison et al., 2017; Sheehan et al., 2006). In
2017, a model of humanised mice was described (Spengler et al., 2017). The authors used
NOD-SCID-g (NSG)-SGM3 mice, which have inherited severe combined immune deficiency
(SCID) combined to a defect in cytokine signalling and expressing human Stem cell factor,
GM-CSF and IL-3 (SGM3). This genetic background renders the mice deficient for natural
killer, B, and T cells, allowing them to be humanised, and the expression of the SGM3
transgenes supports the stable engraftment of myeloid lineages. After infection, the mice
show endothelial damage, plasma leakage and several neurological symptoms as described

in humans (Spengler et al., 2017).

However, all these rodent models, well described in Garrison et al., (2019), cannot be used
to study the role of adaptive immunity in CCHFV infection. In 2021, a mouse-adapted variant
of CCHFV (MA-CCHFV) was developed. A clinical isolate of the Hoti strain of CCHFV was
inoculated into Rag2”/- mice (lacking adaptive immunity), and after serial passages, the
authors observed a decrease in time of onset of severe disease. This MA-CCHFV was then
inoculated into wild-type mice and was able to cause severe symptoms. After sequencing, it
was demonstrated that MA-CCHFV was mutated twice in the S-segment, resulting in a
coding change in NP but also in NSs. In addition, one mutation was identified in the M-

segment, changing the protein sequence for NSm. Finally, two changes were observed in the

81



Introduction | Tools to study CCHFV

L protein. No further study has been conducted yet, but we can hypothesise that these
mutations, mostly the one in NSs, can modulate the ability of MA-CCHFV to antagonise the

mouse innate immune signalling (Hawman et al., 2021).

Finally, the only non-rodent model known to date is a non-human primate (NHP) model: the
cynomolgus macaque. Until 2018, studies using NHP (rhesus macaques and African green
monkeys) infected with CCHFV did not show any clinical signs (Fagbami et al., 1975). Then, it
was published that cynomolgus macaques, infected with the Hoti or Afg09 strain of CCHFV,
can recapitulate the severe clinical and pathological sighs of a human CCHFV infection
(Haddock et al., 2018; Smith et al., 2019). Interestingly, these results were not reproduced in
Cross et al., (2020) where the infected cynomolgus macaque developed only a mild clinical

disease.

During my PhD, and in the following manuscript, | mainly used CCHFV_tecVLPs.
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Chapter Il. Objective of the work, and scientific contributions to other
projects

As described in my introduction, CCHFV is a growing threat, without any vaccine or licenced
treatment, listed in the Blueprint list of the WHO. Moreover, there is a dire need to
implement knowledge about the molecular mechanisms involved in virus/host interactions.
When my project started, there were no receptor or entry co-factor identified for CCHFV,
with the exception of DC-SIGN and Nucleolin, but both lacking strong evidence. It is in this
context that | aimed at identifying and characterising cellular factors governing CCHFV
entry into host cells. | also contributed to several projects in the lab aiming to better

understand the molecular properties of the virus, as described below.

1. CCHFV_tecVLPs are protected by a secreted cellular factor.

During my PhD, | collaborated with Solene Denolly, a Post-Doctoral fellow in the Department
of Infectious Diseases, Molecular Virology, Heidelberg University, Germany (Prof. Dr.
Bartenschlager team) on a project related to HCV. This project highlighted the sensitivity of
HCV to oxidation, and the mechanism used by the virus to prevent oxidation-mediated
degradation by taking advantage of secreted factors. In this project, CCHFV, as well as
several other hepatotropic viruses, were used to verify the stability of their infectious
particles at body temperature, in the presence or absence of secreted cellular factors. My
contribution, presented in the following “Results” section (Chapter IIl.A.2) allowed to
demonstrate that CCHFV infectious particles are more stable if cellular proteins are present
in the medium, and thus, that there are secreted factors that may protect the particles. The

complete version of the published paper is presented in Annexe.

Low-density hepatitis C virus infectious particles are protected from oxidation by secreted
cellular proteins. 2023. mBio 14: e01549-23. https://doi.org/10.1128/mbio.01549-23

Christelle Granier*, Johan Toesca*, Chloé Mialon*, Maureen Ritter, Natalia Freitas, Bertrand

Boson, Eve-lsabelle Pécheur, Francois-Loic Cosset” and Soléne Denolly*
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2. Trafficking motifs in CCHFV Gn and Gc cytoplasmic tails govern
CCHFV assembly.

The second project that | contributed to aimed to study the trafficking motifs required for
the maturation of the glycoproteins of CCHFV, and to identify cellular factors involved in its
assembly. It was supervised by Dr. Natalia Freitas, a Post-Doctoral fellow who later left the
team, and then by Dr. Anupriya Gautam and Bertrand Boson. For this paper, the cytoplasmic
tails of Gn and Gc were mutated at putative endocytic motifs. | provided information
concerning the impact of the mutations on the formation of infectious particles, presented
in the following Results section (Chapter IIl.B.2). We also assessed the impact of two cellular
factors, PACS-1, and PACS-2, on CCHFV assembly, and | more specifically characterised the
role of PACS-1. The complete version of the published paper is presented in Annexe.

The PACS-2 protein and trafficking motifs in CCHFV Gn and Gc cytoplasmic tails govern

CCHFV assembly. 2024. Emerging Microbes & Infections
https://doi.org/10.1080/22221751.2024.2348508

Anupriya Gautam, Alexandre Lalande*, Maureen Ritter*, Natalia Freitas*, Soléne Lerolle,

Lola Canus, Fouzia Amirache, Vincent Lotteau, Vincent Legros, Francois-Loic Cosset, Cyrille
Mathieu, and Bertrand Boson

3. Identification and characterisation of LDL-R as an entry factor for
CCHFV

In parallel, | worked on the main aim of my PhD, the identification and characterisation of
host factors governing CCHFV entry. Based on the Xiao et al., (2011) report, | first attempted
to confirm whether NCL was indeed an entry factor for CCHFV, using tecVLPs as an
experimental system. | chose not to test DC-SIGN since it is not expressed in the susceptible
Huh-7.5 cells. In the following Results section (Chapter 1lI.C.2), | will present my data
obtained for NCL, and how it led to the identification and characterisation of LDL-R and
apolipoproteins as entry factors for CCHFV. This project started with experiments that |
performed under the supervision of Dr. Frangois-Loic Cosset and Dr. Natalia Freitas. When
Dr. Natalia Freitas left the team, Dr. Soléne Denolly, still at Heidelberg University at the time,

joined the supervision of the project, allowing me to benefit from her expertise in viral
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interactions with apolipoproteins. It then turned into a massive collective effort. In the team,
Dr. Anupriya Gautam, Thomas Vallet, Dr. Li Zhong, Bertrand Boson, Apoorv Gandhi, Serguei
Bodoirat and Dr. Vincent Legros also dedicated their time to this project. We were also able
to collaborate, among others, with Dr. Cyrille Mathieu, Lola Canus and Alexandre Lalande,
who performed the experiments in the BSL-4 using the authentic virus. Finally, it would not
have been possible without the collaborators Prof. Philippe Roingeard and Julien Burland-
Gaillard for the electron microscopy, Dr. John N. Barr for the HAZV system, Dr. Vincent
Lotteau for the BSL-4 experiments, and Chloé Journo for my PhD supervision. In the
following Results section (Chapter 11I.C.2), | will present in detail the data that | specifically
obtained or helped to obtain, while the complete version of the published paper is
presented in Annexe.

The low-density lipoprotein receptor and apolipoprotein E associated with CCHFV particles

mediate CCHFV entry into cells. 2024. Nature Communications 15, 4542.
https://doi.org/10.1038/s41467-024-48989-5

Maureen Ritter, Lola Canus*, Anupriya Gautam®*, Thomas Vallet*, Li Zhong, Alexandre
Lalande, Bertrand Boson, Apoorv Gandhi, Serguei Bodoirat, Julien Burlaud Gaillard, Natalia
Freitas, Philippe Roingeard, John Barr, Vincent Lotteau, Vincent Legros, Cyrille Mathieu,
Frangois-Loic Cosset and Solene Denolly
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Chapter Ill.Results

A. CCHFV_tecVLPs are protected by a secreted cellular factor.

1. Context

CCHFV transmission from cell to cell or from host to host can be studied not only by looking
for molecular factors governing viral entry, but also by understanding the routes and
parameters of viral transmission. To this end, the viral stability on surfaces or in body fluids
can be assessed. As a virus that replicates in the liver, CCHFV particles are exposed to a
complex environment after their secretion, such as the acidic bile or the lipoproteins. In the

report Granier et al., (2023), | addressed the properties of CCHFV particles stability.

2. Results

To evaluate the stability of CCHFV particles, CCHFV NLuc_tecVLPs were produced, as
described in Figure 19, in Huh-7.5 cells cultured in serum-free medium, that is, in Huh-7.5
grown previously for 24h in OptiMEM without foetal bovine serum (FBS). The hepatocyte
Huh-7.5 cells were used since the liver is one of the main infected organs upon CCHFV
infection. Moreover, this cell line is defective in the innate immune signalling because of the
expression of an inactive form of RIG-I, a cytosolic pattern recognition receptor inducing IFN-
| responses (Sumpter et al., 2005). Since CCHFV is sensitive to IFN, this defect allows a better

viral production and a higher permissiveness.

Briefly, Huh-7.5 were transfected with plasmids harbouring the NLuc ORF flanked by the L 5’
and 3’ UTRs and under the control of a T7 promotor. The cells were also transfected with
plasmids encoding the T7 polymerase, and ORF of the L, NP, and GPC proteins of CCHFV, to
produce CCHFV particles containing only the RNA of the NLuc minigenome (Figure 19). Three
days post-transfection, the supernatant was harvested and filtered through a 0.45um filter.
The infectivity of the particles produced was assessed after a 6-hour incubation period at
37°C (body temperature) following their harvest and compared to supernatants stored at
4°C immediately after harvest. The infection assay was performed on Huh-7.5 grown in

serum-free medium and pre-transfected with NP and L expression plasmids 24h before
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infection. Three days post-infection, indicators cells were harvested and lysed using a
passive lysing buffer, and finally, the NLuc luminescence signal from the infected cells was

assessed using the Nano-Glo® Luciferase Assay System (Promega).

| found that CCHFV_tecVLPs infectivity decreased slightly, around 5 folds, when incubated at
37°C compared to 4°C (Figure 21), meaning that CCHFV_tecVLPs are not fully stable at body

temperature.
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Next, the stability of these extracellular particles was compared with their intracellular
counterparts (Figure 22). Intracellular particles are particles that have been assembled in the
cells but have not been released yet. Intracellular particles were retrieved after 3 cycles of
freeze-thawing of the producer cells and treated as previously described for particles from
the supernatant. Interestingly, after 6 hours at 37°C, intracellular CCHFV_tecVLPs remained
stable. This suggests that intracellular CCHFV_tecVLPs can be protected from the 37°C

treatment, possibly by a cellular factor.
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Figure 22: Intracellular particles are stable at 37°C. CCHFV NLuc_tecVLPs intracellular
particles were diluted in serum-free medium and treated as in Figure 19. The results are
represented as means * SEM. Each dot in the graph corresponds to the value of an
4°C 37°C individual experiment. N=4. Parametric unpaired t-test.
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Since intracellular particles and particles in the supernatant are surrounded by cellular
factors, secreted or not, the next step was to assess the stability of “purified extracellular
particles”. For this purpose, extracellular particles and medium/cellular components were
separated by an ultracentrifugation step with a 20% sucrose cushion. Here, | observed a
strong decreasing trend (more than 3 log) in the infectivity of purified particles incubated at
37°C, compared to the purified particles kept at 4°C (Figure 23, white bars). This
demonstrates that secreted particles without cellular factors are highly sensitive to
temperature. Moreover, the difference of stability between supernatant and purified

particles can suggest that some secreted cellular factors could stabilise extracellular tecVLPs.

Thus, to investigate the effect of potential stabilising factors secreted by virus-producer cells,
purified extracellular particles were resuspended in a “Mock medium”. This medium consists
of a supernatant of naive Huh-7.5 cells incubated for 72 h in a serum-free medium.
Interestingly, | found that after incubation with the mock medium, the infectivity increases
of 2 log, and thus it tends to partially protect purified extracellular from temperature-
dependent loss of infectivity (Figure 23, pink bars).

Purified particles
ns

100 ns Figure 23: Purified CCHFV_tecVLPs are protected

100 ns ns from temperature-sensitive degradation by secreted
SE‘ 107 factors. CCHFV_tecVLPs were  purified by
S 106 —T_ _j[L ultracentrifugation. Purified extracellular particles
E:__‘ 105 L] - were diluted in serum free medium (white bars) or in
Z 104 L | [JMock medium mock medium (pink bars) and treated as in Figure 19.
-..E 10 e The results are represented as means + SEM. Each dot
£ 102 ‘ in the graph corresponds to the value of an individual
BT experiment. N=4. Two-way ANOVA test with Sidak’s

100 multiple comparisons.

4°C 37°C

Altogether, these results showed that CCHFV_tecVLPs are characterised by their high

instability at 37°C, which can be overcome by cellular secreted factors.

3. Conclusion

In a previous report about the tecVLPs, it was shown that the particles were almost not

infectious after 3 days at 4°C (Devignot et al., 2015), highlighting a poor stability of the
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system. Thus, the slight reduction in infectivity observed in the supernatant incubated at
37°C vs 4°C is not surprising. Interestingly, in purified particles, this loss in infectivity in
stronger. These observations were not the same for all the viruses tested in the paper.
Indeed, HCV was highly unstable, even its intracellular particles. Using HCV, it was
demonstrated that several factors produced by hepatocytes, such as human serum albumin,
alpha-1-antitryspin and iron-free transferrin, can protect the particles from a loss of

infectivity following an incubation at 37°C.

B. Trafficking motifs in CCHFV Gn and Gc cytoplasmic tails govern CCHFV
assembly.

1. Context

Capitalising on the experience | gained working on the HCV stability project, and following
the report about CCHFV assembly previously published in the team (Freitas et al., 2020), |
took part in a follow-up project that aimed at studying the role of trafficking motifs in Gn
and Gc cytoplasmic tails. As described in the Introduction section, CCHFV glycoproteins need
to traffic through the secretory pathway for their maturation. Thus, viral proteins need to
interact with several cellular factors. Different types of trafficking motifs are typically
contained in the cytoplasmic tails (CT) of viral surface glycoproteins (de Zarate et al., 2004).
For CCHFV, the Gc glycoprotein contains an ectodomain of 481 residues (Mishra et al., 2022)
that is followed by a single trans-membrane domain (TMD) and by a 63 residue-long
cytoplasmic domain (CD) of unknown function (Guardado-Calvo and Rey, 2021). On the
other hand, the Gn glycoprotein contains an ectodomain of 176 residues that is followed by
two TMDs with, in between, a particularly long CT of 94 residues (Altamura et al., 2007;
Haferkamp et al., 2005; Vincent et al., 2003). In this paper, we aimed at understanding how
CCHFV GPs make use of host factors and pathways to reach the site of assembly and
promote envelopment of its viral particles. In order to investigate the role of putative
membrane trafficking motifs, we used mutagenesis and studied how it could impact

envelopment and production of infectious viral particles.
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2. Results

Gc cytoplasmic determinants are essential for the formation of infectious particles.

We identified several putative membrane trafficking motifs in the CT of CCHFV Gc
glycoprotein (Figure 24a): two tyrosine-based motifs (Y1 and Y2), an acidic cluster motif (AC),
a dileucine motif (LL), and an ER retrieval motif (ERR). These potential determinants were
mutated (Figure 24b). We evaluated the role of these putative trafficking motifs on virion
assembly, GP incorporation, and infectivity in Huh-7.5 hepatoma cells. | examined the ability
of the GPC mutants generated in the identified Gc CT motifs (Figure 24b) to support the
formation and release of intracellular and extracellular infectious CCHFV_tecVLPs (Figure
24c). Comparing intracellular and extracellular infectivity allows the distinction between
assembly/egress and infectious capacity. Indeed, if a mutant fails to produce infectious
particles in the supernatant, this could mean either that particles are less infectious, or that
particles were less produced/assembled. This last hypothesis is verified if there is also a

defect in the intracellular infectivity.

For this purpose, Huh-7.5 cells grown in media containing FBS were transfected with the
different plasmids required to produce GFP_tecVLPs, including the wild-type (WT) GPC
plasmid, a mutated GPC, or no GPC as control (Figure 24b). After 72h, supernatant was
harvested and filtered through a 0.45um filter. In parallel, intracellular particles were
harvested after 3 cycles of freeze-thawing of cells. The infectivity of both types of particles
was quantified after infection of Huh-7.5 cells pre-transfected with NP- and L-expressing
plasmids. Indicators cells were harvested 24h post-infection and the GFP signal was analysed
by flow cytometry (Figure 24c). The “no GPC condition” represents the background. It can be
noticed that one replicate causes the mean background to be around 1,1e? IU/mL for the

extracellular particles and 3 IU/mL/108cells for intracellular particles.

When comparing the titers obtained with mutant tecVLPs, | found that, while the Y1 mutant
allowed the formation and release of infectious tecVLPs at levels identical to WT tecVLPs,
the other CT mutants yielded 5-fold to 1 log lower (AC mutant), or hardly detectable (Y2, LL,

ERR mutants), infectivity, for both intracellular and extracellular tecVLPs (Figure 24c).
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Collectively, these results indicate that several Gc CT determinants play important roles in

the assembly and release of infectious tecVLPs.
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Figure 24: Infectivity of CCHFV Gc cytoplasmic tail mutants. (a) Schematic representation of the GPC polyprotein
encoded by CCHFV WT-M cDNA (WT GPC) and mutant GPC harbouring deletion of Gc cytoplasmic tail (GPC Gc ACT). The
stars indicate the position of the stop codon. The N-terminal signal peptide (TMO) and putative transmembrane domains
(TM1 to TM5) are shown as grey boxes, signal peptidase cleavage sites are indicated by black arrows and other host
protein convertase cleavage sites are indicated by red, orange, and green arrows. The bottom part shows the CT
sequence of Gc. Several trafficking motifs were identified, underlined, and boxed in different colours: two tyrosine-based
motifs, Y1 and Y2 (blue and yellow); di-leucine motif, LL (grey); acidic cluster, AC, (green); endoplasmic reticulum
retrieval domain, ERR (pink). Deletion of the putative trafficking motifs in the cytoplasmic tail of Gc is indicated as ACT.
(b) The mutations introduced in the above Gc motifs are shown in the Table. (c) Titers of intracellular and extracellular
CCHFV_tecVLPs bearing mutant Gc CT proteins. At 72h post-transfection, clarified supernatants and cell associated
tecVLPs were used to infect Huh-7.5 cells pre-transfected with L and NP expression vectors, and titers were determined
by flow cytometry analysis at 24h post-infection. The results are represented as means + SEM. Each dot in the graphs
corresponds to the value of an individual experiment. N=4. Parametric unpaired t-test.

Mutations in Gn cytosolic determinants impact the formation of CCHFV infectious

particles.

We identified several putative membrane trafficking motifs in the CD of CCHFV Gn
glycoprotein (Figure 25a). Similar to Gc CT, we highlighted two tyrosine-based motifs (Y1 and
Y2), an acidic cluster motif (AC) and a di-leucine motif (LL). These potential determinants
were mutated in the context of the GPC expression vector to raise mutant Gn proteins upon
CCHFV_tecVLP production (Figure 25b). Using the same assays as previously described for Gc
mutants, | determined the capacity of the Gn mutants to support the formation and release

of extracellular and intracellular infectious CCHFV_tecVLPs (Figure 25c).
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| found that while the mutation of the Y1 motif allowed the formation and release of
infectious tecVLPs at levels identical to WT tecVLPs, the other CD mutants (Y2, LL, and AC
mutants) yielded strongly reduced or no infectivity for both intracellular and extracellular
tecVLPs (Figure 25c). These results indicated that the latter determinants play essential roles

in GP incorporation and release of infectious virions.
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Figure 25: Infectivity and viral incorporation of CCHFV Gn cytoplasmic tail mutants. (a) Schematic representation of the
GPC polyprotein encoded by CCHFV WT-M (WT GPC). The star indicates the position of the stop codon. The N-terminal
signal peptide (TMO) and putative transmembrane domains (TM1 to TM5) are shown as grey boxes, signal peptidase
cleavage sites are indicated by black arrows and other host protein convertase cleavage sites are indicated by red,
orange and green arrows. The bottom part shows the CD of Gn. Several trafficking motifs were identified, underlined,
and boxed in different colours: two tyrosine-based motifs, Y1 and Y2 (blue and yellow); di-leucine motif, LL (grey); acidic
cluster, AC (green). (b) The mutations introduced in the above Gn motifs are shown in the Table. (c) Titers of intracellular
and extracellular CCHFV tecVLPs bearing mutant Gn CD proteins. At 72h post-transfection, clarified supernatants and
cell-associated tecVLPs were used to infect Huh-7.5 cells pre-transfected with L and NP expression vectors, and titers
were determined by flow cytometry analysis at 24h post-infection. The results are represented as means + SEM. Each dot
in the graphs corresponds to the value of an individual experiment. N=4. Parametric unpaired t-test.

PACS-1 adaptor is not a critical factor for production and secretion of CHFV particles.

Several Golgi-resident transmembrane proteins have been shown to use AP-1-mediated
retrograde transport from endosomes to TGN, following the binding of the cellular adaptor
PACS-1 to their acidic cluster. Since our results revealed that the AC motif in Gc, but even
more in Gn, is important to promote CCHFV GP intracellular trafficking and/or incorporation
on viral particles (Figure 24c and Figure 25c), | investigated whether PACS-1 down-regulation
could impair CCHFV particles assembly. We downregulated PACS-1 through expression of a
short hairpin RNA (ShPACS-1) in producer cells. While we achieved a knock down efficiency
of PACS-1 of up to 80% in Huh7.5 cells (Figure 26a), this did not influence the production of
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infectious viral particles (Figure 26b). Hence, | concluded that PACS-1 is not a crucial host

factor for the transportation of CCHFV GPs to the assembly site.
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Figure 26: Production of infectious CCHFV particles from PACS-1 knockdown cells. Downregulation of PACS-1 was
achieved in Huh-7.5 cells via lentiviral vectors expressing PACS-1 (ShPACS-1), or control shRNA (ShControl). The cells were
then used to produce CCHFV_tecVLPs harbouring WT GPC or no GPC (No-GPs). (a) Representative Western blot analysis. (b)
Infectivity titers of CCHFV_tecVLPs produced in the presence vs. in the absence of PACS-1 shRNA. At 72h post-transfection,
clarified supernatants and intracellular tecVLPs were used to infect Huh-7.5 cells pre-transfected with L and NP expression
vectors, and titers were determined by flow cytometry analysis at 24h post-infection. The results are represented as means
+ SEM. Each dot in the graphs corresponds to the value of an individual experiment. N=3.

3. Conclusion

In this study, | confirmed that the cytoplasmic domains of CCHFV GPs contain trafficking
motifs important for assembly and secretion of infectious particles, since their mutation
affected the infectivity of extracellular and intracellular particles. | also showed that PACS-1
is not a critical factor for the production of infectious CCHFV_tecVLPs. In the paper, these
motifs were further characterised for their role in the traffic of CCHFV GPs and assembly, by
biochemical and intracellular imaging analyses. We highlighted that CCHFV GPs are targeted
to the plasma membrane before returning the Golgi to reach the assembly site. This
retrograde trafficking could be essential for the maturation of the GPs. More precisely, the
Gc Y1 motifs allow the retrograde transport from the plasma membrane to the early
endosomes, then to the late endosomes, and the Gc and Gn Y2 target the GPs to the TGN.
Finally, the Gc ER retrieval motif and the Gn acidic cluster motif redirect them to the cis-

Golgi network.

This transport seems to be completed by PACS-2 protein. PACS-2 binds acidic cluster motifs
present on the GPs, and probably connects them to COPI along the retrograde pathway to

reach the assembly site.
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C. LDL-R and apoE associated with CCHFV particles mediate the virus
entry into human cells.

1. Context

My contribution to the previous reports allowed me to gain a better insight into CCHFV
assembly and its interaction with cellular factors. However, my main project focused on the
identification of specific cellular factors, those implicated in the viral entry. As described in
the Introduction section, the cellular receptors and co-factors involved in CCHFV entry into
host cells remained poorly identified at the start of my PhD. Only the human C-type lectin
DC-SIGN and the NCL had been proposed to be involved in CCHFV entry, but as discussed
earlier, they might not be sufficient for CCHFV entry (Suda et al., 2016; Xiao et al., 2011), and
no further study had been conducted since their identification as candidate factors. |
therefore started by assessing the involvement of NCL in CCHFV entry using our

experimental systems.

2. Results

Nucleolin is not a critical factor for CCHFV infectivity, but the low-density-lipoprotein

receptor is.

| decided to analyse the effect of blocking the NCL at the surface of Huh-7.5 cells by using an
anti-NCL antibody added before infection with CCHFV_tecVLPs harbouring a Nanoluc
luciferase reporter gene (NLuc_tecVLP). As a negative control, | used vesicular stomatitis
virus glycoprotein pseudoparticles (VSVpp), which consist in retroviral vector particles
pseudotyped with VSV-G, and which are independent on NCL for entry into cells, but instead
depend on LDL-R (Amirache et al., 2014; Finkelshtein et al., 2013). Thus, | also used an anti-
LDL-R antibody to block the VSVpp entry, as a control. As expected, anti-NCL did not block
VSVpp infection, but anti-LDL-R did, with up to a 50% inhibition (Figure 27). The decrease of
50% observed for VSVpp can be explained by its ability to use other receptors from the LDL-R

family.
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Surprisingly, the anti-NCL antibody only blocked CCHFV_tecVLPs infection up to 35% with
4ug/mL, when the anti-LDL-R antibody allowed a stark decrease of 80% (Figure 27). These
results suggest that NCL may indeed play a minor role in CCHFV entry, but mainly that LDL-R

is a key factor in CCHFV infection.

% of infection
(compared to no Ab)

IgG goat

4 ug/mL

CCHFV_tecVLP VSVpp

Figure 27: NCL is not an essential factor for CCHFV infection contrary to LDL-R. Huh-7.5 cells were incubated
with different concentrations of anti-NCL antibody (dot bars), anti-LDL-R antibody (open bar) or control isotype
(lgG mouse in grid bar; IgG goat in dashed bar) for 1h at 37°C before infection with CCHFV NLuc_tecVLP. The
media was replaced 3h post-infection (p.i.) and the cells were harvested at 48h p.i. to determine the levels of
infection by measurement of NLuc level. The results are represented as means + SEM. Each dot in the graph
corresponds to the value of an individual experiment. N=2.

Following this serendipitous observation, | decided to further study LDL-R in CCHFV
infection. | repeated the previous assay but this time by only blocking the LDL-R in a dose
response manner and using tecVLPs harbouring a GFP reporter gene (GFP_tecVLP), for a
more precise quantification of the infection level. For this experiment, VSVpp were used as a
positive control. As a negative control, | used retroviral vector particles pseudotyped with
the Env glycoprotein from amphotropic Murine Leukemia Virus (MLVpp). Amphothropic
MLV entry depends on interaction with the PiT-2, a type lll sodium-dependent phosphate
transporter (Lavillette et al., 2002) and thus, is independent of LDL-R. | also tested the
dependency to LDL-R of HAZV, another member of the genus Orthonairovirus, using a GFP-
expressing recombinant virus (Fuller et al., 2020) produced in Huh-7.5 cells. In agreement
with the previous results, | found that LDL-R blocking inhibited infection of both
CCHFV_tecVLP and VSVGpp particles in an anti-LDL-R antibody dose-dependent manner
(inhibition up to 80% and 60% respectively) but did not affect MLVpp infection (Figure 28a).
Interestingly, the blocking of LDL-R at the surface of Huh-7.5 cells did not impair HAZV
infection as assessed by flow cytometry (Figure 28a), suggesting that LDL-R is not a pan-

Orthonairovirus entry factor.
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Then, | sought to confirm this result using authentic CCHFV of the Ibar10200 strain (WT

CCHFYV virus) that our collaborators produced in Huh-7.5 cells in a BSL-4 laboratory. For this

experiment, | prepared the Huh-7.5 cells and added the antibody before our collaborators

infected them in the BSL-4 facility. Upon infection and the subsequent assessment of the

levels of infection at 24h post-infection (p.i.), via quantification of viral RNAs in infected cell

lysates by Anupriya Gautam, we confirmed that blocking LDL-R could dose-dependently

inhibit authentic CCHFV infection. The level of inhibition, around 75%, is similar to the one

observed using tecVLPs (Figure 28b).

160

-
E
o

- =

% of infection
(compared to no Ab)

N A Q8 2R

o o o o o o

IS IIII SIS T

,,,,,,,,,,,,,

ns ns

LTIV,

LSS SIS

ns

ns ns

=l

SIS
IS ITSS TSN

ns

PSS SLST D

TSI TSI IS

CCHFV_tecVLP

HAZV

MLVpp

VSVpp

O

% of infection
(compared to no Ab)

200+

- -
=1 o
[=] [=]
| 1

o
o
1L

19G goat
" [JetpLr

pg/mL

CCHFV WTvirus

Figure 28: LDL-R is a cofactor of CCHFV infectivity. (a) Huh-7.5 cells pre-transfected with NP and L expression plasmids were
incubated with different concentration of an anti-LDL-R antibody (open bars) or control isotype (IgG goat, dashed bars) for 1h
at 37°C before infection with CCHFV GFP_tecVLP (pink), MLVpp (green), and VSVpp (yellow) or infection with HAZV (blue).
The media was replaced 3h p.i. and the cells were harvested at 16h p.i. for HAZV or 48h p.i. for the other viral particles to
determine the levels of infection by flow cytometry. The results are represented as means + SEM. Each dot in the graphs
corresponds to the value of an individual experiment. N=2-5. Two-way ANOVA test with Sidak’s multiple comparisons. (b)
Same experiment using WT CCHFV. Media was removed 1h post-infection and cells were lysed at 24h p.i. for determination
of the levels of infection by RT-qPCR of viral RNA in cell lysates The results are represented as means + SEM. Each dot in the
graphs corresponds to the value of an individual experiment. N=4-5. Mann-Whitney test.

Next, | aimed at confirming the LDL-R-dependent CCHFV entry in primary human

hepatocytes (PHH), which express LDL-R at their surface (Figure 29).
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Figure 29: Expression of LDL-R at the surface of Huh-
7.5, A549, TE-671, EBL, MDBK and PHH cells assessed
by flow cytometry. Different cell types were stained
with an anti-LDL-R (aLDL-R) or a goat IgG (ctrl isotype)
followed by an anti-goat-PE and analysed by flow

is representative of 3-4
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To do so, | started by confirming that PHH can be infected by NLuc_tecVLPs (Figure 30a)
although | observed that they are less permissive than the Huh-7.5 cells. The NLuc
minigenome was used in this experiment in order to not be dependent on the transfection

efficiency, which might be low in this system, and required for the NP and L pre-transfection.

Then, | assessed the PHH sensitivity to the LDL-R blocking with using 4ug/mL of anti-LDL-R. |
found that infection of PHH was sensitive to LDL-R blocking at a similar level than the Huh-

7.5 (up to 80% inhibition) (Figure 31a)

| also tested the involvement of LDL-R for CCHFV infection in cells from different tissues and
species. First, | tested other human cells than Huh-7.5 hepatoma cells, either A549 lung
epithelial cells or TE-671 rhabdomyosarcoma cells, which express the receptor at their
surface (Figure 29). We can notice that the TE-671 cells have a low but detectable level of
LDL-R expression at their cell surface. Then, | assessed if these cells can be infected with
NLuc_tecVLPs (Figure 30b). Interestingly, the level of LDL-R at the cell surface does not
correlate with the RLU signal. Indeed, TE-671 with a low expression of the receptor provide a
luminescence signal equivalent to the Huh-7.5 and A549 cells that highly express LDL-R. This
can be caused by a difference in replication/translation efficiency, since the RLU signal is

dependent not only on the entry, but also reflects the replication and translation level of the

NLuc minigenome.

Finally, by LDL-R blocking assay, | found that infection of both A549 and TE-671 cells, was
sensitive to LDL-R blocking (around 80% and 90% inhibition respectively) (Figure 31b).
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Figure 30: Levels of tecVLPs infection in different cell types. (a) Levels of NLuc signals detected at 24h after
infection of Huh-7.5 cells or PHH with 100ul of NLuc_tecVLPs. (b) Level of NLuc signals detected 48h after infection
of Huh-7.5, TE-671 and A549 cells with 100uL of NLuc_tecVLPs. (c) Levels of NLuc signals detected 48h after
infection of Huh-7.5, EBL and MBDK cells with 100uL of NLuc_tecVLPs. NI: non infected control. The results are
represented as means + SEM. Each dot in the graphs corresponds to the value of an individual experiment. N=3-4.
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Since CCHFV can also infect cattle, | tested the LDL-R dependency of CCHFV entry in bovine
cells, either EBL embryonic lung cells or MDBK kidney cells, which express low but detectable
levels of LDL-R at their surface (Figure 29), and which are permissive, although less than
Huh-7.5 cells, to NLuc_tecVLP infection (Figure 30c). Yet, while the LDL-R blocking antibody
could bind LDL-R expressed at the surface of bovine cells (Figure 29), it had no effect on
NLuc_tecVLP infection in these blocking assays (Figure 31c), thus suggesting that CCHFV

infection in EBL and MDBK cells may not depend on LDL-R.

Altogether, these results suggested that LDL-R is used by CCHFV for infection of human cells

but not of bovine cells.
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Figure 31: LDL-R is a factor of CCHFV infection in human but not in bovine. (a) Huh-7.5 cells or PHH were incubated
with 4ug/mL of LDL-R antibody (open bars) or control isotype (IgG goat, dashed bars) for 1h at 37°C before infection
with CCHFV NLuc_tecVLP. The media was replaced 3h p.i. and the cells were harvested at 24h p.i. for determination of
the levels of infection by NLuc measurement. (b) Same as (a) with Huh-7.5, TE-671, A549 cells with harvesting at 48h
p.i.. (c) Same as (b) with Huh-7.5, EBL, MDBK cells. The results are represented as means + SEM. Each dot in the graphs
corresponds to the value of an individual experiment. N=3-4. Two-way ANOVA test with Sidak’s multiple comparisons.

LDL-R is involved at cell entry steps of CCHFV.

Since the levels of infection of CCHFV tecVLPs reflect both the efficiency of cell entry and the
subsequent transcription and replication of their minigenome, | sought to determine if LDL-R
is involved at the entry and/or transcription/replication steps. To discriminate either
possibility, | added the anti-LDL-R antibody at different time points before and/or after
infection of Huh-7.5 cells (Figure 32a). | found that while addition of the antibody either
before or concomitantly to the infection step inhibited GFP_tecVLP infectivity to up to 80%
(Figure 32b: H-1, H-1 & HO, HO), addition of the anti-LDL-R antibody from 2h post-infection
onward had no effect on infectivity (Figure 32b: H+2, H+4, H+6), hence suggesting that LDL-R

is involved at an entry step rather than at a later step of transcription/replication.
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Of note, this result was obtained after 3 independents experiments. In order to have a

significant decrease, it would have required a 4™ replicate.
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Figure 32: LDL-R play a role in the early steps of CCHFV infection. (a) Schematic representation of the experimental
setting. Huh-7.5 cells were incubated with 4ug/mL of anti-LDL-R antibody or control isotype (as indicated in grey),
before, during or after infection (red line) with CCHFV GFP_tecVLPs as indicated in grey. The inoculum was removed 2h
p.i. (pink line) and the media changed after 24h (blue line). Cells were harvested 48h p.i. and the level of infection was
determined by flow cytometry. (b) Percentage of infectious titers of CCHFV GFP_tecVLP relative to control isotype as in
the experimental set up described in (a). The results are represented as means + SEM. Each dot in the graphs
corresponds to the value of an individual experiment. N=3. Mann-Whitney test.

| thus hypothesised that LDL-R could serve as a CCHFV entry factor through its expression at
the cell surface. To test this hypothesis, | saturated the GFP_tecVLPs or authentic WT CCHFV
particles with a soluble recombinant form of LDL-R (sLDL-R) before infection of Huh-7.5 cells,
to limit their access to LDL-R and thus, their entry. As a control soluble protein, | used a
soluble form of CD81 (CD81-LEL) (Douam et al., 2014). CD81 is a crucial receptor for HCV
expressed at the surface of Huh-7.5 cells (Akazawa et al., 2007), that should not play a role in
CCHFV infection. | also used VSVpp as a positive control and MLVpp as a negative control.
For the BSL-4 experiment, once again | prepared the cells and reagents for our collaborators
in Cyrille Mathieu’s team and the RNA quantification was done by Anupriya Gautam. While
the soluble form of CD81 had no effect on all viral infections tested, | found that sLDL-R
inhibited VSVpp up to 95% as expected. More importantly, sLDL-R inhibited CCHFV infection
in a dose-dependent manner in both GFP_tecVLP infection (Figure 33a) and authentic CCHFV

infection (Figure 33b), up to 70% inhibition and 55% respectively.
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These results suggest that sLDL-R could prevent cell entry through interaction with CCHFV

particles.

Like for the LDL-R blocking experiment (Figure 28a), | did not observe any impact of sLDL-R
neutralisation on HAZV infection (Figure 33a). Of note, while the blocking of LDL-R with an
antibody impaired VSVpp and CCHFV_tecVLP at similar levels (Figure 28a), sLDL-R impaired
CCHFV entry at a lesser extent as compared to VSVpp (Figure 33a). This difference between
both viruses could be due to a different role or affinity of LDL-R for the two types of viral
particles. Alternatively, this could also be due to the production of CCHFV tecVLPs in Huh-7.5
cells that express competitors for binding to sLDL-R, such as apoB or apoE, which is not the

case for HEK293T cells that were used to produce VSVpp.
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Figure 33: LDL-R promotes CCHFV entry. (a) CCHFV GFP_tecVLP (pink), MLVpp (green), VSVGpp (yellow) or HAZV (blue)
were incubated for 1h at room temperature with soluble LDL-R (sLDL-R, open bars) or with soluble CD81 (CD81-LEL, dashed
bars) at different concentrations before infection of Huh-7.5 cells. For CCHFV infection, cells were pre-transfected with NP
and L expression plasmids. The media was replaced 3h p.i. and the cells were harvested 16h p.i. (HAZV) or 48h p.i. and the
level of infection was determined by flow cytometry. The results are represented as means + SEM. Each dot in the graphs
corresponds to the value of an individual experiment. N=2-4. Two-way ANOVA test with Sidak’s multiple comparisons. (b)
Same experiment using WT CCHFV. Media was removed 1h p.i. and cells were lysed 24h p.i.. The level of infection was
quantified by RT-qPCR. The results are represented as means + SEM. Each dot in the graphs corresponds to the value of an
individual experiment. N=6.Two-way ANOVA test with Sidak’s multiple comparisons.

LDL-R promotes CCHFV entry by facilitating binding and endocytosis into cells.

Next, | wondered whether LDL-R could promote CCHFV tecVLPs endocytosis. Taking
advantage of the presence of a tyrosine motif within the LDL-R cytoplasmic tail that is
essential for its endocytosis (Chen et al., 1990), | used Tyrphostin A23 (TyrA23). TyrA23 is a
small molecule that binds to AP-2 where AP-2 binds to tyrosine motifs: YXX¢ (X being any

amino acid and ¢ a bulky hydrophobic amino acid) present on the CT of surface protein.
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(Crump et al., 1998). By binding the tyrosine motif, AP-2 will allow the internalisation of the
protein. Thus, by competition, TyrA23 decreases retrograde transport of surface protein
expressing the YXX¢ motif. | hypothesised that inhibiting the endocytosis of the receptor,
but not its production nor its whole recycling cycle, will result in an increase of its cell
surface expression. Thus, if LDL-R plays a role in the endocytosis of the virus, then, the
treatment will decrease the infection by CCHFV_tecVLPs, and in contrast, if it allows the

binding, the treatment will increase the infection.

First, with the help of Vincent Legros for the live imaging assay, | determined the effect of
TyrA23 on LDL-R endocytosis by using LDLs labelled with pHrodo that fluoresce only after
their endocytosis (Ritter et al., 2018). As a positive control, | used chlorpromazine (CPZ),
which efficiently blocks clathrin-mediated endocytosis (Wang et al., 1993) (Figure 34a; left).
As expected, upon CPZ treatment, almost no fluorescence from the labelled LDLs was

observed, meaning that it inhibited the LDL receptor endocytosis (Figure 34a; right).

Then, | assessed the effect of a 30min pre-treatment with TyrA23 before addition of labelled
LDLs along with fresh drug (Figure 34b; left). This treatment led to a partial diminution of the
fluorescence from the LDL-pHrodo, and thus, a partial inhibition of LDL-R endocytosis (Figure
34b; right). Furthermore, | assessed the effect of a 24h pre-treatment with or without
addition of fresh TyrA23 (Figure 34c; left). This experiment was done after the observation
that 24h after incubation with the drug, the media that had turned yellow (from the TyrA23
addition), was back to normal, suggesting that the drug was fully degraded. | hypothesised
that the transient inhibition of endocytosis would have increased the expression of LDL-R at
the cell surface, which could undergo endocytosis once the drug become inactive, and thus,
maybe increase LDL binding and internalisation. | observed that after 24h incubation with
TyrA23, LDL could be endocytosed at a similar rate compared to mock treated cells (Figure
34b; right), showing that the drug is not effective at this time point. A partial inhibition could
be restored after addition of fresh TyrA23 (Figure 34c; right). In this experiment, | could not

conclude on the increase of LDL-R at the cell surface.
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Figure 34: TyrA23 treatment inhibits LDL-R endocytosis and thus LDL uptake. (a) Huh-7.5 cells were treated with H20
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was added before adding LDL-pHrodo (10ug/mL) to the media and fluorescence was measured every 5 minutes for 3
hours (left). Two representative image of the fluorescence 20min and 90 minutes after addition of LDL-pHrodo (middle).
Level of fluorescence for each time point expressed as fold relative to the max fluorescence of H20 (right). (b) Huh-7.5
cells were treated with DMSO (orange) or TyrA23 (100uM - green) for 30 minutes. 20 minutes before live imaging
analysis, fresh DMSO or TyrA23 were added before adding LDL-pHrodo (10ug/mlL) to the media and fluorescence was
measured every 5 minutes for 3 hours (left). Two representative image of the fluorescence 20min and 90 minutes after
addition of LDL-pHrodo (middle). Level of fluorescence for each time point expressed as fold relative to the max
fluorescence of DMSO (right). (c) Huh-7.5 cells were treated with TyrA23 (100uM - green) for 24 hours. 20 minutes before
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fluorescence was measured every 5 minutes for 3 hours (left). Two representative image of the fluorescence 20min and 90
minutes after addition of LDL-pHrodo (middle). Level of fluorescence for each time point expressed as fold relative to the
max fluorescence of DMSO (right).
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Once the impact of the TyrA23 treatment was characterised, | determined the effect of the
pre-treatment on cell viability, on LDL-R surface expression levels by flow cytometry, and on
CCHFV_tecVLPs infection. A 30min pre-treatment with TyrA23 did not impact the cell
viability, nor the cell surface expression of LDL-R, but resulted in a slight but reproducible
inhibition of tecVLP infection (Figure 35a). So, a moderate inhibition of LDL-R internalisation
causes a moderate diminution of CCHFV_tecVLPs infection, suggesting a role of the receptor

in the particles’ endocytosis.

Furthermore, when | tested a 24h TyrA23 pre-treatment to extend these observations, |
found that it resulted in an increase of LDL-R level at the cell surface without impacting the
cell viability. The increase of cells surface LDL-R coincided with an increased tecVLPs
infection (Figure 35b). This result confirmed that a cell surface accumulation of LDL-R

increases the tecVLPs entry level, maybe through increased binding.

To assess the effect of LDL-R endocytosis inhibition independently of an increase of LDL-R
cell surface expression, | pre-treated cells with TyrA23 and added fresh drug vs. DMSO at the

time of infection with CCHFV, but also the other control viruses (Figure 35c).

For CCHFV_tecVLPs, pre-treatment of TyrA23 followed by the addition of fresh drug
prevented both LDL-R endocytosis and tecVLPs infection (Figure 34c; right and Figure 35c;

right), suggesting once again a role of LDL-R in CCHFV endocytosis.

In contrast, | obtained an increase of the infection if the TyrA23 was replaced by a mock
(DMSO) at the time of infection. This result supports the implication of LDL-R in the particles’

binding.

Interestingly, a similar pattern is observed for HAZV and, in a lesser extent, for MLVpp.
TyrA23 is not a specific inhibitor of LDL-R endocytosis but inhibits the internalisation of cell
surface proteins relying on the CME. Thus, the effect observed on HAZV can be the
consequence of its unknown receptor endocytosis being inhibited. Concerning VSVpp, it is
known that VSV-G can interacts with several LDL receptor, including LRP1 (Amirache et al.,
2014; Finkelshtein et al., 2013) which present two endocytic NPxY motifs (Figure 15), still
available for AP-2 binding. It may compensate the inhibition of the binding of AP-2 to the
YXX¢ motif. However, the results observed for MLVpp are surprising. The virus endocytosis

does not rely on the CME. Indeed, its internalisation relies on macropinocytosis, which is

104



Results | LDL-R and apoE associated with CCHFV particles mediate the virus entry into human cells.

clathrin-independent (Rasmussen and Vilhardt, 2014), and thus should not be impacted by
the TyrA23 treatment.

Altogether, these results indicated that LDL-R promotes CCHFV entry through binding of viral

particles and by facilitating their endocytosis into cells.
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Figure 35: TyrA23 treatment inhibits CCHFV_tecVLPs endocytosis but may increase CCHFV_tecVLPs binding. (a) Huh-7.5
cells pre-transfected with NP and L expression plasmids were treated with DMSO and TyrA23 (100uM) and infected 30min
later with GFP_tecVLPs in presence of fresh drug. Media was removed 3h p.i. and the cells were harvested at 24h p.i. for
determination of the levels of infection by flow cytometry (right). Cell surface expression of LDL-R 30min post-treatment
determined by flow cytometry (2nd from left) with control isotypes as depicted in dotted lines. Representative from 6
independent experiments. Cell viability (3™ from left); N=3. Level of infection (right). The results are represented as means *
SEM. Each dot in the graphs corresponds to the value of an individual experiment. N=6. One sample t test. (b) Huh-7.5 cells
pre-transfected with NP and L expression plasmids were treated for with DMSO or TyrA23 (100uM) and infected 24h later
with GFP_tecVLPs. Media was removed 3h p.i. and the cells were harvested at 24h p.i. for determination of the levels of
infection by flow cytometry. Cell surface expression of LDL-R 24h post-treatment determined by flow cytometry (2nd from
left). Representative from 7 independent experiments. Cell viability (3" from left); N=3. Level of infection (right). The results
are represented as means + SEM. Each dot in the graphs corresponds to the value of an individual experiment. N=7. One
sample t-test. (c) Huh-7.5 cells pre-transfected or not with NP and L expression plasmids were treated with DMSO or TyrA23
(100uM) for 24h before infection with CCHFV GFP_tecVLP (pink), MLVpp (green), and VSVpp (yellow) or HAZV (blue) with
addition of fresh drug or DMSO. Media was removed 3h p.i. and the cells were harvested at 16h p.i. (HAZV) or 24h p.i. for
determination of the levels of infection by flow cytometry. The results are represented as means + SEM. Each dot in the
graphs corresponds to the value of an individual experiment. N=4. Two-way ANOVA test with Sidak’s multiple comparisons.
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The exchangeable apolipoprotein E mediates CCHFV entry.

Next, | wondered whether the interaction between LDL-R and CCHFV particles can be
promoted through the use of natural ligands of the cellular receptors. Indeed, while VSV
particles interact directly with LDL-R (Nikolic et al., 2018), it was shown that other viruses,

such as HCV, bind to LDL-R through apoE (Owen et al., 2009).

First, | tested whether anti-apoE antibodies could neutralise CCHFV_tecVLP or authentic WT
CCHFV particles. As a positive control, | used HCV particles, as they can be neutralised by
anti-apoE antibodies (Owen et al., 2009), whereas | used VSVpp and MLVpp as negative
controls, since VSV-G is a direct ligand of LDL-R binding, and since MLV Env binds an
irrelevant receptor (Battini et al., 1996). | incubated viral particles with anti-apoE antibodies

for 1h before infection assays.

Interestingly, | found a dose-dependent inhibition for both CCHFV GFP_tecVLP (Figure 36a)
and authentic WT CCHFV particles (Figure 36b), which reaches 80% and 55% of inhibition
respectively, by anti-apoE antibodies. This inhibition is similar to the one observed for HCV.
Moreover, as expected, the anti-apoE antibodies did not inhibit VSVpp or MLVpp infection
(Figure 36a).

The difference of level of neutralisation between tecVLPs and authentic WT virus could be
due to a difference in the number of infectious particles. Conversely, when | tested the apoE
dependency of HAZV infection, | found that neutralisation by anti-apoE antibodies did not
significantly influence HAZV infection (Figure 36a). These results suggest that apoE is
involved in CCHFV entry but not HAZV and strengthen the previous conclusion: HAZV does

not enter the cell through lipid transfer receptors.

These results suggested that apoE plays a crucial role in CCHFV infectivity.
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Figure 36: ApoE promote CCHFV infection. (a) CCHFV _tecVLPs (pink), MLVpp (light green), VSVGpp (yellow), HAZV (blue)
or HCVtcp (green) were incubated for 1h at room temperature with anti-apoE serum or control serum at different dilution
before infection of Huh-7.5 cells. In the case of CCHFV_tecVLP infection, cells were pre-transfected with NP and L
expression plasmids. Cells were harvested 48h post-infection and infectivity was determined by flow cytometry or by NS5A
immunostaining (for HCVtcp). The results are represented as means + SEM. Each dot in the graphs corresponds to the
value of an individual experiment. N=2-4. Two-way ANOVA test with Sidak’s multiple comparisons. (b) The same
experiment was performed using WT CCHFV particles. Media was removed 1h p.i. and cells were lysed 24h p.i. The
infectivity was quantified by RT-qPCR. The results are represented as means + SEM. Each dot in the graphs corresponds to
the value of an individual experiment. N=5. Two-way ANOVA test with Sidak’s multiple comparisons. The results are
represented as means + SEM. Each dot in the graphs corresponds to the value of an individual experiment.

ApoE is associated with CCHFV particles and promotes their assembly/secretion and
specific infectivity.

ApoE is present at the surface of lipoproteins such as LDLs and VLDLs but it can also exist in a
lipid-free form in the extracellular environment (Zhang et al., 1996). Importantly, apoE
belongs to the family of exchangeable apolipoproteins, implying that it can be transferred
from a lipoprotein to another lipoprotein or to a viral particle, as described for HCV
(Bankwitz et al., 2017; Li et al., 2017). Thus, there is a possibility for the apolipoprotein to be
incorporated onto the viral particles, either during the production, or after the egress using
the apoE present on lipoproteins from the cell or from the FBS. | therefore sought to
determine if CCHFV_tecVLPs harbour apoE at their surface, which would promote entry of

CCHFV by binding to LDL-R.

First, | concentrated tecVLP particles by ultracentrifugation of producer cell supernatants
onto a sucrose cushion. | found an enrichment of 2-fold of apoE in pellets of tecVLPs, as
compared to pellets obtained from supernatants of mock transfected cells (empty plasmid)
(Figure 37a), or to pellets obtained from supernatants of HAZV producing cells (Figure 37b).

This suggests a possible association of apoE and CCHFV particles.
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Then, | determined if | could capture viral particles with an anti-apoE antibody, as previously
shown for HCV (Calattini et al., 2015). After immuno-precipitation assay on supernatant
from CCHFV_tecVLPs producing cells, | found a 16-fold enrichment of CCHFV_tecVLP RNAs
with anti-apoE antibodies relative to control 1gGs (Figure 37c), confirming an association of

apoE with CCHFV particles.
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Figure 37: ApoE is associated with CCHFV particles. (a) Western blot analysis of cell lysates of cells producing
CCHFV_tecVLPs vs. Mock cells and of particles concentrated by ultracentrifugation (top). Representative image of 6
independent experiments. Quantification of the apoE enrichment in pellet of CCHFV_tecVLPs relative to mock
condition (bottom). The results are represented as means + SEM. Each dot in the graphs corresponds to the value of
an individual experiment. N=6. One sample t-test. (b) Western blot analysis of cell lysates of cells producing HAZV vs.
Mock cells and of particles concentrated by ultracentrifugation (top). Representative image of 3 independent
experiments. Quantification of the apoE enrichment in pellet of HAZV relative to mock condition (bottom). The
results are represented as means * SEM. Each dot in the graphs corresponds to the value of an individual
experiment. N=3. Wilcoxon test. (c) Level of CCHFV minigenome RNA co-immunoprecipitated with an apoE serum vs.
control IgGs and quantified by RT-qPCR The results are represented as means + SEM. Each dot in the graphs
corresponds to the value of an individual experiment. N=5. One sample t-test.

Finally, with the help of Anupriya Gautam, we produced CCHFV_tecVLPs in Huh-7.5 cells
transduced with a shRNA targeting apoE, which induced a robust loss of apoE expression
(Figure 38a). The apoE knock down did not impair the level of expression of CCHFV NP in
producer cells (Figure 38b), thus, it did not impair the transfection efficiency nor the
expression of the plasmids required for the tecVLPs production. However, it resulted in a

strong loss of infectivity of CCHFV_tecVLPs, with a 2-log titer decrease (Figure 38c). These
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results suggest that apoE plays a role in assembly/secretion or infectivity of CCHFV_tecVLPs.
Furthermore, by assessing the mgRNA level in the supernatant of Huh-7.5 KD apoE
producing cells (see manuscript in Annexe), we observed a decrease in the RNA level in
knock down cells. This demonstrated that apoE had a role in the production of CCHFV

particles.
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Figure 38: ApoE is a cellular factor contributing CCHFV particles assembly, secretion, or infectivity. (a)
Intracellular level of apoE assessed by flow cytometry of cells transduced with shRNA targeting apoE or non-
transduced (NT). Representative image of 3 independent experiments. (b) Cells described in (a) were used for
production of CCHFV tecVLPs as described in Methods. Percentage of CCHFV NP transfected cells was assessed by
staining of NP in CCHFV_tecVLPs producing (anti-NP antibody, 9D11) followed by an anti-mouse APC and analysed
by flow cytometry. The results are represented as means + SEM. Each dot in the graphs corresponds to the value of
an individual experiment. N=5. Unpaired t-test for. (c) Infectivity of CCHFV_tecVLPs produced in cells described in
(a), as assessed by flow cytometry. The results are represented as means + SEM. Each dot in the graphs
corresponds to the value of an individual experiment. N=5. Unpaired t-test.

3. Conclusion

These results have been included in a broader study published in Nature Communications
(see in Annexe). This study indicates that CCHFV particles could incorporate apoE, which may
therefore provide a ligand to increase interaction with the cellular factor LDL-R. This cell
surface protein allows CCHFV to bind to the host cell and plays a role in the endocytosis of

the viral particles.

Of note, it is probably not the only entry factor used by CCHFV, as in the report, we also
highlight a potential role of VLDL-R in CCHFV infection. In addition, since LRP1, a member of

the LDL-R family was recently shown to act as an entry factor for RVFV and OROV (Ganaie et
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al., 2021; Schwarz et al., 2022), we also tested this host factor. Interestingly, CCHFV_tecVLPs
infection did not rely on LRP1 (Annexe). We finally demonstrated that apoE is a pro-viral

factor for assembly/secretion of CCHFV particles.
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Chapter IV. Discussion

During my PhD | was able to identify LDL-R as a cellular factor governing CCHFV entry (Ritter
et al., 2024). After we submitted the paper to Nature Communication (October 2023), two
teams published about LDL-R being an entry factor for the virus in January (Xu et al., 2024)
and March (Monteil et al., 2024). The results of the three papers are summarised in Table 6.
In the following sections, | will discuss my results and how they are incorporated with the

current literature.

A. Perspectives on the identified lipid’'s receptors

1. LDL-R as an entry factor for CCHFV

LDL-R is ubiquitously expressed, which could account for the broad cellular tropism of the
virus. However, its expression level varies and the virus preferentially infect specific cell
types (hepatocytes or endothelial cells). As described in the introduction, the permissiveness
of some cell lines is still unclear. Indeed, in Dai et al., (2021), the authors claimed that the
hepatocytes HepG2 cells are non-permissive, when in my hands (data not shown) and in
Monteil et al., (2024) this cell line shows level of infection similar to the hepatocytes Huh7
cells or adrenal cortex SW-13 cells. Both of them are commonly used for CCHFV infection
assays. The discrepancy observed between laboratories may be due to cellular derivation to
cells lacking the expression of factors required for CCHFV infectivity. However, in the
literature, non-stimulated T and B lymphocytes are described as non-permissive to CCHFV
infection (Connolly-Andersen et al., 2009; Garrison, 2012). Moreover, non-stimulated T and
B cells are known to express a low level of LDL-R (Amirache et al., 2014; De Sanctis et al.,

1998). Supporting the conclusion that LDL-R is an entry factor for CCHFV

Beside the expression level, | reviewed the localisation of LDL-R in polarized cells and
compared this with the reported modes of entry of CCHFV in these cells. Interestingly, it was
shown that LDL-R is more expressed at the basolateral side than the apical side on polarized
cells (Gan et al., 2002; Kim et al., 2018; Yokode et al., 1992) and consistently, it was shown in

Caco-2 and MDCK that CCHFV, contrary to HAZV, enters through the basolateral side
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(Connolly-Andersen et al., 2007; Monteil et al., 2020). Even if tropism is a viral receptor, LDL-

R being an entry factor for CCHFV is consistent with the literature.

2. LDL-Ris not the only entry factor for CCHFV

Another point on which the three papers on LDL-R agree is that LDL-R is not the only entry
factor involved in CCHFV infection. In my case, using polyclonal anti-LDL-R antibody, | never
reached a complete inhibition of the infection (Figure 28). The concentrations used in the
paper were 1 and 4 pg/mL, but with CCHFV_tecVLPs, | also tested 8, 16 and 32 pg/mL (not
shown). A plateau was reached at 94% of inhibition for 16pg/mL. In Monteil et al., (2024),
the authors used authentic CCHFV at multiplicity of infection (MOI) of 0,1 to infect haploid
AN3-12, Vero and A549 cells knocked out for LDL-R. They observed each time a diminution
of 1 log of the RNA level compared to WT cells. In a similar experiment, Xu et al., (2024) still
detected CCHFV RNA in Huh7 LdIr KO after infection. In models closer to the physiologic
infection, such as blood vessels organoids, the inhibition is around 80%. This suggests that, in

absence of LDL-R, CCHFV entry can occur through other factors that are still unknown.

In order to identify other entry factors, a CRISPR/Cas9 screen could be done on Huh-7.5 or
SW-13 cells (both permissive cell lines) knocked out for LDL-R and using VSVAG-CCHFV GPs
pseudotyped particles in presence of anti-VSV-G antibodies. This method allows to target
the entry step, since only CCHFV GPs are present on the particles and residual VSV-G is
neutralised. However, knockout screen can be limiting if the entry factor is an essential
factor for the cell. To overcome this limitation, either a CRISPRi screen (knockdown screen)
could be considered on the cells cited above, or a cDNA library screen (GOF screen), from
Huh-7.5 cells or SW-13 cells RNAs, on T lymphocytes (not permissive to CCHFV), but the low

transduction efficiency could be an obstacle.

Another possibility would require to determine the residues of Gc that are crucial to bind
LDL-R, as it was established for VSV (Nikolic et al., 2018), to mutate them in order to produce
CCHFV particles that would not bind to LDL-R, and to perform either a LOF or a GOF screen.
It could be performed with CCHFV_tecVLPs or with a rCCHFV in BSL-4 |laboratories produced

from apokE-free cells.
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Interestingly, VSV is known to not only bind to LDL-R but also to other receptors from the
LDL-R family (VLDL-R and LRP1) (Finkelshtein et al., 2013). This is based on the high similarity
of their ligand-binding domain. Moreover, several members of the Bunyaviricetes were
shown to use LRP1 for their entry (Table 5). For these reasons, the authors of the different
LDL-R papers (including us), assessed the role of other members of the family, such as VLDL-

R, LRP1 or LRP8, which are detailed below.

a. LRP8

LRP8 or apoER2 contribution to CCHFV infection was assessed. In Xu et al., (2024), the
authors did a screen of LDL receptors, either by knock out in 293T cells, by double knock out
in Huh7 LdIr KO, or by OE in DLD1 cells, which express only a low level of LDL-R. In all those
experiments, they did not observe any changes in CCHFV infectivity in the LRP8 modified
cells (Table 6).

In contrast, in Monteil et al., (2024), the authors used a soluble LRP8 which was able to
inhibit VSV particles pseudotyped with CCHFV GPs (VSVAG-CCHFV GPs), but had no effect on
authentic CCHFV IbAr10200 or on a clinical strain (Table 6). One of the differences between
these conditions is the fact that pseudotyped VSVAG-CCHFV particles are produced in
HEK293T cells, while the authentic virus is produced in SW-13 cells. The authors claimed that
apoE can be incorporated onto particles when produced in HEK293T cells but not in SW-13
cells. However, the authors did not assess the level of apoE produced in the two cell lines or
present on the particles. They only performed a neutralisation assay using an anti-apoE
antibody which was able to decrease VSVAG-CCHFV GPs infection but not the authentic
CCHFV (both produced in media containing serum). To conclude on LRP8, the only impact
observed was with a soluble protein on VSV particles pseudotyped with CCHFV GPs.
However, the infection assays were not done with neutralising anti-VSV-G antibodies to
assess the presence of the glycoproteins on the pseudotyped particles. Thus, we cannot
exclude that the soluble LRP8 impaired the component from the VSV pseudotyped particles
that are not related to CCHFV, such as the VSV-G that can still be at the surface of the

particles.
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b. VLDL-R

In our paper, we observed a 2.5 fold increase in CCHFV infectivity in Huh-7.5 cells
overexpressing VLDL-R, suggesting that this receptor may play a role in the virus entry (Ritter
et al., 2024) (Table 6). However, Monteil et al., (2024) used a soluble VLDL-R on CCHFV
particles and did not observe any reduction in the infectivity (Table 6). This experiment was
not done on VSV-CCHFV but only on the authentic CCHFV IbAr10200, which they claim
doesn’t incorporate apoE onto the virions (as described above). Moreover, Xu et al., (2024)
observed only a slight decrease in the CCHFV RNA level detected in HEK293T knocked out for
VLDL-R (no assessment of the VLDL-R expression published). In contrast, they observed no
increase in the infection in DLD1 cells overexpressing the receptor (cells with a low-level of
LDL-R at their surface) (Table 6). With all these results, we cannot exclude that VLDL-R may
interact with the apoE on CCHFV particles and help for the CCHFV — LDL-R interaction, and

thus, facilitate the virus entry in LDL-R expressing cells.

c. LRP1

Even if there are some differences between the three papers, they demonstrate that CCHFV
does not require LRP1 for its entry. This observation is surprising since the virus uses apokE to
bind its entry factor, and apoE is a common ligand for the core members of the LDL-R family,

including LRP1.

Interestingly, LRP1 was identified as a receptor for other bunyaviruses such as La Crosse
virus (LACV), OROV, RVFV and Sandfly fever Sicilian virus (SFSV) (Devignot et al., 2023;
Ganaie et al., 2021; Schwarz et al., 2022). Furthermore, when RVFV and Ebinur Lake Virus
(EBIV; Peribunyaviridae) were tested for LDL-R usage, it was shown that both viruses do not
require the receptor for their entry, suggesting that the viruses using LRP1 do not use LDL-R
(Monteil et al., 2024; Xu et al., 2024). The use of two distinct receptors from the same family
in the Bunyaviricetes class is interesting. We can hypothesize that the distinction is a result
of the viral adaptation to different vectors which express different orthologues of LDL-R
(lipophorin receptor for mosquitoes and vitellogenin receptor for ticks). Indeed, CCHFV is a

tick-borne virus while RFVF, LACV, OROV, SFSV and EBIV are transmitted by mosquitoes.
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Similar results were observed for alphaviruses. The Venezuelan equine encephalitis virus
(VEEV) was shown to use LDLRAD3 (non-core member of LDL receptor family) but not LDL-R,
VLDL-R or apoER2. In contrast, Getah Virus (GETV) and Eastern equine encephalitis virus
(EEEV) were shown to enter through LDL-R, VLDL-R, apoER2 but not LDLRADS3. Interestingly,
VEEV mainly circulates in mosquitoes and rodents, while GETV mainly infects cattle and
horses (Wang et al., 2024). These results prove that even closely related virus may have

different entry factors, possibly a result of their adaptation to their hosts.

In the same study as cited above, the authors investigated the key residues of LDL receptors
recognised by several alphaviruses (Wang et al., 2024). They observed that key residues for
GETV (infecting mainly mammals and few birds) interaction with LDL-R were well-conserved
among mammals but differed in the avian orthologue. In contrast, the key residues for EEEV
(infecting mainly birds and few mammals), are the ones conserved in the avian orthologue.
This suggests that even for viruses using the same receptor, small differences between

receptor orthologues can impact the host range.

Xuetal., 2024 Monteil et al., 2024 Ritter et al., 2024

Virus Producer cells Assay Virus Producer cells Assay Virus Producer cells Assay

Table 6: Summarised results from the Xu et al., Monteil et al., and Ritter et al.. The core members of the LDL receptors
family tested in the three papers are summarised in this table. VSV-CCHFV: VSVAG pseudotyped particles bearing the
CCHFV GPs. DLD1 cells: colorectal adenocarcinoma expressing a low-level of LDL-R. KO: knockout. KD: knockdown. OE:
overexpression. In green, the receptors that were shown in their respective paper to be a proviral factor for CCHFV entry.
In red, factors that are not involved in the virus entry. In grey, factors that were not tested.
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B. Role of apolipoproteins in CCHFV infection
1. Incorporation onto particles

a. Incorporation during production or after secretion?

In the results presented above, | demonstrated that apoE increases CCHFV entry and that
the protein was incorporated onto the particles. This observation was confirmed in (Monteil
et al., 2024) using hepatocytes knocked out for apoE expression (HepG2 ApoE KO) to
produce CCHFV and anti-apoE antibody to neutralise the virus before infection. The
incorporation of apoE could have happened after secretion of the particles, meaning that
free apoE from hepatocytes (human in my case) or free apoE from the serum (bovine serum)

could have been incorporated onto the particles.

For HCV, it was determined that HCV can incorporate apokE after secretion. In Bankwitz et al.,
(2017), the authors incubated HCV particles with apoE enriched supernatant (from Huh-7.5
overexpressing apoE3) or control supernatant (from Huh-7.5 knocked down for apoE) before
infection. They observed that the percentage of infectivity increased in a dose-dependent
manner when particles are incubated with apoE enriched supernatant. To test this
hypothesis with CCHFV, | tried to produce CCHFV_tecVLPs from apoE-free cells (HEK293T), or
from Huh-7.5 hepatocytes knocked down for apoE, in media without serum. The particles
would then have been incubated either with human serum (with physiologic concentration
of human apoE), with media from hepatocytes grown for 3 days in OptiMEM (to mimic the
apoE secreted by the usual hepatocyte producer cells), or OptiMEM (apoE-free medium).
Then after incubation, | would have infected Huh-7.5 and assessed the infectivity of the
particles and done an anti-apoE neutralisation assay. If particles incubated with human
serum or hepatocyte media showed a higher infectivity and/or an increase sensitivity to the
anti-apoE antibody, it would have meant that apoE can be incorporated after secretion. In
contrast, if the incubation with apoE-containing media did not improve CCHFV infectivity, it
would have suggested that apoE incorporation happens during the production of CCHFV
particles. However, at the time, | had experimental issues and was not able to observe any
infectious particles from neither HEK293T nor Huh-7.5 apoE KD. Now that the issue has been

solved, it would be interesting to attempt the experiment again.
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In our paper, we assessed the incorporation of apoE onto CCHFV_tecVLPs using electron
microscopy (EM) and immunogold labelling with anti-apoE and anti-Gc, but we did not
assess the incorporation of apoB. It would have been interesting to verify it since apoB
requires the activity of the microsomal triglyceride transfer protein (an ER protein) to be
incorporated onto LDL. If we validate the incorporation of apoB onto CCHFV virions, it will
mean that the incorporation would happen in the ER during the production of the particles
near to the assembly site, without excluding a possible incorporation after secretion for

apoE.

However, it was also shown by Bio-layer interferometry using recombinant Gn and Gc and
immobilised sLDL-R that Gc, but not Gn, can directly bind to the receptor with Kp = 42.6 nM
(IbAr10200 strain), which is comparable to the binding between VSV-G and LDL-R (Kp = 54.3
nM) (Xu et al., 2024). These results were confirmed in Monteil et al., (2024) by competition
assays using Gc and Gn to interfere with LDL binding to LDL-R, and prove that both

interactions, through Gc or apoE can occur.

b. Linked lipoproteins or apoE incorporation?

Another mystery is that we do not know whether apoE is incorporated onto viral particles or
whether total lipoproteins are linked to viral proteins, and if so, how (see Figure 39). It would
be interesting to assess precisely the factors present onto CCHFV virions. To start, we could
establish the density of authentic CCHFV particles produced from hepatocytes or
apolipoproteins-free cells (HEK293T) using lodixanol density gradients. lodixanol was shown
to preserve lipoprotein-virus complexes. We could assess in the different fractions the viral
RNA load and the presence of different proteins such as viral Gc and NP proteins, and host
factors, such as apoB, apoC, apoE, cholesterol and triglyceride. The presence of those factors
and a concentration of the infectious particles in the low-density fraction would indicate an

association with lipoproteins and not only apolipoproteins.
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Figure 39: Possible models of CCHFV particles, associated to apolipoproteins and/or lipoproteins. CCHFV
particles exact association with apolipoprotein remains unknown. Here, 3 models are proposed. The first model
shows incorporation of only apolipoproteins. The second, complete lipoprotein non-covalently linked to the
particles and the last, complete lipoprotein incorporated in the lipid bilayer of CCHFV particles. Created with
BioRender.com.

While there is no study published to date on CCHFV, it was demonstrated on SARS-Co2 that
the particles are associated to cholesterol through a binding to the S protein (Wei et al.,
2020). In the paper, the authors identified in the sequence of the S protein, cholesterol
recognition amino acid consensus (CRAC) motifs adjacent to the inverted cholesterol
recognition motif (CARC). CRAC is defined by the (L/V)-X1-5-(Y)-X1-5-(K/R) sequence, and
CARC by the (K/R)-X1-5-(Y/F)-X1-5-(L/V) sequence. The close vicinity of both motifs suggests
a high affinity, lipid specific, cholesterol-recognition (Di Scala et al.,, 2017). Using the
sequence of CCHFV IbAr10200 GPC (UniProt Q8JSZ3) and PROTTER, I highlighted that the
combination CARC-CRAC motifs was present 3-times in GP38, twice in Gn ectodomain and 4
times in Gc ectodomain (Figure 40). This suggests that an interaction with cholesterol, and

maybe lipoproteins, is possible.
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Figure 40: Schematic representation of CCHFV IbAr10200 GPC and highlight on the CARC-CRAC motifs. Sequence from
UniProt Q8J5Z3 was represented on PROTTER. MLD sequence is represented in light blue, GP38 sequence in orange, Gn
sequence in pink, NSm sequence in grey, Gc sequence in purple with the preGc in yellow. CARC motifs: (K/R)-X1-5-(Y/F)-X1—
5-(L/V) in red and CRAC motifs: (L/V)-X1-5-(Y)-X1-5-(K/R) in dark blue. Dark arrows represent the sequences where CARC
and CRAC motifs are in close vicinity, in the proteins ectodomains. Created with Protter.

2. Role of apolipoproteins in the production of CCHFV particles

Furthermore, using Huh-7.5 knocked down for apoE for the production of CCHFV_tecVLPs,
we observed a decrease of 2 log in the infectious titer and 1 log in the number of mgRNA in
the supernatant compared to WT cells (Ritter et al., 2024). We verified that the decrease in
infectivity was not caused by a decrease in the transfection or expression of NP plasmid.
However, we did not assess the fitness or viability of the Huh-7.5 LDL-R KD. Our results still
suggest that apoE is involved not only in the entry of the virus but also in its production in
hepatocytes, as it is the case for HCV (Chang et al., 2007; Jiang and Luo, 2009). To gain more
insight on the impact of apoE on the production of infectious particles, it would have been
interesting to assess the intracellular infectivity in apoE knocked down cells. Indeed, the
authors knocked down apoE, using siRNA, in HCV infected cells and observed a decrease of
intracellular and extracellular vRNA. They also observed no changes in the capacity of HCV
RNA to replicate, using a replicon assay, suggesting that the decrease observed in

intracellular and extracellular RNA was the consequence of a production impairment.

It is important to note that production of CCHFV_tecVLPs could be achieved in cells not

expressing apoE (such as HEK293T) and without serum, meaning that the production is not
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strictly dependant on apoE and can differ according to the producer cell type. Thus, the
characterisation of the particle composition (lipids and apolipoproteins) described above
would have to be done on hepatocytes and cells not producing lipoproteins. Moreover, it
would be interesting to investigate the CCHFV particles produced in tick cell (detailed in
Chapter IV.C.3). Indeed, since the viral membrane is acquired at the assembly site (ER /
Golgi), it would make sense that the viral envelope depends on the host membrane
properties. Thus, there could be different production possibilities. One independent of apoE
in cells that do not express it, and the second incorporating the apolipoproteins, expressed
at the assembly site, onto the particles and giving the virus some advantages, such as a

broader tropism (described in the following section).

3. Impact of apolipoproteins incorporation

a. Cell-cell transmission

Another possible effect of the incorporation of apolipoproteins for the virus is to increase its
ability to perform cell-to-cell transmission. Indeed, it was demonstrated for HCV that apoE
plays a role in the transmission of the virus (Hueging et al., 2014). The authors used Huh-7.5
cells, or 293T cells expressing apoE or not, to produce HCV by transfection with the HCV Jc1
RNA (genome allowing a production of HCV infection particles with high titers). Then, these
cells were mixed with fresh Huh-7.5 containing a reporter tagRFP, fluorescent upon
infection. The cell mixture was overlaid with medium containing agarose and neutralising
HCV AR4A antibody. In this setting, the authors are blocking the possibility of released
particles to infect cells. However, in this experiment, they still observed a spread of the
infection, but only in Huh-7.5 or 293T expressing apoE, suggesting a cell-to-cell transmission
allowed by the presence of apoE. However, the percentages are low (1 to 3 % of cell-to-cell
spread), and were not reproduced in (Fauvelle et al., 2016). The increase of the cell-cell
transmission can be explained by the production of extracellular vesicles (formed from apoE-
containing lipoproteins), which were shown to contain HCV viral RNA, and appear to be
transmitted to neighbouring cells (Bukong et al., 2014; Dreux et al., 2012; Pham et al., 2023).
We can hypothesize that CCHFV RNA may be packaged in extracellular vesicles in a similar

manner and thus, apoE would increase the transmission to nearby cells.
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b. Hiding CCHFV epitopes

In HCV, it was also shown that the apoE could hide the virus epitopes and increase the virus
resistance to neutralising antibodies. Indeed, after addition of secreted apoE on HCV Jcl
supernatant, Hueging et al., (2014) incubated the virus with several monoclonal neutralising
antibodies targeting E1 and E2. The authors observed a 10 fold increase of the half-maximal
inhibitory concentration. The impact of apoE was also observed in Fauvelle et al., (2016). The
authors observed that viruses produced from apoE-depleted hepatocytes were 4-17 times
more sensitive to neutralisation by patient sera than virus produced by WT cells. Sensitivity
to neutralisation was almost totally restored in virus produced in apoE-depleted but rescued
cells (transduced to produce apokE). Interestingly, the authors did not observe an effect of
apoB in the neutralising antibody escape, supporting a central role of apoE in the immune
escape. These experiments done on HCV could be reproduced on CCHFV in order to assess
the role of apoE in the immune escape and thus, opening the possibility for new treatments

targeting the apolipoproteins.

c. Indirect treatments against CCHFV

The incorporation of apolipoproteins onto the particles, the possible incorporation of
cholesterol and the effect of both during the production of CCHFV could lead to new
therapeutic treatments. Indeed, drugs were developed for people having well characterised
diseases, such as familial hypercholesterolemia or diabetes that could be used for CCHFV
infected people. If indeed cholesterol is involved in CCHFV infectivity, then targeting its

synthesis or its uptake could decrease the virus infection.

Statins are inhibitors of the 3-hydroxy-3-methyl-glutaryl-coenzyme A reductase required for
the cholesterol synthesis and allow to reduce the cholesterol concentration in the blood.
This drug was tested for its effect on HCV and Dengue virus notably. In vitro, the treatment
was shown to decrease the level of intracellular RNA by interfering at the assembly step
(Delang et al., 2009; Martinez-Gutierrez et al., 2011; Moriguchi et al., 2010). However, no

strong evidence of the anti-viral effect was observed in vivo (Whitehorn et al., 2016).
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The cholesterol uptake can also be targeted. Ezetimibe is a commercialised drug known to
inhibit the internalisation of the cell surface cholesterol-sensing receptor NPC1L1 (Chang and
Chang, 2008). Ezetimibe was shown to decrease HCV and HBV internalisation and thus their
infectivity in vitro (Lucifora et al., 2013; Sainz et al., 2012). Here again, the clinical evidence is
weak. It was however demonstrated that uninfected transplant recipients receiving organs
from HCV-infected donor, and treated with Ezetimibe, had a lower viral load and, combined
with other drugs (glecaprevir-pibrentasvir), could prevent the establishment of a chronic

infection (Azhar et al., 2021; Feld et al., 2020).

Finally, apoB, the apolipoprotein required for LDL formation, could be targeted. This can be
achieved by silencing its mMRNA with mipomersen, an antisense inhibitor of apoB shown to
decrease secretion of LDL safely (Neely and Bassendine, 2010; Raal et al., 2010). It can also
be done by inhibiting the MTP activity with drugs such as lomitapide also used to treat

familial hypercholesterolemia (Larrey et al., 2023).

Should they exhibit an anti-viral effect against CCHFV, these inhibitors, as they are already
clinically tested and commercialised, could be a faster way to bring a treatment to the

market.

C. Relevance in non-human hosts

In the previous chapters, | described the possible receptors and co-factors involved in the
dissemination in human cells. However, CCHFV infects a wide range of hosts and during my
PhD | observed a different pattern in bovine cells, suggesting that CCHFV requires specific
entry factors depending on the host. In the following section, | will replace my results in a

more global context.

1. Murine hosts

In Xu et al., (2024), the authors validated the role of LDL-R in LDL-R-deficient mice that were

also suppressed for the type | IFN response with anti IFNAR1 antibody (the precise mice used
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is not described). Mice knocked out for LDL-R had a better survival compared to WT mice
(70% and 10%, respectively). This suggests that in mice, LDL-R is a proviral entry factor for
CCHFV. The authors supported their results by quantification of the viral genome in different
organs, such as liver and spleen, as well as in the serum, where they observed a decrease of
1 to 3 log, between the KO and the WT, at day 5 post-infection. Moreover, they treated WT
C57BL/6 mice (pre-treated with anti-IFNAR1 antibody) with an anti-LDL-R antibody, 1 day
before, at the time of infection and up to 4 days after infection and observed a survival rate
of 100% (against 20% for mock treated mice). In Monteil et al., (2024), the authors also used
mice knocked out for LDLR (B6.129S7LdIrm1Her/]), but they only observed 15% survival
(against 0% for WT mice), 5 days post-infection. The differences between the two mice
experiments can be explained by the fact the in Monteil et al., (2024), the authors injected a
higher viral dose per mouse of a different strain. These results demonstrate that LDL-R is a

proviral factor not only in humans but also in mice.

2. Bovine hosts

However, this effect was not observed in bovine cells. As previously described, we did not
observe any inhibition of CCHFV_tecVLPs infection when bovine cells were incubated with
the anti-LDL-R neutralising antibody. This can be due to the antibody | used. AF2148 is an
antibody produced in goat immunised with human LDL-R antigen, and it is possible that it
does not recognise the bovine LDL-R with sufficient affinity to block CCHFV_tecVLPs entry
into bovine cells. However, Apoorv Gandhi obtained preliminary data where he neutralised
CCHFV_tecVLPs using anti-apoE antibodies or soluble LDL-R and observed no inhibitory

effect on the bovine cells, contrary to the human cells.

Thus, it is possible that CCHFV does not rely on LDL-R in bovine cells and uses a different
entry pathway. It was indeed suggested that the virus could spread more efficiently by cell-
to-cell transmission in bovine cells compared to human cells, and more efficiently by cell-
free transmission in human cells compared to human cells (Foldes et al., 2020). In the paper,
it was described that in human kidney cells, the copies of viral RNA increased over time
intracellularly and extracellularly, suggesting an efficient replication and release of viral

particles in the media. However, it was not the case in bovine cells that showed a slight
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increase intracellularly, but no changes extracellularly, suggesting a low replication rate and
no detectable release. Moreover, the authors infected both human and bovine cells and did
a staining against CCHFV (using human antiserum) at day 1, 2, 3, 5, and 7 post-infection to
observe the infected cells. In this experiment, they observed that infected bovine cells
formed islet-like cell clusters, meaning that the infected cells are in close contact with each
other, contrary to infected human cells, which were more spread. These two experiments
suggest that the virus do not use the same transmission pathway in both hosts and so, may

have different co-factors of entry.

Finally, CCHFV may acquire host factors, such as apoE during its production, giving the virus
a certain host specificity. In our case, the production of CCHFV_tecVLPs used for the blocking
experiment in bovine cells was from human hepatocytes. It would have been interesting to
produce CCHFV_tecVLPs in bovine cells and use them for the blocking experiment in bovine
and human cells. During my PhD, | did try to use EBL and MDBK as producer cells, but | did
not reach a transfection level sufficient to observe a production of infectious particles. This
could have been improved by optimising the transfection by testing different reagents or
methods (such as microporation) and assessing the supernatant for its infectivity at different

time after transfection.

3. Ticks, main vector of CCHFV

The involvement of human LDL-R in CCHFV entry and dissemination is now demonstrated
but it would be interesting to assess its involvement in the main vector of the virus, the tick.
Indeed, ticks are evolutionary distant from humans. The LDL-R-encoding gene is not
conserved in ticks, and they are cholesterol auxotroph, meaning that they do not produce
cholesterol. However, ticks express LDL-type-A-repeat-containing proteins, such as the
vitellogenin receptor (VtgR) (Figure 41) (Seixas et al., 2018), and take their cholesterol from
their blood meal. VigR expression in tick seems to be species-, sex- and tissue-specific, being
more expressed in the ovaries of mated ticks (Mitchell et al., 2007), which is one of the

organs where the virus replicates (Dickson and Turell, 1992). It would be interesting to study
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the impact of VtgR for CCHFV replication cycle, by modulating its RNA expression with RNA

interference (as it was done in Mitchell et al., (2007)).

In Monteil et al., (2024), the authors produced CCHFV in tick cells and incubated the
particles with a soluble LDL-R or a soluble apoER2. They observed an inhibition of the
infection only when they used soluble LDL-R. They suggested that particles produced by tick
cells do not incorporate apoE and thus, would not bind to apoE receptors, such as apoER2. In
this experiment, it would have been interesting to assess the level of apoE in the

supernatant (by ELISA for example) to be sure that tick cells do not secrete apolipoproteins.

The identification of the VtgR/Vtg role in CCHFV replication in ticks could lead to the
development of an anti-tick approach targeting Vtg or using recombinant VtgR. This vaccine

could deliver soluble VtgR that would inhibit the virus entry and block the virus transmission.

@» |DL-R type A repeat
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LDL-R VigR Figure 41:'Com'parlson of LDL-R and VtgR structures.
Created with BioRender.com.
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Chapter V. General conclusion

Throughout this manuscript | was able to gain more insight on CCHFV entry. At the time |
started my PhD, no entry receptor was identified and characterised for the virus. Using
CCHFV_tecVLPs but also the WT virus, | demonstrated that LDL-R was an entry factor for the

virus.

The impact of LDL-R was demonstrated on several human cell lines (rhabdosarcoma,
hepatocytes, lung epithelial) and more important on primary cells (PHH). However, LDL-R
does not seem to be involved in CCHFV entry in bovine cells. This can be explained by

different ways of entry and cellular transmission, involving other factors.

Then, using a retrograde transport inhibitor, | showed that LDL-R was involved in the binding

and the endocytosis of CCHFV.

Furthermore, | was able to better characterise the virus interaction with its co-factor of
entry. Using neutralising antibodies targeting apoE, | highlighted the involvement of the
apolipoprotein in the virus entry. Then by co-immunoprecipitation, | showed that apoE, is
incorporated onto the particles. These results suggest that apolipoproteins are incorporated
during production but can also be incorporated after secretion in the extracellular media,
and could mediate the interaction with the receptors, such as described for HCV. However,
these results do not exclude a possible direct interaction with LDL-R. This results open new

possibilities for therapeutic treatments.

An important point to consider is that the results that | presented indicate that LDL-R is not
the sole entry factor for CCHFV. Indeed, the total inhibition was never achieved. This suggest
that other factors can be involved in the entry and are still to be identified, maybe by high-

throughput screening.

Finally, while we were in the reviewing process of our paper, two papers were published
that corroborate my findings. Together, these publications showed that LDL-R is an
important entry factor for CCHFV, which interacts with the receptor either through Gc or
through apoE incorporated onto the particle. The papers also indicate that LDL-R is not the
only factor involved and that more research is still required to understand CCHFV entry and

infection.
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These findings are summarised in Figure 42.
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Figure 42: Schematic representation of the factors involved in CCHFV entry into human cells. CCHFV particles binds to
LDL-R through interaction with CCHFV Gc or through apoE incorporated onto the particle. The apoE associated may also
mediate the binding to HSPG, involve in the weak attachment. Once bound to LDL-R, CCHFV is internalised, and upon
endosome acidification, the viral genome is released into the cytoplasm, where the replication cycle can start. In parallel,
LDL-R is recycled to the cell surface. During CCHFV entry, some unknown factors can be involved in the binding, the
endocytosis, and the fusion that are still to be identified. Created with BioRender.com.
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Chapter VI. Material and methods
Cells.

Huh-7.5 cells (kind gift from Charles Rice), HEK-293T kidney cells (ATCC CRL-1573), TE-671
cells (ATCC CRL8805), A549 cells (kind gift from P. Boulanger), VeroE6 cells (ATCC CRL-1587),
EBL cells (kind gift from Fabienne Archer), MDBK cells (European Collection of Authenticated
Cell Cultures) were grown in Dulbecco’s modified minimal essential medium (DMEM,
Invitrogen, France) supplemented with 100U/mL of penicillin, 100ug/mL of streptomycin and
10% of foetal bovine serum. PHH (BD Biosciences) were centrifuged in F12-HAM medium
(Sigma Aldrich) and seeded overnight in collagen-coated plates in BD Gentest seeding
medium supplemented with 5% FBS. PHH were washed 16h later and cultured with a culture
medium for PHH (DMEM F12, Sigma Aldrich) supplemented with 10% FCS, 1 ug/mL bovine
serum albumin, 5 pg/mL bovine insulin, 1x10® M Dexamethasone (Sigma Aldrich), 1x10® M
3.3 trilodo-L-thyronin, 5 pg/mL apotransferrin, 1% of non-essential amino acids (Gibco), 1%

of Glutamin (Gibco) and 1% Penicillin-Streptomycin solution (Gibco).

Plasmids.

The constructs encoding WT CCHFV strain IbAr10200 L polymerase (pCAGGS-V5-L), NP
nucleoprotein (pCAGGS-NP), M segment (pCAGGS-M), T7 RNA polymerase (pCAGGS-T7),
NanolLuc luciferase (NLuc)-expressing minigenome flanked by L NCR under the control of a
T7 promotor (pSMART-LCK_L-Luc), GFP expressing minigenome flanked by L 5’ and 3’ UTRs
under the control of a T7 promotor (pT7_vL_GFP), and an empty vector (pCAGGS) were
described previously (Bergeron et al.,, 2010; Devignot et al., 2015) (all kind gifts from
Friedemann Weber and Eric Bergeron). psPAX2, phCMV-G (kind gifts from Didier Trono and
Jane Burns, respectively), and phCMV_HIV_GFP were used for VSV pseudoparticles
production. psPAX2, phCMV_HIV_GFP and phCMV-4070A (Sandrin et al., 2002) were used
for MLV pseudparticle production. pFK-JFH1/J6/C-846_Ap7, constructed from pFK-
JFH1/16/C-846 by deletion of p7 and addition of EMCV IRES between E2 and NS2, and
phCMV-noSPp7(J6) were used for HCVtcp production. pMK-RQ-HAZV resQ S EGFP P2A, pMK-
RQ-HAZV M, pMK-RQ-HAZV L (kind gift from John N. Barr) were used for production of
rescued HAZV rHAZV-eGFP. For the down-regulation assays, TRC1_pLKO shapoE
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(TRCN0000010913; Sigma-Aldrich) was used for generation of lentivirus in combination with

phCMV-G and psPAX2.

Antibodies. See table below:

Table 7: List of the antibodies.

Primary antibodies

Targets

Dilution

Company (catalog number)

NCL (mouse)

Blocking assay 1-4pg/mL

Santa Cruz (sc-8031)

LDL-R (goat)

IF 20mg/mL;FACS40mg/mL; WB

2mg/mL; blocking assay 0.25-1-4ug/mL

R&D systems (AF2148)

apoE (goat)

IP10mL

Sigma-Aldrich (AB947)

apoE (goat)

WB 1:2000; EM 1:100; neutralization
assay 1:200-1:100-1:50; FACS 1:2000

AbD Serotec (AHP2177)

Actin (mouse) WB 1:10000 Sigma-Aldrich (AC-74)
CCHFV Gc 11E7 (mouse) WB 1:1000 BEI| Resources (NR-40277 )
CCHFV NP 9D5 (mouse) WB 1:1000 BEI| Resources (NR-40277 )

CCHFV NP 2B11 (mouse)

Immunostaining 1:250

BEI Resources (NR-40257 )

488

HCV NSS5A 9E10 (mouse) Immunostaining 1:800 Kind gift from C. Rice

HAZV NP (sheep) WB 1:3000 Kind gift from J.N.Barr

Goat IgG FACS 40ug/mL; blocking assay 0.25- ThermosFisher (02- 363 6202)
14ug/mL

Goat serum neutralization assay 1:200-1:100-1:50 Viromed (79S094)

Secondary antibodies

Donkey anti-mouse Alexa Fluor IF 1:2000 ThermoFisher (A-31570)

555

Donkey anti-goat Alexa Fluor IF 1:2000 ThermoFisher (A-11055)

Goat anti-Mouse-HRP

Immunostaining (HCV) 1:1000

Sigma-Aldrich (A4416)

Anti-Mouse 1gG (whole
molecule)-Peroxidase antibody

Immunostaining (CCHFV) 1:1000

Sigma-Aldrich (A5278)

Goat F(ab')2 Anti-Mouse g, FACS1:100 Southern Biotech (1012-11)
Human ads-APC

F(ab')2-Donkey anti-Goat IgG FACS1:100 ThermoFisher( 31860)

(H+L), PE

Anti-Goat IgG, FITC FACS 1:100 Dako (F0250)

IRDye®680RD Donkey WB 1:10000 Li-COR Biosciences (926-68072)
antiMouse 19G

IRDye® 800CW Goat antiMouse | WB 1:10000 Li-COR Biosciences (926-32210)
IgG

IRDye® 8oocw Donkey | WB1:10000 Li-COR Biosciences (926-32214)
antiGoat 1gG
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Production of viral stocks and infection assays with authentic WT CCHFV particles.

All the experiments with authentic WT CCHFV were performed in the Jean Mérieux BSL-4
facility in Lyon, France. To produce viral stocks, Huh-7.5 cells were infected using CCHFV
isolate 1bAr10200 (obtained from Institut Pasteur) at MOI 0.01 and the production was
harvested at 72h post-infection. Infectious titers were determined by NP immunostaining on
VeroE6 cells using anti-NP (2B11) as primary antibody and viral preparations with titers

ranging between 3x10°-10° NP FFU/ml were used in this study.

For blocking and neutralisation assays, infections were performed with serial dilutions of
viral stocks, corresponding to MOIs of 0.5 to 0.001. Viral stocks or cells were treated as
described below. 24h post-infection, infected cells were lysed with TRIzol™(ThermoFisher),
allowing inactivation of virus, and RNAs were extracted according to manufacturer’s
protocol and level of viral RNA, reflecting the level of infection, was determined by RT-qPCR
(see below). The viral titer was determined after selection of dilutions allowing a linear range

of viral RNA signal.

Production of viral stock and infection assays with CCHFV_tecVLPs.

For production of tecVLPs, Huh-7.5 cells were transfected in 10cm dishes with 3.6 pg of
pCAGGS-V5-L, 1.2 ug of pCAGGS-NP, 3 ug of pCAGGS-M or pCAGGS, 3 ug of pCAGGS-T7 and
1.2 pg of pSMART-LCK L-Luc (for NLuc_tecVLP) or pT7-GFP (for GFP_tecVLP), using
Genelammer transfection reagent (Agilent). Six hours post-transfection, cells were washed
two times with OptiMEM before addition of OptiMEM. At 72h post-transfection,
supernatant was harvested and filtered through a 0.45um filter. Preparations of tecVLPs
with titers of 5x10° GFP infectious unit./ml (for GFP_tecVLP) or 10® RLU/ml (for

NLuc_tecVLP) were used in this study.

For assays with GFP_tecVLPs, targets cells were pre-transfected using 2.4 ug of pCAGGS-V5-L
and 4.8 pg of pCAGGS-NP using Genelammer transfection reagent. Cells were seeded in 24,
48 or 96-well plates in OptiMEM 6h post-transfection. Then, 24h post-transfection, cells
were infected with serial dilutions of particles, corresponding to MOlIs of 2 to 0.02, and 48h
post-infection, infected cells were harvested. For each dilution, technical replicates were

performed. Infected cells were fixed and the percentage of GFP positive cells was assessed
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by flow cytometry (MACSQuant® VYB Flow Cytometer; Miltenyi Biotec). Data were analysed
with FlowlJo software (BD Biosciences). The viral titer was determined after selection of

dilutions within the linear range of percentages of positive cells.

For assays with tecVLPs with a NLuc minigenome, the infection with serial dilutions of viral
supernatant, corresponding to RLU-per-cell of 100 to 0.01, was done on Huh-7.5 cells stably
expressing firefly luciferase (FLuc) and the level of infection was quantified 24h post-
infection, by lysing the cells with passive lysis buffer (Promega) for 10min at room
temperature and measurement of luciferase signal using Nano-Glo® Dual-Luciferase®
Reporter Assay System (Promega). For each dilution, technical replicates were performed.
The viral titer was determined after selection of dilutions within a linear range of NLuc

signals.

For intracellular and extracellular infectivity assays used for stability of CCHFV_tecVLPs
particles and Gn and Gc mutants: Intracellular tecVLPs were released upon producer cells
lysis by three repeated freeze-thaw cycles, followed by clarification by centrifugation.
Extracellular particles were produced as described previously. At 24h post-infection, infected
cells were fixed and the percentage of GFP positive cells was assessed by flow cytometry
(MACSQuant® VYB Flow Cytometer; Miltenyi Biotec). Data were analysed with FlowJo

software (BD Biosciences).

Production and infection assays with HAZV particles.

For production of viral stocks, rHAZV-eGFP virus (Fuller et al., 2020) was amplified in Huh-7.5
cells (MOI=0.001). At 1h post-infection, the medium was changed after a PBS wash and 72h
post-infection, the supernatant was harvested and clarified by centrifugation 5min at 750xg.
Preparations of rHAZV-eGFP (termed HAZV in the text and figures) with titers of 10® eGFP
i.u./ml were used in this study. For infection assays, Huh-7.5 cells were inoculated with serial
dilutions of viral supernatant, corresponding to MOls of 0.5 to 0.001, before PBS wash and
medium change, 1h post-infection. Level of infection was detected 16h post-infection by
quantification of eGFP positive cells by flow cytometry (MACSQuant® VYB Flow Cytometer;
Miltenyi Biotec). Data were analysed with Flowlo software (BD Biosciences). The viral titer
was determined after selection of dilutions allowing a linear range of percentage of positive

cells.
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Production and infection assays with HCV trans-complemented particles (HCVtcp).

For production of viral stocks, Huh-7.5 cells were electroporated with 2ug of phCMV-noSPp7
DNA and 10ug of Jcl Ap7 in vitro transcribed RNA as described previously (Denolly et al.,
2019). Media was changed 6h post-electroporation and supernatant was harvested and
filtered (0.45um) 72h later. Preparations of HCVtcp with titers of 103 NS5A FFU/ml were

used in this study.

For infection assays, Huh-7.5 cells were inoculated with serial dilutions of viral supernatant,
corresponding to MOIs of 2 to 0.02, and were fixed using ethanol 48h post-infection and
focus- forming units were determined by counting NS5A immunostained foci. The viral titer

was determined after selection of dilutions allowing a linear range of foci.

Production and infection assays with VSV or MLV pseudoparticles.

Retroviral vectors encoding GFP sequence and bearing VSV-G (VSVpp) or amphotropic MLV
Env glycoprotein (MLVpp) were produced in HEK-293T cells by transfection of
phCMV_HIV_GFP, psPAX2 and phCMV-G or phCMV-4070A using calcium phosphate
precipitation. The medium was replaced 16h later and the supernatant was harvested and
filtered (0.45um) 24h later. Preparations of VSVpp and MLVpp with titers of 2x10° and 6x10°

GFP i.u./ml, respectively, were used in this study.

For infection assays, Huh-7.5 cells were infected with serial dilutions of viral supernatants,
corresponding to MOlIs of 2 to 0.02, and were fixed 48h post-infection. The percentage of
GFP positive cells was assessed by flow cytometry (MACSQuant® VYB Flow Cytometer;
Miltenyi Biotec). Data were analysed with FlowJo software (BD Biosciences). The viral titer
was determined after selection of dilutions allowing a linear range of percentage of positive

cells.

Blocking with anti-NCL antibody.

Huh-7.5 cells were grown in DMEM, 10%FCS and incubated with 1 or 4 pg/mL of anti-NCL
(mouse), and 4 pg/mL of anti-LDL-R (goat), control IgG mouse and goat for 1h at 37°C. Then

the viral inoculum was added to cells in presence of antibodies, and the medium was
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replaced with DMEM, 10% FCS, 3h post-infection. The experiment was performed with serial
dilution of viral supernatants. For NLuc_tecVLPs or lentiviral pseudoparticles, cells were
harvested 48h post-infection and the level of infection was quantified by lysing the cells with
passive lysis buffer (Promega) and measuring the of luciferase signal using the Nano-Glo®

Luciferase Assay System (Promega). Viral titers were determined as described above.

Blocking with anti-LDL-R antibody.

All cell lines were grown in OptiMEM and were incubated with different doses of anti-LDL-R
or control IgG for 1h at 37°C. Then the viral inoculum was added to cells in presence of
antibodies, and the medium was replaced with DMEM, 10% FCS, 3h post-infection. All
experiments were performed with serial dilution of viral supernatants. For GFP_tecVLPs or
retroviral pseudoparticles, cells were harvested 48h post-infection, and the level of infection
was determined by flow cytometry and titers were obtained as described above; for
authentic virus, cells were harvested 24h post-infection and infectious titers were
determined by RT-gPCR as described above; for HAZV, cells were harvested 16h post-
infection and infectious titer was determined by flow cytometry as described above. When
testing different cell lines (EBL, MDBK, A549, TE-671), cells were infected with NLuc_tecVLPs,
and the level of infection was quantified 48h post-infection, by lysing the cells with passive
lysis buffer (Promega) and measurement of luciferase signal using Nano-Glo® Luciferase
Assay System (Promega). Viral titer was determined as described above. For analysis of
incubation kinetics, Huh-7.5 cells were incubated with LDL-R antibody either 1h before
infection, at the time of infection or 2h, 4h, 6h post-infection. The antibody-containing
medium was replaced by fresh medium at 2h or at 24h post-infection depending on the
conditions. Cells were harvested at 48h post-infection, and the viral titers were determined

after detection of positive cells by flow cytometry as described above.

For infection of PHH, at 24h post-seeding, cells were washed and incubated in their culture
medium, with different doses of anti-LDL-R or control IgG for 1h at 37°C before infection
with serial volumes of NLuc_tecVLPs in presence of antibodies. Then, 3h post-infection, the
medium was changed, and the level of infection was assessed 24h post-infection, as

described above.
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Neutralisation assays with sLDL-R or anti-apoE antibody.

Serial dilutions of inoculate were incubated for 1h at room temperature with different doses
of soluble LDL-R (sLDL-R), CD81_6His_LEL, anti-apoE serum, or control goat serum and then
added to Huh-7.5 cells grown in OptiMEM. All the infections were performed with serial
dilutions. At 3h post-infection, the medium was replaced with DMEM, 10% FCS. For
GFP_tecVLPs or retroviral pseudoparticles, cells were harvested 48h post-infection and the
level of infection was determined by flow cytometry and the viral titers were determined as
described above; for WT CCHFV virus, cells were harvested 24h post-infection and the level
of infectivity was determined by RT-qPCR as described above. For HAZV, infected cells were
harvested 16h post-infection and the level of infectivity was determined by flow cytometry.
For HCV, cells were fixed 48h post-infection and level of infectivity was determined by

immunostaining as described above.

Cell surface staining of LDL-R.

For flow cytometry, cells were washed and detached with Versene (Invitrogen), before
fixation with 2% paraformaldehyde (Sigma-Aldrich) for 15min. Cells were then incubated for
1h at 4°C with primary anti-LDL-R antibody (AF2148) or control isotype at 40ug/mL in PBS +
2% FCS, with regular shaking. After 3 washes, cells were incubated with secondary antibody
for 1h at 4°C in PBS + 2% FCS, with regular shaking. After 3 washes, cells were resuspended
in PBS +2% FCS and analysed by flow cytometry (MACSQuant® VYB Flow Cytometer;

Miltenyi-Biotec).

Live imaging analysis.

Cells were seeded on p-slide 8 wells IbiTreat (IBIDI) and treated according to the description.
Live imaging analysis were performed using AxioObserver Z1 (Zeiss) equipped with a 20X
objective and a CSU-X1 confocal spinning disk head (Yokogawa) under controlled
atmosphere (37°C, 5% CO2). Multiple fields were defined, and image acquisition was
performed on 5 Z-stacks (2um) at intervals of 5 minutes for 3h. To measure the
fluorescence, a max intensity projection of the Z-stacks was performed. Then, for each time-

point, the mean intensity was calculated using FlJI software.
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Co-immunoprecipitation assay.

CCHFV_tecVLPs were incubated with apoE antibodies (AB947; Sigma-Aldrich) or control goat
IgG overnight at 4°C. Then 1.5 mg of Dynabeads protein G magnetic beads (ThermoFisher)
were added during 1h at room temperature. The beads were then washed 3 times with PBS.
For the elution, beads were resuspended in TriReagent and the supernatant was transferred
into a new tube for RNA extraction, following the manufacturer’s protocol before

determination of the level of co-captured CCHFV minigenome by RT-qPCR (see below).

Detection of viral genomes by RT-qPCR.

After extraction following the manufacturer’s protocol, RNA was reverse transcribed (iScript
cDNA synthesis kit; Bio-Rad). In the case of tecVLPs samples, RNA was treated with DNAse
(Invitrogen) according to the manufacturer’s protocol. The level of cDNA was then quantified
by gPCR. For tecVLPs minigenome, the quantification was done by detection of the NLuc
minigenome for CCHFV: 5’-TAGTCGATCATGTTCGGCGT-3’ and 5-
ACCCTGTGGATGATCATCACT-3" with 5- GATTACCAGTGTGCCATAGTGCAGGATCAC-3’ as a
probe, using TagMan™ Gene Expression Master Mix (ThermoFisher). For WT CCHFV, the
guantification was done using FastStart Universal SYBR (Roche) with the following primers

5'-CCCCACACCCCAAGATAATA-3" and 5'- ACTACTCTGCATTCTCCTCA-3' targeting the L UTR.

For titration of WT CCHFV, viral RNA levels were normalised with respect to glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) RNA levels, detected using FastStart Universal SYBR
(Roche) and specific primers  5-AGGTGAAGGTCGGAGTCAACG-3’ and 5'-
TGGAAGATGGTGATGGGATTTC-3'.

As an internal control of extraction, an exogenous RNA from the linearised Triplescript
plasmid pTRI-Xef (Invitrogen) was added into the supernatant prior to extraction and
guantified  with  specific  primers (5'-CGACGTTGTCACCGGGCACG-3' and 5'-
ACCAGGCATGGTGGTTACCTTTGC-3’). This signal was used for normalization of signal for

crude supernatant, as well as capture and IP assays.

All analyses were done on a Quantstudio real-time PCR apparatus.
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Drug treatment.

For TyrA23, three different protocols were used. For a short treatment, Huh-7.5 cells pre-
transfected with NP and L expression plasmids were treated with DMSO and TyrA23
(100uM) and infected 30min later with GFP_tecVLP in the presence of fresh drug. The
medium was removed 3h p.i. and the cells were harvested at 24h p.i. for determination of
the levels of infection by flow cytometry. For long-treatment, Huh-7.5 cells pre-transfected
with NP and L expression plasmids were treated for with DMSO or TyrA23 (100uM) and
infected 24h later with GFP_tecVLP. Media was removed 3h p.i. and the cells were harvested
at 24h p.i. for determination of the levels of infection by flow cytometry. For long-treatment
with addition of fresh drug, Huh-7.5 cells pre-transfected with NP and L expression plasmids
were treated with DMSO or TyrA23 (100uM) for 24h before GFP_tecVLP infection, with
addition of fresh drug or DMSO. Media was removed 3h p.i. and the cells were harvested at
24h p.i. for determination of the levels of infection by flow cytometry. Cell viability was
assessed at the time of harvesting, as described below, while level of LDL-R at cell surface

was assessed at the time of infection.

Cell viability measurement.

The cell viability was assessed using Cytotox-Glo Cytotoxicity Assay (Promega) according to

the manufacturer’s protocol.

Down-regulation of apoE.

Lentiviral vectors expressing shRNA targeting apoE or control shRNA were produced in HEK-
293T cells. Huh-7.5 cells were transduced with lentiviral vector. Cells were transfected with
plasmid allowing tecVLPs production 24h post-transduction. Then, 72h post-transfection,
supernatants were harvested and used for infectivity and RNA level assessment. The level of
down-regulation was checked by apokE intracellular FACS staining. Cells were fixed and
permeabilised with Cytofix/CytoPerm (BD Biosciences) according to manufacturer
instructions. Cells were incubated with primary antibody (AHP2177, 1/2000) diluted in
Perm/Wash buffer (BD Biosciences) for 1h at 4°C with regular shaking. After three washes

with Perm/Wash buffer, cells were incubated for 1h at 4°C with secondary antibody. Cells
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were washed three times with Perm/Wash buffer before resuspension in PBS and flow
cytometry acquisition (MACSQuant® VYB Flow Cytometer; Miltenyi Biotec). Data were

analysed with FlowJo software (BD Biosciences).

Western blot analysis of cell lysates and pellets.

For cell lysates, cells were lysed with lysis buffer (20 mM Tris [pH 7.5], 1% Triton X-100,
0.05% sodium dodecyl sulfate, 150 mM NaCl, 0.5% Na deoxycholate) supplemented with
protease/phosphatase inhibitor cocktail (Roche) and lysates were clarified from the nuclei by
centrifugation at 13,000xg for 10 min at 4°C for quantitative western blot analysis. For
purification of particles, supernatants were harvested and filtered through a 0.45um filter
and centrifuged through a 20% sucrose cushion at 28,000 rpm for 2h at 4°C with a SW41
rotor and Optima L-90 centrifuge (Beckman). Pellets were resuspended in PBS prior to use
for western blot. Proteins obtained in total cell lysates or pellets were denatured in Laemmli
buffer (250mM Tris-HCL pH 6.8, 10% SDS, 50% glycerol, 500mM [-mercapto-ethanol,
bromophenol blue) at 95°C for 5 min separated by SDS-PAGE, and then transferred onto
nitrocellulose membranes and revealed with specific primary antibodies, followed by the
addition of IRdye secondary antibodies, and imaging with an Odyssey infrared imaging
system CLx (Li-Cor Biosciences). In the case of Gc detection, proteins in total cell lysates or
pellets were loaded in non-denaturing, non-reducing buffer (250mM Tris-HCL pH 6.8, 5%

SDS, 50% glycerol, bromophenol blue).

Statistical analysis.

Significance values were calculated by applying tests indicated in the figure legends using the
GraphPad Prism 10 software (GraphPad Software, USA). P values under 0.05 were
considered statistically significant and the following denotations were used: ****, P<0.0001;

*** P<0.001; **, P<0,01; *, P<0,5; ns (non-significant), P>0,5.
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ABSTRACT Hepatitis C virus (HCV) particles secreted from cells are stable at 37°C,
whether the producer cell media contain serum or not. Yet, we found that intracellu-
lar HCV particles harvested after freeze-thawing of producer cells are highly unstable
upon resuspension in a serum-free medium, indicating that either HCV particles gain
intrinsic stability during their secretion and egress from producer cells or, alternatively,
that a factor secreted from cells can stabilize intrinsically unstable HCV particles. We
aimed at investigating either possibility and unraveling the mechanisms evolved by
HCV to promote the stability of its viral particles. We showed that after purification
and resuspension in a serum-free medium, HCV infectious particles released in cell
supernatants are quickly and specifically degraded at 37°C in comparison to other viruses
that can infect hepatic cells. We also found that cell-secreted proteins, including human
serum albumin and transferrin, could protect HCV particles from this loss of infectivity.
Moreover, we showed that such protection mainly impacted low-density particles (d
< 1.08), suggesting a specific alteration of viral particles that are lipidated. Since we
also demonstrated that neither HCV RNA nor surface glycoproteins were altered, this
suggested that virion lipids are sensitive to decay, resulting in a loss of infectivity. Indeed,
our results further indicated that HCV particles are sensitive to oxidation, which leads to a
loss of their membrane fusion capacity. Altogether, our results indicate that HCV is highly
sensitive to oxidation and highlight a specific protection mechanism evolved by HCV
to prevent oxidation-mediated degradation of its lipidated particles by using secreted
factors.

IMPORTANCE Assessments of viral stability on surfaces or in body fluids under different
environmental conditions and/or temperatures are often performed, as they are key
to understanding the routes and parameters of viral transmission and to providing
clues on the epidemiology of infections. However, for most viruses, the mechanisms
of inactivation vs stability of viral particles remain poorly defined. Although they are
structurally diverse, with different compositions, sizes, and shapes, enveloped viruses
are generally less stable than non-enveloped viruses, pointing out the role of envelopes
themselves in virus lability. In this report, we investigated the properties of hepatitis
C virus (HCV) particles with regards to their stability. We found that, compared to
alternative enveloped viruses such as Dengue virus (DENV), severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), hepatitis delta virus (HDV), and Crimean-Congo
hemorrhagic fever virus (CCHFV) that infect the liver, HCV particles are intrinsically labile.
We determined the mechanisms that drastically alter their specific infectivity through
oxidation of their lipids, and we highlighted that they are protected from lipid oxidation
by secreted cellular proteins, which can protect their membrane fusion capacity and
overall infectivity.

KEYWORDS hepatitis C virus, oxidation, virus stability
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V iruses can be transmitted through highly divergent routes, such as direct person-to-
person contacts, droplets, aerosols, or interactions with a plethora of environment-
dependent factors/vectors. Assessments of viral stability on surfaces or in body fluids
under different environmental conditions and/or temperatures are often performed,
as they are key to understanding the routes and parameters of viral transmission
and to providing clues on the epidemiology of infections. Several reports have dem-
onstrated that the life span in different environments of coronaviruses such as severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and Middle East Respiratory
Syndrome coronavirus (MERS-CoV) is markedly higher as compared with that of other
enveloped viruses, such as, e.g., influenza A virus (1). However, for most viruses, the
mechanisms of inactivation vs stability of viral particles remain poorly defined. For
example, although many studies have indicated that enveloped viruses are generally
less stable than non-enveloped viruses (2-4), they are structurally highly diverse, with
different compositions, sizes, and shapes, which may differentially impact their stability.
Yet, the current data indicate that their envelopes themselves play a crucial role in
virus lability. Indeed, while lipid bilayers of the envelopes provide an additional physical
protection of the nucleocapsid from the environment, they are intrinsically fragile and
can be easily altered. This may result in a loss of infectivity through disruption of
the viral surface glycoproteins and hence, of the cell entry processes. For example,
some retroviruses exhibit particularly labile envelopes due to easy shedding of the SU
(surface) subunit from TM (transmembrane) subunit of their glycoprotein complexes,
whereas rhabdoviruses such as vesicular stomatitis virus display particularly stable
surface glycoproteins (5, 6).

Among enveloped viruses, viruses that infect the liver may have evolved specific
mechanisms for maintaining their specific infectivity, as they face several challenges
upon their assembly and release. On the one hand, they are produced in hepatocytes,
i.e., professional secretory cells that are characterized by high and diverse metabolic
activities resulting in secretion of thousands of proteins per second (7), and on the other
hand, they are further exposed to a different and highly complex environment after
their secretion. Indeed, the liver is a complex organ that plays a central role in metabo-
lism homoeostasis (8). Specifically, it is involved in the metabolism of lipids, with, e.g.,
synthesis of bile and secretion of lipoproteins, as well as in the metabolism of carbohy-
drates with gluconeogenesis and glycogenolysis. It is also responsible for the synthesis
of a large fraction of serum proteins, such as for example albumin, apolipoproteins,
alpha-1-antitrypsin, or several growth factors. Many of the above-mentioned factors are
secreted via the same organelles than those that are responsible for secretion of viral
particles, with particularly high concentrations, which can increase their encountering
and mutual interrelations.

In this report, we sought to address the properties of hepatitis C virus (HCV) particles
with regards to their stability. HCV infection is a major cause of chronic liver diseases
worldwide. Direct-acting antivirals can now cure most patients but there remains major
challenge in basic, translational, and clinical research (9). As an enveloped virus, the
HCV particle is composed of a nucleocapsid containing the viral (+) RNA and core
proteins, surrounded by a lipid bilayer in which the viral E1 and E2 surface glycoproteins
are embedded. It is still unclear if the HCV p7 viroporin, which plays a crucial role in
envelopment of viral particles (10), can be incorporated in virions. In addition, HCV
particles are associated with neutral lipids and apolipoproteins (11-16), which is the
result of direct lipid transfer of lipids from lipoproteins and protein components of the
serum during secretion or after virion egress (15, 17).

HCV particles produced in cell culture (termed HCVcc) can survive in a liquid
environment for some time with a stability inversely correlated to temperature (18).
While some secreted components like, e.g., hepatic lipase and lipoprotein lipase may
alter HCV particles, leading to a loss of infectivity (19-21), the presence of human
serum in tissue culture media was shown to increase the stability of these particles
(18). However, it also modulates the composition, buoyant density, and infectivity of
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HCV particles (15), thereby highlighting the involvement of extracellular environment
components in the lability vs protection of infectious particles.

Here, we hypothesized that some secreted factors could help HCV viral particles to
survive in the liver environment and blood circulation. We therefore sought to study
the stability of HCV relative to unrelated viruses that can infect hepatocytes and to
determine the mechanisms by which secreted factors could protect the infectivity of HCV
particles.

RESULTS
High instability of HCV intracellular particles at body temperature

We investigated the stability of infectious particles from different viruses that can
replicate in hepatocytes, including HCV, dengue virus (DENV), SARS-CoV-2, hepatitis
delta virus (HDV), and Crimean-Congo hemorrhagic fever virus (CCHFV). HCV and DENV
particles were produced by electroporation of Huh7.5 cells with in vitro-transcribed
viral genomic RNAs. SARS-CoV-2 was produced by infection of Huh-7.5 cells with viral
stocks. HDV was produced by co-transfection in Huh-7.5 cells with plasmids encoding
the HDV RNA genome and the hepatitis B virus (HBV) glycoproteins. For CCHFV, we
produced virus-like particles called tecVLPs (22), which have the same structure and
composition than full-length CCHFV (23) but whose viral genome segments are replaced
by a minigenome segment encoding a reporter gene (nanolLuc). All these viruses were
produced in serum-free media to allow their recovery in their most native forms from
cell supernatants (Fig. 1A), i.e,, by avoiding the influence of factors present in the serum
that is typically added to cell culture media. Indeed, for example with HCV, the serum
can induce a strong extracellular lipidation of its viral particles via lipid exchanges from
lipoproteins and other factors, as shown previously (15).

First, we assessed the infectivity of HCV (Jc1 HCVcc), DENV, SARS-CoV-2, HDV, and
CCHFV particles in the crude supernatants of producer cells (i.e., extra-cellular particles)
upon a 6-h incubation at 37°C following their harvest (Fig. 1A). Compared to virus
supernatants stored at 4°C immediately after harvest, we found that all these viruses
were stable in these conditions (Fig. 1B).

Next, we sought to compare the stability of these extracellular particles with their
intracellular counterparts. Indeed, since all these viruses are assembled at intracellu-
lar membrane [endoplasmic reticulum (ER) for HCV and DENV, ER-Golgi intermediate
compartment (ERGIC) for HDV and SARS-CoV-2, and Golgi for CCHFV], we could readily
isolate infectious intracellular R)Eviral particles by freeze-thaw lysis cycles for all viruses
except for SARS-CoV-2 (Fig. 1C). We then determined the stability of isolated intracellular
particles resuspended in serum-free medium upon incubation at 37°C for 6 h. In contrast
to HDV and CCHFV intracellular particles that remained stable in these conditions relative
to viruses kept at 4°C, we observed a strong loss of infectivity, of >30-fold, for HCV and
DENV intracellular particles incubated at 37°C for 6 h (Fig. 1C).

Altogether, our results highlighted a specific feature of Flaviviridae intracellular
particles that are unstable at 37°C, and gain stability upon secretion in the extracellular
medium.

HCV particles are intrinsically unstable and are protected by secreted factors

Next, we sought to investigate how HCV and DENV become stable upon secretion and
egress. As Huh-7.5 cells secrete many factors that may influence virion stability, we
sought to evaluate the stability of “purified extracellular viral particles,” i.e., obtained after
separation of extracellular viral particles from medium components. Hence, we isolated
particles from producer cell supernatants by ultracentrifugation (pellets) and resuspen-
sion in serum-free medium (Fig. 1A), and we subsequently analyzed their stability after
a 6-h incubation at 37°C. Interestingly, while we observed a moderate decrease of
infectivity for DENV of ca. threefold, we detected a profound loss of infectivity for HCV by
ca. 34-fold (Fig. 1D, open bars). This suggested that while DENV nascent virions become
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FIG 1 (Continued)

freeze-thaw cycles to isolate intracellular particles. To assess the stability of virus infectivity, the different preparations of
viral particles were either left at 4°C before infection or incubated for 6 h at 37°C (“4” vs “37 in the figure panels) and
then kept at 4°C before infection of naive Huh-7.5 cells. (B) Infectivity of producer cell supernatants treated according to
(A) containing HCV, DENV, SARS-CoV-2, HDV, and CCFHV particles, as indicated. (C) Infectivity of intracellular particles collected
from virus-producer cells that were diluted in serum-free medium and treated as in (A). (D) Cytotoxicity assays of Huh-7.5 cells
cultivated in serum-free medium with or without 10% fetal calf serum (FCS), as assessed with CytoTox-Glo kit. (E) HCV or DENV
extracellular particles were purified by ultracentrifugation. Infectivity of purified extracellular particles diluted in serum-free
medium (white bars) or in Mock medium (i.e., a supernatant from Huh-7.5 cells cultivated in serum-free medium for 3 days,
green bars) and treated as in (A). (F) Infectivity of HCV or DENV intracellular particles diluted in serum-free medium (white
bars) or in Mock medium (green bars). (G) HCV particles harboring a cleavable FLAG tag before E2 sequence, were purified
by immunoprecipitation with anti-FLAG antibodies, followed by a cleavage of the FLAG tag by PreScission protease (PSP).
Infectivity of crude supernatant cleaved by PSP (gray bars) or purified particles diluted in serum-free medium (white bars) vs
Mock medium (green bars) left at 4°C before infection or incubated for 6 h at 37°C and then kept at 4°C before infection. The
results are represented as means + SEM. Each dot in the graphs corresponds to the value of an individual experiment. The
arrows represent the infectivity of samples that was below the threshold of detection.

stable during secretion/egress, the HCV extracellular particles are still highly sensitive to
temperature, which could be assessed upon their separation from medium components.

Comparing the stability of HCV particle present in crude supernatants vs in resuspen-
ded pellets led us to hypothesize that some secreted cellular factor(s) could stabilize or
protect the HCVcc particles. Thus, to investigate the effect of potential stabilizing factors
secreted by virus-producer cells on stability of HCV particles, we resuspended purified
extracellular or intracellular particles in a “Mock medium,” i.e,, consisting of a superna-
tant of naive Huh-7.5 cells incubated for 72 h in a serum-free medium, rather than
directly in a serum-free medium. No cytotoxicity could be detected during production
of Mock media (Fig. 1D), excluding the possibility that the Mock medium could contain
some intracellular components just released from dead, lysed cells during production.
Strikingly, we found that the Mock medium could fully protect both purified extracellular
and intracellular HCV particles from temperature-dependent loss of infectivity (Fig. 1E
and F).

To exclude any artifact that could be induced by our procedure of purification of viral
particles, we analyzed the stability of HCV particles isolated by immunoprecipitation.
Specifically, we used a modified Jc1 virus harboring a FLAG tag on E2 (24) that was
further modified by insertion of the human rhinovirus 3C protease cleavage site (25),
which, upon cleavage, could avoid interference of the FLAG tag with the infectivity
of HCV particles. While the addition of this sequence did not impair infectivity, the
combination of antiFLAG IP and cleavage with the PreScission protease (PSP) allowed
an efficient and specific recovery of viral particles (Fig. S1). Importantly, using the eluted
HCV particles, we confirmed the temperature sensitivity of isolated HCV particles and
their protection by Mock medium (Fig. 1G).

Altogether, these results showed that HCV particles are characterized by their high
instability at 37°C, which can be overcome by secreted factors.

HCV-specific infectivity is altered in a genome length- and temperature-
dependent manner

To further characterize the decay of infectivity of HCV particles, we titrated the extracel-
lular HCVce RNAs after 6 h incubation at 37°C. We found that the RNAs isolated from
the viral particles from both the cell supernatants and the pellets remained stable (Fig.
2A). This highlighted a loss of HCV-specific infectivity, of ca. 30-fold, rather than a mere
degradation of physical viral particles (Fig. 2B). Accordingly, resuspension of pelleted
particles in Mock medium prevented the loss of specific infectivity (compare white and
green bars in Fig. 2B). Aiming at determining the half-life of HCV infectivity, we harvested
particles at different time points after incubation at 37°C. In contrast to the 6 h half-life
of secreted HCV particles determined in producer cells supernatants, we found that both
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FIG 2 The specific infectivity of purified HCV particles is quickly lost at 37°C. (A) Quantification of HCV extracellular RNA isolated from crude supernatants (gray

bars) vs from purified extracellular particles diluted in serum-free medium (white bars) or in Mock medium (green bars) and treated as in Fig. 1A. (B) Specific

infectivity of HCV particles treated as indicated in (A). (C) Infectivity of extracellular HCV particles from supernatants (gray lines) vs of purified extracellular HCV
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FIG 2 (Continued)

particles diluted in serum-free medium (pellet —, black lines) or in Mock medium (pellet mock medium, green lines) after incubation at 37°C for the indicated
times. (D) Same as (C) for intracellular particles. (E) Specific infectivity of Jc1 vs Jc1 R2A viral particles from crude supernatants of producer cells. (F) Specific
infectivity of Jc1 vs Jc1 R2A from crude supernatants treated as in Fig. 1A. (G) Comparison of infectivity of purified extracellular (plain bars) vs intracellular
(dashed bars) particles that were resuspended in serum-free medium (-, white bars) or in Mock medium (green bars) and maintained at 4°C before infection.
(H) Infectivity of intracellular particles diluted in serum-free medium (-, white bars) or in Mock medium (green bars) and maintained at 4°C vs at —80°C before
infection. The results are represented as means + SEM. For panels (A and B) and (E-H), each dot in the graphs corresponds to the value of an individual
experiment.

purified extracellular and intracellular HCVcc particles exhibited a half-life of ca. 1.5 h (Fig.
2C and D), highlighting an intrinsically high instability of HCV particles at 37°C.

Then, since the viral RNAs remained stable under conditions where infectivity was
quickly lost, we wondered if assembling viral particles with a slightly longer genome,
which may induce some mechanical constraints at the level of virion conformation,
maturation by lipidation, and/or cell entry, could impact HCV stability. Accordingly, we
compared virus stability and specific infectivity of the Jc1 HCVcc vs the Jc1-derived R2A
virus (26), which expresses a Renilla Luciferase marker that increases HCV genome length
by ca. 11%. When determined in producer cell supernatants, we found that the Jc1 R2A
virus exhibited a reduced specific infectivity by three- to fourfold (Fig. 2E), indicating that
increasing genome length could alter HCV particle infectivity. Moreover, upon incubation
for 6 h at 37°C of these viral supernatants, we found that the specific infectivity of the Jc1
R2A HCVcc was further decreased as compared to wt Jc1 virus (Fig. 2F), hence reinforcing
the notion that the latter viral particles display high instability.

These results indicated that optimal genome length is a key determinant of HCV
stability, which can be assessed at both 37°C and 4°C.

Finally, we sought to investigate the stability of purified extracellular and intracellular
particles of HCV at low temperatures, which prevents maturation of viral particles by
extracellular lipidation (15). Interestingly, we observed that the Mock medium increased
the infectivity of HCVcc intracellular particles maintained at 4°C by over fourfold relative
to serum-free medium, in contrast to the purified extracellular particles (Fig. 2G). This
suggested that intracellular particles are not fully stable at 4°C and that a destabilizing
factor can alter these particles at low temperatures. To confirm this hypothesis, we froze
the intracellular particles immediately after their harvest rather than storing them at
4°C before infection. We showed that the HCVcc particles maintained at —80°C were
ca. threefold more infectious than those maintained at 4°C, with an infectivity level
comparable to particles incubated at 4°C with Mock medium (Fig. 2H).

These results suggested that intracellular particles are unstable at 4°C, which is not
the case of extracellular particles, hence suggesting a protecting maturation event
during secretion/egress.

HCV particles are protected by different hepatocyte-specific secreted
proteins

The above results prompted us to determine factor(s) expressed by Huh-7.5 cells that
may protect HCV particles during their traffic through the secretory pathway. We tested
human serum albumin (HSA) and iron-free transferrin (apo-Tf), apolipoprotein E (apoE),
and alpha-T1-antitryspin (A1AT), which—except for apoE—are proteins that typically
produced and secreted by Huh-7.5 cells (Fig. 3A). These proteins were selected because
of their high secretion levels (27) and because of their properties, such as iron chelation
for apo-Tf and association with HCV particles for apoE (14, 16, 28, 29). Of note, a low
level of transferrin was already present in serum-free medium though at a concentration
at least fourfold lower than in the Mock medium (Fig. 3A). When tested individually,
we found that either factor induced some levels of protection of purified extracellular
HCVcc particles, with two- to six-fold increases of viral infectivity after a 6-h incubation
at 37°C (Fig. 3B). Furthermore, with the exception of apok, either factor alone could also
induce a significant protection of intracellular particles (Fig. 3C). Interestingly, when we
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supplemented with each indicated protein alone at the levels corresponding to Mock medium (A) vs with the combination of the four proteins and treated as in

Fig. 1A. (C) Same as (B) for intracellular particles. (D) Infectivity of purified extracellular particles diluted in serum-free medium supplemented with each protein

alone at a 20-fold higher concentration than in Mock medium. (E) Same as (D) for intracellular particles. (F) Infectivity of purified extracellular particles diluted in

serum-free medium (white bars) or in Mock media from Huh7.5, Hela, or SW13 cells, as indicated. (G) Same as (F) for intracellular particles. For panels (B-G), the

results are represented as means + SEM. Each dot in the graphs corresponds to the value of an individual experiment.

combined these factors together, we found that this could readily protect intracellular
particles from instability (Fig. 3B and C). Yet, the protection levels were lower than
that provided by the Mock medium (Fig. 1E and F), suggesting that alternative factors
might also contribute to stabilize HCV infectivity. Furthermore, we found that Mock
media produced from Hela and SW13 cells could also protect purified HCV particles as
well as intracellular particles (Fig. 3F and G), suggesting that different or, alternatively,
ubiquitous cell-secreted factors can stabilize HCV particles.

Since the above-mentioned factors were individually tested at their concentrations
detected in the Mock medium produced by Huh-7.5 cells, which are lower than those
detected in human serum (Fig. 3A), we next sought to test them at higher concentra-
tions. Interestingly, HSA, A1AT, and more particularly apo-Tf could efficiently protect
purified extracellular HCVcc particles, with 4- to 15-fold increases of viral infectivity after
a 6-h incubation at 37°C (Fig. 3D) while apoE remained poorly efficient. For intracellular
particles, while HSA and aopE could weakly protect their infectivity, with four- to ninefold
increases of viral infectivity after a 6-h incubation at 37°C, we found that A1AT and
more particularly apo-Tf could fully prevent the loss of infectivity (Fig. 3E). Interestingly,
we found that these factors could also enhance infectivity of HCV intracellular particles
maintained at 4°C, by up to fourfold (Fig. 3E).

Altogether, these results suggested that a combination of secreted cellular factors
could protect both intracellular and extracellular HCV particles from their intrinsic
instability.

Nonprotected HCV particles are sensitive to oxidation

As cell culture media contain different ions and since HSA and transferrin can bind
several cations including calcium or iron, we hypothesized that the loss of infectivity
of HCV particles could be cation-dependent. To test this hypothesis, we supplemented
the purified extracellular and intracellular particles with EDTA, which chelates divalent
metallic cations. Interestingly, we found that EDTA could protect both purified extracellu-
lar and intracellular particles from temperature-dependent degradation (Fig. 4A and B)
and that EDTA could also enhance infectivity of intracellular particles kept at 4°C (Fig.
4B). Since transferrin, which can readily protect HCV infectivity (Fig. 3), is specific to iron
cation and since our serum-free medium contains Fe** (ThermoFisher communication),
we thought that Fe** could be involved in inhibition of HCV infectivity. We therefore
supplemented purified particles with two iron-specific chelators, i.e., deferoxamine (DFO)
and deferiprone (DFP). Interestingly, we observed a dose-dependent protection of both
purified extracellular and intracellular particles with either chelator (Fig. 4C through F),
suggesting a role of iron cations in the loss of infectivity of infectious particles.

It is well known that iron can induce oxidation under specific environments and
more particularly in the presence of ascorbic acid via the Fenton reaction, which results
in the formation of ascorbyl radical and ultimately reactive oxygen species (ROS) (30).
As our serum-free medium also contains ascorbic acid (ThermoFisher communication),
we sought to investigate if infectivity of HCV particles could be specifically affected by
oxidation. Hence, we supplemented medium with DFO and ascorbate oxidase (AO), a
plant oxidase specific to ascorbate, i.e., the ionic form of ascorbic acid in the medium,
to bypass the initial, iron-dependent steps of the Fenton reaction. We observed that
AO could overcome the protecting effect of DFO on both purified extracellular and
intracellular particles, and could induce a loss of their infectivity (Fig. 4G and H). This
indicated that either iron/ascorbate or AO can induce similar alteration of HCV stability.
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FIG 4 (Continued)

as (C) for intracellular particles. (E) Infectivity of purified extracellular particles diluted in serum-free medium (-) vs in serum-free medium supplemented with
different concentrations of deferiprone and treated as in Fig. 1A. (F) Same as (E) for intracellular particles. (G) Infectivity of extracellular particles diluted in
serum-free medium (-) vs in serum-free medium supplemented with 10U of ascorbate oxidase (AO) in combination or not with 10 uM of deferoxamine (DFO)
and treated as in Fig. 1A. (H) Same as (G) for intracellular particles. The results are represented as means + SEM. Each dot in the graphs corresponds to the value of
an individual experiment.

Finally, as we observed that DENV intracellular particles are unstable at 37°C (Fig.
1C), we sought to address if, like for HCV, EDTA and DFO could stabilize their infectivity.
However, in contrast to HCV, such treatment with either EDTA or DFO did not restore
the infectivity of intracellular DENV particles (Fig. S2), thus underscoring a different
mechanism of instability.

Altogether, these results highlighted that in the absence of cell-secreted protecting
factors, HCV particles are sensitive to oxidation.

Oxidation of HCV particles prevents membrane fusion

We next sought to determine how oxidation could alter HCV infectious particles.

Our RT-gPCR data suggested that viral RNA is not degraded after incubation of
purified viral particles at 37°C (Fig. 2); yet, since qPCR amplifies a small fraction of the
genome, we could not firmly conclude that the integrity of the HCV RNA was preserved.
Thus, we electroporated naive Huh-7.5 cells with the same amounts of RNA extracted
from purified particles diluted in serum-free medium vs in Mock medium and incubated
at 4°C vs 37°C. Indeed, should the genome remain intact, it would allow HCV replication
and propagation, which we investigated by flow cytometry to assess expression of the
virus core protein. Strikingly, while we observed a strong loss of infectivity of purified
HCV particles incubated at 37°C, as expected, we could readily detect HCV-positive
cells after electroporation of naive cells with the RNA extracted from these particles,
with an only twofold decrease of HCV-positive cells relative to cells electroporated with
RNA extracted from viral particles kept at 4°C (Fig. 5A). These results indicated that the
instability of purified HCV particles is not caused by a disruption of their RNA.

Then, to determine if HCV surface glycoproteins were specifically impacted, we tested
if HCV pseudoparticles (HCVpp) are sensitive to oxidation. Indeed, HCVpp are retroviral
particles harboring functional HCV E1E2 glycoproteins at their surface but no other HCV
components (31). Interestingly, we observed that in contrast to HCVcc particles (Fig. 1E),
purified HCVpp particles were stable upon incubation at 37°C (Fig. 5B). This suggested
that E1 and E2 glycoproteins may not be primarily impacted by the temperature-induced
oxidation.

To complement this notion, we measured the attachment to Huh-7.5 cells of purified
HCVcc particles after incubation at 37°C. As shown in Fig. 5C, we found that relative to
incubation at 4°C, a 6-h incubation at 37°C did not affect the attachment of purified
HCVcc extracellular particles to the surface of Huh-7.5 cells.

These results together indicate that E1 and E2 glycoproteins are not impacted by
oxidation and, therefore, the loss of infectivity occurs at a post-binding step.

Hence, we sought to determine how oxidation could alter the membrane fusion
properties of HCV particles using an in vitro assay based on liposomes containing a
self-quenched R18 dye (32, 33). We compared the fusion activity of purified extracellular
particles relative to those present in crude producer cell supernatants. Strikingly, while
incubation at 37°C did not alter the fusion efficiency of HCVcc particles from crude
supernatants (Fig. 5D, top), it altered the fusion activity of purified extracellular particles,
as shown by the reduction of both the maximal extent at plateau (Fig. 5D, bottom) and
the initial rates (Fig. 5D and E) of membrane fusion.

September/October 2023 Volume 14 Issue 5 10.1128/mbio.01549-23 11

179

Downloaded from https://journals.asm.org/journal/mbio on 27 June 2024 by 140.77.177.86.



Annexe | Low-density hepatitis C virus infectious particles are protected from oxidation by secreted
cellular proteins

Research Article mBio
A %1 integrity of viral RNA B 5 c 2 binding
o . = = .
26 1] . E 4 o 15 :

53 7 S -
C 2 P 5 2
¢S o1 o 3 < 1
b 1 2 2
< % / > (14
T o 1 B =
S 2001 % é 32 5 05 ”
AU £ i
1
0.001 - AL Il
4 37 4 37|4 37 4 37 4 37 4 37 4 37 4 37 4 37 4 37
infectivity % positive cells
purified particles  after electroporation
D 2 fusion F i i 37density gradient
= —e =g -13 superatant L
& 100+ y o .
3 2
gg 80 §% 2
7] (=
23 60 ok
<N €=
T 40 §§’ 2
£ supernatant &
2 20
T . AT T T T T T T 1
0 200 400 500 (ii) 100 1.02 1.04 1.06 1.08 110 112 1.14 1.
-

120— -g"_\ ek ek
= Hm —
S 392 1.0
© )

< £ 80 é &
33 6o 883 05
® 3 401 e
@ .
S 204 -4 0.0 T
& 1.00 1.02 1.04 1.06 1.08 1.10 1.12 1.14 1.16 Oh 6h| Oh 6h
(O S S—— <1.08 >1.08
0 200 400 600 (iii) 4 15
time (s) 5 pellet Mock med.
E initial rate (%/s) 2 g-z 1.0}
4°C 0.0023 £ 0.0004 f‘g =)
SUP. i s
37°C 0.0022 +0.0003 5 § :
o L
4°C 0.0032 £ 0.0002 &=
PELLET ’ AT 71 71 717 717 1717 1 00
0.0027 + 0.0001 1.00 1.02 1.04 1.06 1.08 1.10 1.12 1.14 1.16

FIG 5 Characterization of HCV properties impaired by oxidation. (A) RNA from purified particles diluted in serum-free medium vs in Mock medium and left
at 4°C or incubated for 6 h at 37°C were extracted and used for electroporation of naive cells. The left part of the graph shows the infectivity of the purified
particles before extraction of RNA (white bars, viral particles left in serum-free medium; green bars, viral particles incubated in Mock medium) and the right part
of the graph shows the percentage of HCV-positive cells after electroporation with extracted RNA (gray bars, percentage of positive cells electroporated with
RNA extracted from viral particles left in serum-free medium for 6 h at 4°C or 37°C; green bars, percentage of positive cells electroporated with RNA extracted
from viral particles incubated in Mock medium for 6 h at 4°C or 37°C). The data are represented as fold values relative to 4°C incubation. (B) Infectivity of HCV
pseudoparticles (HCVpp) from crude supernatant of producer cells (gray bars) or purified by ultracentrifugation and diluted in serum-free medium (white bars) or
Mock medium (green bars) that were left at 4°C or incubated for 6 h at 37°C. (C) Levels of HCV RNA attached to Huh-7.5 cells after 2 h of incubation at 4°C using
crude virus producer cell supernatants (gray bars) or purified extracellular particles diluted in serum-free medium (white bars) vs in Mock medium (green bars)
that were left at 4°C or incubated for 6 h at 37°C. (D) Membrane fusion assays with liposomes using either crude virus producer cell supernatants (top) or purified

(Continued on next page)
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FIG 5 (Continued)

extracellular particles (bottom) diluted in serum-free medium, left at 4°C (blue lines) or incubated for 6 h at 37°C (red lines). The results show the percentages
of fusion relative to Triton X-100-treated liposomes and normalized to the maximum of fusion for 0 h condition for each experiment. (E) Values of the initial
rates of the fusion curves. (F) Specific infectivity of HCV particles detected in fractions from buoyant density gradients of crude virus producer cell supernatant
[(i), top graph] or of purified particles diluted in serum-free medium [(ii), middle graph] or in Mock medium [(iii), bottom graph] that were left at 4°C (plain lines)
or incubated for 6 h at 37°C (dotted lines). The ratios of specific infectivity of each fraction upon incubation at 37°C vs 4°C were determined (right). The results
show the mean of average of these ratios for fractions below and above density of 1.08. The results are represented as means + SEM. For panels (A-C) and F, each

dot in the graphs corresponds to the value of an individual experiment.

Lipids of HCV particles are altered by oxidation

That HCVcc particles seemed to be specifically sensitive to oxidation in comparison to
other viruses (Fig. 1) or to HCVpp (Fig. 5B) suggested that their instability could be
linked to a specific property of authentic HCV particles. Indeed, HCV particles from
patients as well as HCVcc are known to be heterogenous in terms of buoyant density (12,
13), which reflects different levels of lipidation of these particles compared to those of
HCVpp (34) or DENV (35) particles. We therefore hypothesized that the loss of infectivity
due to oxidation could occur for a specific subpopulation of HCV particles. To test this
hypothesis, we layered on a density gradient crude HCVcc producer cell supernatants
or, alternatively, purified extracellular particles that were incubated beforehand for
6 h at 37°C vs 4°C in serum-free medium. As for crude supernatants, we observed a
significant loss of specific infectivity for HCV particles of high densities though they
poorly contributed to the overall infectivity (Fig. 5F, upper graphs), whereas there was no
substantial loss of infectivity for viral particles of lower densities. Interestingly, for purified
extracellular particles, we found a temperature-dependent decrease of specific infectivity
of ca. 20-fold for all fractions (Fig. 5F, middle graphs). These results indicated that HCV
particles of low densities, which correspond to lipidated virions (15), become specifically
unstable upon purification and incubation at 37°C. Moreover, these results suggested
that some secreted factors may specifically protect low-density particles. Accordingly, we
found that incubation of purified extracellular particles for 6 h in Mock medium resulted
in an explicit restoration of the specific infectivity of lipidated particles (Fig. 5F, bottom
graphs). Altogether these results indicated that low-density HCV particles are specifically
sensitive to oxidation.

Next, since low-density particles have a high lipid/protein ratio (15), we surmised that
lipids (either phospholipids or neutral lipids) of viral particles were specifically sensitive
to oxidation, which agrees with the alteration of HCV fusion activity (Fig. 5D and E).
We attempted to detect lipid peroxidation by measuring the amounts of isoprostanes,
as a marker of lipid oxidation (36). Unfortunately, we could not detect any increase
of this marker, even when we induced oxidation with CuSO4, likely owing to too low
amounts of lipids in our HCV samples. Thus, to indirectly address if our experimental
conditions could induce lipid peroxidation, we used low-density lipoproteins (LDLs)
diluted in serum-free medium as a surrogate model of lipidated HCV particles (12),
which allowed detection of isoprostanes (Fig. 6A). Interestingly, we detected increased
isoprostane levels when these LDL preparations were incubated at 37°C for 6 h (Fig.
6A, white bars). Importantly, we did not detect increase of isoprostane levels when the
LDLs were diluted in either Mock medium (Fig. 6A, green bars) or in serum-free medium
supplemented with DFO (Fig. 6A, blue bars). Altogether, these results confirmed that our
experimental conditions could reflect lipid peroxidation.

Then, to confirm that lipids from viral particles are altered by oxidation, we sought to
test if high-density lipoproteins (HDLs), which are known to protect LDLs from lipid
peroxidation (37), could protect HCV particles. Hence, we supplemented purified
extracellular and intracellular HCV particles with HDLs at different concentrations
corresponding to 0.2%, 2%, and 10% of human serum. Interestingly, all HDL doses could
readily protect HCV particles from temperature-dependent degradation (Fig. 6B and C).
Furthermore, HDL could also protect intracellular particles at 4°C as we also observed an
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FIG 6 HCV particles are sensitive to lipid peroxidation. (A) Amount of isoprostanes found in LDLs diluted in serum-free medium (white bars), Mock medium
(green bars), or serum-free medium supplemented with deferoxamine (DFO) (blue bars) and left at 4°C or incubated for 6 h at 37°C. (B) Infectivity of purified
extracellular particles diluted in serum-free medium (-, white bars) vs in serum-free medium supplemented with different concentrations of HDLs (in g/L) and
treated as in Fig. 1A. (C) Same as (B) for intracellular particles. (D) Infectivity of purified extracellular particles diluted in serum-free medium vs in serum-free
medium supplemented with different concentrations of Trolox and treated as in Fig. 1A. (E) Same as (D) for intracellular particles. The results are represented as

means *+ SEM. Each dot in the graphs corresponds to the value of an individual experiment.
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increase of infectivity when HDLs were present at 4°C (Fig. 6C). To complement this
approach, we tested the lipophilic antioxidant Trolox, which is a water-soluble analog of
vitamin E (38). We found that Trolox could prevent the loss of infectivity of both purified
extracellular and intracellular HCV particles upon incubation at 37°C (Fig. 6D and E).

Altogether, these results confirmed that lipids of HCV particles are sensitive to
peroxidation.

Finally, since HCVcc particles with a longer genome (Jc1 R2A HCVcc) appeared to be
more unstable than wt virus (Fig. 2E and F), we surmised that this difference could be
linked to a differential reactivity to oxidation of their lipidated particles; the characteriza-
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FIG 7 The size of the HCV genome influences densities and stability of viral particles. (A) Specific infectivity of Jc1 (black line) vs Jc1 R2A (blue line) detected in
fractions from buoyant density gradients of crude supernatant. The ratios of specific infectivity of each fraction upon incubation at 37°C vs 4°C were determined
(right). The results show the mean of average of these ratios for fractions below and above density of 1.08. (B) Viral RNA (top) or infectivity (bottom) of Jc1 (black
lines) vs Jc1 R2A (blue lines) particles detected in fractions from density gradients of crude virus producer cell supernatant after incubation at 4°C (plain lines)
and 37°C (dotted lines). (C) The sum of percentage of RNA (top graph) or infectivity (bottom graph) in fractions below 1.08 from (B) is represented. The results are
represented as means + SEM. Each dot in the graphs corresponds to the value of an individual experiment.
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tion of which may provide hints to understand mechanisms evolved by HCV to mitigate
the impact of oxidation after viral production.

First, we compared the stability of Jc1 R2A HCVcc with parental Jc1 virus through
their analysis in density gradients. We found that compared to Jc1 HCVcc, the Jc1 R2A
virus exhibited a twofold reduction of specific infectivity in its low-density fractions (Fig.
7A), indicating that Jc1 R2A low-density particles are more unstable than those of Jc1.
Interestingly, compared to the Jc1 HCVcc, we also found that proportionally, the Jc1
R2A virus displayed more abundant RNA levels—reflecting viral particles—in low-density
fractions (Fig. 7B, plain lines in upper graphs), which, unexpectedly, were associated to a
loss of infectivity (Fig. 7B, plain lines in lower graphs). That the Jc1 R2A virus, which seems
more efficiently lipidated than Jc1 HCVcc particles, had specifically lost infectivity of its
lipidated fractions agreed with the hypothesis that lipidated particles are more sensitive
to oxidation.

Thus, to further explore the basis of the difference between either virus for lipidation
vs oxidation of viral particles, we allowed them to become lipidated by incubating their
supernatants for 6 h at 37°C, which induces partial virion lipidation by lipids released
from Huh-7.5 cells (Fig. S3). Accordingly, we detected significantly higher levels of viral
particles in low-density fractions for both Jc1 and Jc1 R2A viruses (Fig. 7B, upper graphs).
Yet, while this increase of RNA levels in lipidated fractions was similar between Jc1 and
Jc1 R2A, we observed a greater increase of infectious titers for the Jc1 R2A virus (Fig. 7B,
lower graphs), suggesting a higher dynamic of lipidation for this latter virus.

Altogether, these results indicated that lipidation as well as rates of lipid exchanges
are linked to the stability of HCV and that genome length may modulate the above.

Overall, these results suggested that HCV particles lipids are specifically sensitive to
oxidation, leading to an altered fusion capacity and thus a loss of entry capacities and
infectivity.

DISCUSSION

Summarizing, here we show first that HCV particles are intrinsically labile, which
drastically alters their specific infectivity by oxidation of their lipids, and second that
they are protected from lipid oxidation by secreted cellular proteins, which can preserve
their membrane fusion capacity and overall infectivity.

Interestingly, our results show that HCV particles are sensitive to oxidation-mediated
degradation in contrast to other tested viruses that infect hepatocytes, including a
closely related member of the Flaviviridae family, i.e., DENV. We show that this property
is due to the unique feature of HCV particles, i.e., their association with neutral lipids
such as triglycerides and cholesterol esters, which results in their peculiar low density
relative to other viruses (11-16). In this respect, HCV particles have a lipid composition
closer to LDL than to other enveloped viral particles such as, e.g., HIV particles (24), which
induces their specific and high sensitivity to oxidation, as shown in our report. Of note,
we also show that HCVpp are not sensitive to oxidation. While both HCVpp and HCVcc
particles harbor E1 and E2 glycoproteins at their surface, the lipid composition of either
viral particle is dissimilar (34), which is due to their different assembly sites [ER for HCVcc
and multi-vesicular bodies (MVBs) for HCVpp (39)] and to specific acquisition of neutral
lipids by HCVcc (15, 40). This explains the link between the unique lipidic composition of
authentic HCV particles and their sensitivity to oxidation.

Our results reveal that oxidation alters the fusogenicity of purified HCV particles.
This agrees with a previous report showing that knock-down of GPx4, a key protector
of intracellular lipid peroxidation, resulted in secretion of HCV particles with altered
fusogenicity (41). While in this report, lipid peroxidation was induced inside the cells,
which altered viral particles during their assembly and/or secretion, here we show
that lipid oxidation could also impair fusogenicity of particles after their secretion and
we highlight both the targeted viral components and the mechanisms of protection
developed by HCV particles. Typically, membrane fusion involves activation of mem-
brane surface proteins, such as viral glycoproteins, and mixing of lipids from outer and
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inner membrane layers (42). Since our data indicated that HCVpp are not sensitive to
oxidation and that cellular binding of HCVcc was not impaired (Fig. 5), this led us to
propose that fusion impairment was caused by a defect of the lipid bilayer rather than
to an alteration of the viral surface glycoproteins themselves. Formation of ROS that are
free radicals that can damage organic macromolecules may occur as a product of the
Fenton reaction (30), which can be initiated by the presence of ascorbate and iron in
the environment. Then, ROS can react with cholesterol or with unsaturated fatty acids
via their carbon-carbon double bonds and create hydroperoxide groups. This could
alter properties of the viral membrane such as its fluidity or curvature, which may alter
its membrane fusion properties (43). Interestingly, light-activated membrane-targeting
singlet oxygen ('02) generators, leading to ROS formation, were developed as broad-
spectrum antiviral compounds (43). One of such compounds, LJ001, was shown to inhibit
the membrane fusion properties of HIV and HCV particles by altering lipid packing and
membrane fluidity, confirming the link between lipid oxidation and viral fusion (44-46).
More precisely, at the molecular level, we could speculate on the one hand, that the
oxidized lipids would cluster into microdomains in order to protect the resulting polar
groups from hydrophobic repulsion and on the other hand, that the surface of viral
particles would inflate owing to the addition of hydroperoxide groups, both events
leading to an alteration of the fusogenicity of the membrane.

Importantly, we found that several serum proteins could protect purified HCV
particles from oxidation, namely apo-Tf, HSA, and A1AT that are typically secreted by
hepatocytes and by lipid-free apoE that is present in serum, albeit at variable efficiency
(Fig. 3), although it appears that the mechanism(s) may also involve alternative factors.
As these proteins display various and non-related functions, we can only speculate
about the different mechanisms by which they could induce protection of viral particles.
First, transferrin could protect HCVcc particles by chelating iron cations, which is its
main function, and which would therefore prevent the Fenton reaction and subsequent
oxidation to occur. Second, HSA exhibits antioxidant properties as it can display binding
sites for several metal ions, including iron, but also as its Cysteine at position 34 can be
oxidized (47), which could therefore prevent reaction of ROS with viral particles. Indeed,
HSA is primarily detected in its reduced form although about 30-40% could be variably
oxidized with either reversible or irreversible modification (48). Yet, we cannot exclude
the possibility that a previously described direct interaction between HSA and HCV
particles (15) could, by ‘shielding’ the latter, reduce their oxidation. Third, A1AT was also
shown to display antioxidant properties via its methionine residues (49), which could
be oxidized instead of viral particles. Finally, apoE also has antioxidant properties (50)
probably by scavenging radicals (51). Yet, we can also speculate that it could protect
the viral lipid bilayer from oxidation by making a physical barrier, since apoE was shown
to bind to HCV particles after secretion (28, 29). Finally, we could not exclude that
alternative antioxidant factors secreted by hepatocytes or other cell types may also
contribute to protect HCV particles form oxidation.

Our data reveal a different sensitivity to oxidation between intracellular particles and
extracellular particles. Indeed, the loss of infectivity was ca. 10-fold higher for the former,
as compared to the latter (Fig. 2). Moreover, freezing at —80°C (Fig. 2H) or treatment of
the former particles immediately put on ice upon harvest with the above hepatocyte
factors (Fig. 1E, 2G, and 3E), chelators (Fig. 4B, D, and F), or antioxidants (Fig. 5I) could
increase their infectivity by up to fivefold, as compared to the latter particles. One
explanation could be due to a poorly characterized maturation process of HCV particles
since HCV intracellular and extracellular particles seem to exhibit different physico-chem-
ical properties, such as pH sensitivity (52) or buoyant density (15, 53), though the latter
property may not fully explain the increased sensitivity to oxidation since intracellular
particles are not or much less lipidated than extracellular particles (15). On the other
hand, intracellular particles are likely to represent more native forms of infectious viral
particles, i.e., before they can acquire neutral lipids, which readily occurs after egress
(15). Indeed, when extracellular particles acquire neutral lipids, they also incorporate
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some serum proteins, such as, e.g., apoE while they accumulate in the extracellular
medium (28, 29), which results in an equilibrium between factors protecting (e.g., apoE)
vs sensitizing (e.g., lipids) virions to oxidation. Note that such events may also partly
occur during traffic of viral particles through the secretion pathway, after their biogenesis
in the endoplasmic reticulum (11). As virions traffic via organelles that could also be
used by secreted hepatocyte factors (54, 55), this co-trafficking is likely to increase their
encountering and mutual interrelations, which may ultimately protect viral particles from
oxidation.

Thus, altogether, our results highlight a new crossroad between HCV particles and
serum components, such as proteins, but also lipoproteins since some secreted factors
that promote antioxidative protection of viral particles, as shown in this report, were also
shown to condition physico-chemical properties of HCV particles, such as their buoyant
density. For example, HSA mediates lipidation of the viral particles by lipoproteins in
the serum (15). On the other hand, secreted lipases, such as lipoprotein lipase and
hepatic triglyceride lipase, have been shown to increase the density of HCV particles by
removing lipids (19). Yet, whether lipase activity may promote HCV oxidation remains
to be shown. Besides, other serum components can influence HCV particles infectivity
and immune evasion. Indeed, HDLs as well as some lipid-free apolipoproteins, such as
ApoC1 and ApokE, can promote HCV entry and inhibit neutralizing antibodies (56-58). In
contrast, oxidized LDLs could decrease HCV entry (59).

Finally, our data underscore an intriguing relation between stability of HCV particles
and the size of the viral genome they harbor (Fig. 6). Indeed, while a 10% increase
of the size of the HCV RNA had no impact on viral replication, it strongly altered the
infectivity and stability of the particles. We can only speculate at this stage on poten-
tial explanations since, clearly, additional experiments that were beyond the scope of
this report are needed to fully understand the mechanisms that regulate these events.
Interestingly, an allometric relationship between viral genome length and virion volumes
was identified (60), suggesting that genome size could directly influence the composi-
tion or the architecture of particles and how viruses have evolved to reach the optimal
genome size. We can therefore propose that the artificial extension of genome size
may result in particles containing more phospholipids and/or cholesterol, as the inside
of particles would need to expand. Indeed, any increase of genome size may require
more core proteins to protect the HCV RNA, hence resulting in a larger particle volume
and therefore requiring more fatty acids to envelope such a nucleocapsid. Yet, although
more phospholipids could be recruited on virion, this may not necessarily translate in
more glycoproteins being incorporated since the level of glycoproteins at the surface
of viral particles is likely to be regulated by other finely tuned processes that involve,
e.g., delayed cleavage between E2 and p7 (10), as well as preformed nucleocapsids (61),
before envelopment steps. Overall, this could result in larger amounts of fatty acids in
and/or on virions that would be more accessible to oxidation, thereby decreasing the
stability of HCV particles.

MATERIALS AND METHODS
Cells

Huh-7.5 cells (a kind gift from Charles Rice, Rockefeller University, New York, USA),
Huh-7-NTCP cells (62), and HEK-293T kidney cells (ATCC CRL-1573) were grown in
Dulbecco’s modified minimal essential medium (DMEM, Invitrogen, France) supple-
mented with 100 U/mL of penicillin, 100 pg/mL of streptomycin, and 10% of FCS
(A10111-1098/RFR1103719P, GE Healthcare).

Plasmids

pFK-JFH1/J6/C-846 and pFK_i389-Rluc_2a_Core_3' plasmids encoding full-length Jc1
HCV, with or without reporter renilla luciferase, respectively, were kind gifts from
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R. Bartenschlager (Heidelberg University, Germany). pFK-JFH1/J6/C-846_FLAG-E2 was
a kind gift from T. Pietschmann (Twincore, Germany) and was used to generate
pFK-JFH1/J6/C-846_FAG_3C harboring the human rhinovirus 3C protease cleavage
site between FLAG peptide and E2 sequence, by PCR mutagenesis (oligonucleotide
sequences are available upon request).

The constructs encoding wild-type CCHFV strain IbAr10200 L polymerase (pCAGGS-
V5-1), N nucleoprotein (pCAGGS-NP), M segment (pCAGGS-M), T7 RNA polymerase
(pCAGGS-T7), nLuc-expressing minigenome flanked by L NCR under the control of
a T7 promotor (pSMART-LCK_L-Luc), and an empty vector (pCAGGS) were described
previously (22, 63).

The constructs encoding HDV Ag (pSVLD3) and HBV envelope glycoproteins
(pT7HB2.7) were described previously (64). The constructs encoding full-length DENV-2
strain New Guinea C (NGC) pDVWS601 was described previously (65).

Reagents

Human serum albumin (HSA) fraction V (Sigma-Aldrich), apolipoprotein E from human
plasma (Sigma-Aldrich), human apo-transferrin (Sigma-Aldrich), and alpha-1-antitrypsin
from human plasma (Sigma-Aldrich) were used at concentration indicated in Fig. 3.
Ascorbate Oxidase (AO) from Cucurbita sp. (Sigma-Aldrich), Deferiprone (DFP) (Sigma
Aldrich), deferoxamine mesylate (DFO) (Sigma Aldrich), EDTA (Invitrogen), Trolox (Sigma
Aldrich), and purified human HDLs (Sigma Aldrich) were used at the indicated concentra-
tions.

Protein level evaluation

Human apoB and apoE concentrations were measured in OptiMEM and in Huh-7.5
cell supernatant (Mock medium) using ELISA (Mabtech) according to manufacturer’s
instructions. HSA concentrations were measured using Cobas C501 analyzer (Roche
Applied Science). Human transferrin and alpha-1-antitrypsin concentrations were
evaluated by quantitative western blot using a standard curve made with purified
apo-transferrin and alpha-1-antitrypsin.

Cytotoxicity measurement

The cytotoxicity of cells cultured in serum-free medium was assessed 72 h post-seed-
ing using Cytotox-Glo Cytotoxicity Assay (Promega) according to the manufacturer’s
protocol.

Production of HCVcc particles

HCVcc particles were produced as described previously (15). Electroporated Huh-7.5
cells were grown in serum-free medium (OptiMEM, Invitrogen). Intracellular infectivity
was determined as described previously from HCVcc producer cells following four freeze/
thaw cycles. Virus-containing supernatants were collected at 3 days post-electroporation
and clarified through a 0.45-pm filter (Corning Inc, Corning, NY, USA). Viral stocks were
titrated on Huh-7.5 cells by immunostaining with anti-NS5A 3E10 (kind gift from C. Rice).

Production of DENVcc particles

Viral stocks of the DENV-2 strain New Guinea C (NGC) (AF038403) was produced using in
vitro RNA transcripts prepared from DENV-2 infectious plasmid clone pDVWS601 plasmid
(65). Briefly, plasmid was linearized with Xbal (New England Biolabs, Ipswich, MA, USA)
and RNA transcripts were produced and purified using mMESSAGE mMACHINE T7 Kit
(Ambion/ThermoFisher Scientific, Waltham, MA, USA). RNA transcripts were introduced
into Huh-7.5 cells by electroporation (using 5 pg RNA for 6 x 10° cells per electropora-
tion). Virus-containing supernatants were collected at 3 days post-electroporation and
clarified through a 0.45-um filter (Corning Inc, Corning, NY, USA). Viral stocks were
titrated on Huh-7.5 cells.
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Production of SARS-CoV-2 particles

SARS-CoV-2 particles were amplified on Vero E6 cells as described previously (66).
SARS-CoV-2 virions were then produced in serum-free OptiMEM by infection of Huh-7.5
cells using this viral stock at MOl = 0.1. Supernatants containing SARS-CoV-2 particles
were clarified by centrifugation for 10 min at 5000 x g at 72 h post-infection. For
titration, Huh-7.5 cells were infected with different dilutions of virus. At 6 h post-infec-
tion, the medium was replaced by DMEM/10% FCS containing 1.2% of carboxymethylcel-
lulose (Sigma). Cells were fixed at 72 h post-infection and were immunostained with
SARS-CoV-2 nucleocapsid antibodies (Sino Biological).

Production of HDV particles

HDV virions were produced in serum-free OptiMEM culture media by co-transfection of
Huh-7.5 cells with a 1:1 mixture of the pSVLD3 plasmid encoding the HDV genome and
the pT7HB2.7 plasmid encoding the HBV glycoproteins using GeneJammer transfection
reagent (Agilent), as described previously. Following addition of the transfection mixture,
the medium was removed after a 6-h incubation and replaced with fresh serum-free
medium. HDV producer cells were maintained under serum-free conditions for 10
days, with the medium replaced every second or third day. Supernatants containing
HDV virions were clarified by microfiltration through 0.45 uM filters. Infection assays
were performed using Huh-7-NTCP cells. Huh-7-NTCP cells were incubated with HDV
overnight and the infection medium was replaced by William's E medium (WME)
(Gibco, France) supplemented with non-essential amino acids, 2 mM L-glutamine,
10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer, 100 U/mL of
penicillin, 100 pg/mL of streptomycin, 10% fetal bovine serum, and 2% of DMSO. Infected
Huh-7-NTCP cells were analyzed at day 9 post-infection by RT-qPCR (62).

Production of CCHFV tecVLP particles

Huh-7.5 cells were washed two times with OptiMEM and seeded overnight in the same
medium in 10cm dish. Cells were transfected with 3.6pg of pCAGGS-V5-L, 1.2ug of
pCAGGS-NP, 3ug of pCAGGS-M or pCAGGS, 3pg of pCAGGS-T7, and 1.2ug of pSMART-
LCK_L-Luc, using GeneJammer transfection reagent (Agilent), as described previously
(67). The transfection medium was replaced 6 h post-transfection. Seventy-two hours
post-transfection, supernatant was harvested and filtered through a 0.45-um filter. For
titration, Huh-7.5 cells were pre-transfected using 2.4 pg of pCAGGS-V5-L and 4.8 pg
of pCAGGS-NP using GeneJammer transfection reagent. The transfection medium was
replaced at 6 h post-transfection and cells were seeded in 24-well plates in OptiMEM.
Twenty-four hours post pre-transfection, cells were infected and then lysed after 24 h
using Passive Lysis Buffer 1x (Promega), incubated 15 min at room temperature, and the
nLuc activity was assessed using the Nano-Glo Luciferase Assay System (Promega) and a
Mithras LB 940.

Production of HCV pseudoparticles

To generate HCVpp, 293T cells were transfected with expression vectors encoding the
viral components, i.e., E1E2 glycoproteins, retroviral Gag-Pol proteins, and packaging-
competent GFP containing retroviral transfer vectors as described previously (31).

Medium (6 mL/plate) was replaced 16 h after transfection. Supernatants containing
the pseudo-particles were harvested 24 h later, filtered through 045 pm pore-sized
membranes, and used in infection assays. Target Huh-7.5 cells were seeded in 48-well
plates at a density of 1.5 x 10* cells per well and incubated overnight at 37°C. Dilutions of
viral supernatants containing the pseudo-particles were added to the cells and the plates
were incubated for 6 h. The supernatants were removed, and the cells were incubated
in regular medium for 72 h at 37°C. The infectious titers, expressed as infectious units
(V) per milliliter, were deduced from the transduction efficiencies, determined as the
percentage of GFP-positive cells measured by FACS analysis (BD Canto).

September/October 2023 Volume 14 Issue 5 10.1128/mbio.01549-23 20

188

Downloaded from https://journals.asm.org/journal/mbio on 27 June 2024 by 140.77.177.86.



Annexe | Low-density hepatitis C virus infectious particles are protected from oxidation by secreted

cellular proteins

Research Article

Purification of viral particles by ultracentrifugation

Cell supernatant containing viral particles were harvested 72 h after electroporation and
concentrated 67 times by ultracentrifugation at 25,000 x g in a Beckman SW41 rotor for
105 min at 4°C, followed by resuspension in PBS for 20 min at 4°C, before further analysis.

Purification of viral particles by immunoprecipitation

Supernatant from cells electroporated with RNA encoding for Jc1 FLAG_3C were
incubated 6 h with antiFLAG agarose beads (Sigma-Aldrich) at 4°C under continuous
agitation. The complexes were washed three times with PBS before overnight incubation
with PSP (Sigma-Aldrich). The supernatant containing eluted particles, after cleavage of
the FLAG peptide, was then used for stability measurement.

Stability measurement

Stability was measured by diluting purified particles or intracellular particles 50-fold in
serum-free medium supplemented, or not, with different components or with Mock
medium. The samples were split in two: one part was incubated for 6 h at 37°C in the
COjincubator and the other part was left at 4°C. The samples were then stored at 4°C
for 16 h before measuring infectivity or RNA or before using the particles for indicated
assays.

Determination of viral RNA by RT-qPCR

HCV RNAs were extracted (TRI Reagent, Euromedex), reverse transcribed (iScript cDNA
synthesis kit, Bio-Rad), and quantified (FastStart Universal SYBR Green Master kit, Roche
Applied Science) on an Applied StepOne Real-Time PCR apparatus. HCV-specific primers
(U147: 5-TCT GCG GAA CCG GTG AGT A and L277: 5-TCA GGC AGT ACC ACA AGG Q).
As an internal control of extraction, an exogenous RNA from the linearized Triplescript
plasmid pTRI-Xef (Invitrogen) was added into the supernatant prior to extraction and
quantified with specific primers (Xef-1a 970L20: 5-CGA CGT TGT CAC CGG GCA CG and
Xef-1a 864U24: 5"-ACC AGG CAT GGT GGT TAC CTT TGC). For binding assay, GAPDH level
was quantified using specific primers (GAPDH 83U: 5-TGGAAGATGGTGATGGGATTTC and
GAPDH 287L: 5-AGGTGAAGGTCGAGTCAACG).

Binding of HCVcc particles to cells

Huh-7.5 cells were plated in 12 well previously coated with collagen. One day later, cells
were incubated with 1 mL of viral supernatant or purified particles for 2 h and washed
twice with PBS supplemented with calcium and magnesium (0.7 mM CaCl2, 0.25 mM
MgSO4). Total RNA cell lysates were extracted to quantify the level of HCV and GAPDH
gene by RT-qPCR.

lodixanol density gradient of HCVcc particles

One milliliter of samples (supernatant or diluted pellet) was layered on top of a 0-30%
continuous iodixanol gradient (Optiprep; Axis-Shield). Gradients were centrifuged for
16 h at 32,000 rpm in a SW41 swinging rotor at 4°C using an Optima L-90 K Beckmann
centrifuge. Fifteen fractions of 750 pL were collected from the top and were analyzed for
virus infectivity and viral RNA copies.

Fusion of HCVcc particles with liposomes

HCVcc/liposome lipid mixing assays were performed as previously described for HCVpp
and HCVcc (32, 33). All liposomes were large unilamellar vesicles (100 nm) consisting
of phosphatidylcholine (from egg yolk; Sigma Aldrich), cholesterol (Sigma Aldrich), and
Octadecyl rhodamine B chloride (R18; Invitrogen) (65:30:5 mol%). R18-labeled liposomes
were obtained by mixing R18 and lipids as ethanol and chloroform solutions. Lipid
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mixing was assessed essentially as described and monitored as the dequenching of
R18. Briefly, HCVcc particles treated as indicated were added to a cuvette containing
R18-labeled liposomes (final lipid concentration, 15 uM). After temperature equilibration
at pH 7.4 for 2 min, fusion was initiated by adding an appropriate volume of diluted
HCl to the cuvette, and kinetics were recorded using a dual-channel PicoFluor hand-held
fluorimeter (Turner Biosystems, Sunnyvale, CA, USA), operated under the “rhodamine”
channel (excitation and emission wavelengths 540 + 20 and >570 nm, respectively).
Maximal R18 dequenching was measured after the addition of 0.1% Triton X-100 (final
concentration) to the cuvette. Initial rates of fusion were taken as the value of the slope
of the tangent, drawn to the steepest part of the fusion kinetics. Final extent of lipid
mixing was the value obtained when fluorescence reached a plateau.

Electroporation of purified RNA from particles

Particles purified by ultracentrifugation were used for standard stability measurement.
Samples were then concentrated using Vivaspin columns with a cut-off of 100 kDa.
Viral RNA from these particles was then extracted and the amounts of copies were
determined by RT-qPCR according to our protocol (see above). Same amount of viral RNA
was then electroporated in Huh7.5 according to the classical protocol. Seventy-two hours
post-electroporation, cells were harvested and the percentage of HCV-positive cells was
determined by flow cytometry using an anti-NS5A antibody as described previously (10).

Statistical analysis

Significance values were calculated by applying Mann-Whitney or Kruskal-Wallis and
Dunn’s multiple comparison tests using the GraphPad Prism nine software (GraphPad
Software, USA). P values under 0.05 were considered statistically significant and the
following denotations were used: ****, P < 0.0001; ***, P < 0.001; **, P < 0.01; *, P < 0.05;
ns (not significant), P > 0.05.
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ABSTRACT

The Crimean-Congo hemorrhagic fever virus (CCHFV) is a tick-borne bunyavirus that causes high mortality in humans.
This enveloped virus harbors two surface glycoproteins (GP), Gn and Gc, that are released by processing of a
glycoprotein precursor complex whose maturation takes place in the ER and is completed through the secretion
pathway. Here, we characterized the trafficking network exploited by CCHFV GPs during viral assembly, envelopment,
and/or egress. We identified membrane trafficking motifs in the cytoplasmic domains (CD) of CCHFV GPs and
addressed how they impact these late stages of the viral life cycle using infection and biochemical assays, and
confocal microscopy in virus-producing cells. We found that several of the identified CD motifs modulate GP
transport through the retrograde trafficking network, impacting envelopment and secretion of infectious particles.
Finally, we identified PACS-2 as a crucial host factor contributing to CCHFV GPs trafficking required for assembly and

release of viral particles.
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Introduction

The Crimean-Congo hemorrhagic fever virus
(CCHFV) belongs to the genus Orthonairovirus
under the Nairoviridae family and the Bunyavirales
order. CCHFV was first associated with the manifes-
tation of febrile disease in Crimea in 1944 [1] and in
Congo in 1956 [2], and can cause fatality rates that
surpass 30%. It is now prevalent in various regions,
including the Middle East, Southeast Asia, Africa,
and Southern and Eastern Europe [3-5]. Ticks of the
genus Hyalomma have been identified as the primary
vector and reservoir of CCHFV, though other tick
species may potentially serve as hosts for the virus in
regions where it is endemic [6]. Reports have shown
that CCHFV has the potential to infect various animal
species, most notably livestock, without causing
apparent illness. These animals facilitate the trans-
mission of CCHFV from infected ticks to uninfected
ticks through co-feeding or by feeding on viremic ani-
mals. The primary modes of transmission of CCHFV
to humans are tick bites and the handling of infected
livestock [7]. Subsequently, CCHFV propagates

throughout the body and target different organs,
including the liver, where it induces multiple lesions,
failures, and vascular dysfunction.

CCHFV is an enveloped virus with a tri-segmented
negative — or ambisense-strand RNA genome associ-
ated with virus-encoded nucleoproteins (NP) and an
RNA-dependent RNA polymerase enclosed within a
host-derived lipid bilayer, at the surface of which
two surface glycoproteins (GPs) — Gn and Gc hetero-
dimer - are inserted. The three genomic RNA seg-
ments are the large (L) segment, which encodes the
polymerase, the small (S) segment, which encodes
NP and a non-structural protein (NSs), and the med-
ium (M) segment, which encodes a single polyprotein
precursor (Figure 1A), namely the glycoprotein pre-
cursor complex (GPC). The two surface GPs are pro-
duced by several cleavage events on GPC that also give
rise to several nonstructural proteins [8,9]. Viral
assembly utilizes membrane-associating determinants,
featuring a leader N-terminal signal peptide (SP), two
internal SPs and five transmembrane domains (TMD),
two intermediate GP precursors (preGn (140 kDa)
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and preGe (85 kDa)), a double-membrane-spanning
non-structural protein called NSm (a mucin-like
protein (MLD) containing a large number of predicted
O-glycosylation sites), and three secreted proteins of
poorly-known functions: GP38, GP85, and GP160
(Figure 1A). PreGn is converted to Gn following the
cleavage by SKI-1/S1P protease in ER-cis Golgi com-
partments, while preGce is cleaved by an unknown
SKI-1-like protease to generate Gc [10]. Like for
related hemorrhagic viruses such as the Severe fever
with thrombocytopenia syndrome virus (SFTSV)
and Bunyamwera virus (BUNV), which are from the
Bandavirus and Orthobunyavirus genera (Bunyavir-
ales order), respectively, the Gn/Gc GPs form multi-
mers, suggesting that CCHFV GPs may form a
complex in order to stabilize the fusion domains in
the viral membrane proximal region during assembly
and egress of CCHFV [11,12]. However, the site where
CCHEFV particles are assembled and enveloped
remains undefined. Previous work on Bunyavirales
viruses suggest that assembly occurs on the Golgi
membranes [13]. Since virus GPs are synthesized in
the endoplasmic reticulum (ER), a key question is
about how CCHFV GPs are transported from the ER
to the virion assembly site, which remains to be
determined.

Protein traffic through the secretory pathway
requires tight regulations and highly synchronized
interactions of several cellular factors [14]. The
secretory pathway is subdivided into two membrane
populations: the ER/Golgi system, which is needed

for oligomerization, folding, and co-

EMERGING MICROBES & INFECTIONS @ 3

posttranslational modifications of proteins that
shuttle along the secretory pathways [15,16], and
the trans-Golgi network (TGN)/endosomal system,
which is important for sorting, export, and recovery
of various soluble and membrane-associated
secretory proteins.

Several types of trafficking motifs are typically con-
tained in the cytoplasmic tails (CT) or cytoplasmic
domain (CD) of viral surface glycoproteins [17-19],
which may also be the case for bunyaviruses [20,21],
and regulate various stages of GPs, from their biogen-
esis to their ultimate intracellular localization. As for
CCHEFYV, the Gn GP contains an ectodomain of 176
residues that is followed by two TMDs with, in
between, a particularly long CD of 94 residues
[8,10,22], which has been shown by NMR analysis to
possess a unique dual CCHC-type zinc finger (ZF)
fold that is capable of binding viral RNA [23]. On
the other hand, the Gc glycoprotein contains an ecto-
domain of 481 residues [24] that is followed by a single
TMD followed by a 63 residue-long CT of unknown
function [25].

Several host factors can be coopted by enveloped
viruses to mediate intracellular trafficking of their
GPs. For example, the adaptor proteins (AP) AP-1,
AP-2 and AP-3 [26] mediate different sorting events,
such as internalization from plasma membrane and
sorting to endosomes [27], and the COPI coatomer
mediates retrograde transport of cargos from TGN
to ER [28] whereas two proteins of the PACS family,
PACS-1 and PACS-2, mediate retrograde transport
from endosomal pathway to TGN and control the

Figure 1. Infectivity and viral incorporation of CCHFV Gc cytoplasmic tail mutants. (A) Schematic representation of the GPC
polyprotein encoded by CCHFV wt-M c¢DNA (WT GPC) and mutant GPC harbouring deletion of Gc cytoplasmic tail (GPC Ge ACT).
The polyprotein precursor organization and positions of the first amino-acid residues after cleavage marking protein boundaries
(MLD, GP38, Gn, NSm, and Gc) within the CCHFV polyprotein are shown. The stars indicate the position of the stop codon. The N-
terminal signal peptide (TMO) and putative transmembrane domains (TM1 to TM5) are shown as grey boxes, signal peptidase
cleavage sites are indicated by black arrows and other host protein convertase cleavage sites are indicated by red, orange and
green arrows. The bottom part shows the cytoplasmic tail (CT) sequence of Gc. Several trafficking motifs were identified, under-
lined and boxed in different colours: two tyrosine-based motifs, Y1 and Y2 (blue and yellow); di-leucine motif, LL (grey); acidic
cluster, AC, (green); endoplasmic reticulum retrieval domain, ERR (pink). Deletion of the putative trafficking motifs in the cyto-
plasmic tail of Ge is indicated as ACT. (B) The mutations introduced in the above Gc motifs are shown in the Table. (C) Intracellular
levels and processing (INTRA) and viral incorporation (PELLET) of CCHFV wild type glycoproteins compared to Gc-ACT GPC mutant.
Lysates of Huh7.5 cells producing tc-VLPs generated with WT GPC vs. Gc-ACT GPC mutant were analysed by Western blotting with
antibodies against the indicated proteins including Gn, Gc, NP and cellular actin. Cell supernatants containing tc-VLPs were con-
centrated by ultracentrifugation through 20% sucrose cushions, resuspended in Opti-MEM medium and analysed by Western blot.
(D) Infectivity titres of intracellular and extracellular CCHFV tc-VLPs bearing mutant Gc CT proteins. At 72 h post-transfection,
clarified supernatants and cell-associated tc-VLPs were used to infect Huh7.5 cells pre-transfected with L and N expression vectors,
and titres were determined by FACS analysis at 24 h post-infection. (E-G) Intracellular levels and processing of CCHFV WT GPs
compared to Gc CT mutant proteins. Representative Western blot analysis and relative quantification of intracellular Gc, NP
and Gn compared to WT proteins (lower panels). Protein band intensities were quantified and normalized relative to actin and
expressed as fold change compared to WT (lower panels). (H-J) tc-VLP containing cell supernatants were pelleted by ultracentri-
fugation through 20% sucrose cushions, resuspended in Opti-MEM medium and analysed by Western blot. Representative Wes-
tern blot analysis and relative quantification of Gc, NP and Gn expressed as fold change compared to WT proteins (lower panels).
Molecular weight markers are marked to the left (kDa). Statistical significance was determined using parametric student-t test
compared with WT proteins. Average number of repeats for intracellular CCHFV proteins: Gn =4, Gc = 3, NP = 4. Average number
of repeats for CCHFV proteins in pellets: Gn =4, Gc = 4, NP = 4. Average number of repeats for extracellular and intracellular infec-
tivity assays: n = 4. The values are displayed as means + SEM. Each dot in the graphs corresponds to the value of an individual
experiment and dots from one colour are from the same experiment.
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ER localization [29], respectively, through interactions
with AP-1 and AP-3 (PACS-1) and COPI (PACS-2).

How CCHFYV exploits these cellular trafficking net-
works and cellular host components during all stages
of virus assembly and/or egress remains poorly
defined. Here, using both a CCHFV minigenome-
reporter transcription and entry-competent virus-
like particle (tc-VLP) assay [30], mimicking viral par-
ticles [31], and full length, live virus, we aimed at
understanding how CCHFV GPs make use of host fac-
tors and pathways to target the site of assembly and
promote envelopment of its viral particles. Through
a strategy allying functional assays with biochemical
and intracellular imaging analyses, we investigated
the role of putative membrane trafficking motifs that
we identified in the CDs of CCHFV GPs, how their
mutagenesis could impact envelopment and pro-
duction of infectious viral particles, and what are
some cellular factors involved in the above.
Altogether, our results indicate that several CCHFV
GP CD motifs have specific functions to transport
Gn and Gc GPs through various parts of the mem-
brane trafficking network to the virion assembly site
and that the PACS-2 connector host protein plays a
crucial role in the above.

Results

Gc cytoplasmic determinants are essential for the
formation of infectious particles. Using consensus
sequences that were determined elsewhere, such as
tyrosine-based motifs (YXX® [® standing for an
amino acid with a bulky hydrophobic side chain and
X for any amino acid]) [32,33], dileucine motifs
(DXXLL and [DE]XXXL[LI]) [26,33], acidic cluster
motifs [33,34], and di-lysine motifs [28,35], we ident-
ified several putative membrane trafficking motifs in
the cytoplasmic tail (CT) of CCHFV Gc glycoprotein
(Figure 1A): two tyrosine-based motifs (Y1 and Y2),
an acidic cluster motif (AC), a di-leucine motif (LL),
and an ER retrieval motif (ERR). We noticed from
multiple sequence alignment analysis that these motifs
are highly conserved among various CCHFV isolates
(Supplementary Fig. 1A, 1C). These potential determi-
nants were mutated (Figure 1B) in the full context of
GPC expression vectors to raise mutant Gc proteins
whose properties were investigated using a CCHFV
transcriptionally - and entry-competent virus-like
particle (tc-VLP) production and infection assay
(30,36].

We evaluated the role of these putative trafficking
motifs on virion assembly, GP incorporation, and
infectivity in Huh7.5 hepatoma cells, as the liver is
one of the important CCHFV target organs. We first
generated a mutant GPC harbouring a deletion of
most Gc CT (Gc-ACT) that was used to produce tc-
VLPs by co-transfection of Huh7.5 cells with a

Annexe | The PACS-2 protein and trafficking motifs in CCHFV Gn and Gc cytoplasmic domains govern
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CCHFV minigenome encoding GFP, CCHFV RNA
polymerase (L) and nucleoprotein (NP) expression
constructs together with constructs expressing either
wild type (WT) GPC or Ge-ACT GPC (Figure 1C).
Whole-cell lysates of tc-VLP producer cells (defined
as "Intracellular” in all figures) and the corresponding
supernatants purified by ultracentrifugation through a
sucrose cushion (defined as “Pellet” in the Figures)
were analysed by SDS-PAGE and Western blot at 72
h post-transfection (Figure 1C) to assess incorporation
of mutant GPs on secreted viral particles. NP intra-
cellular expression and secretion in cell supernatants
were not significantly different between WT and Ge-
ACT tc-VLPs (Figure 1C). In agreement with previous
studies [10,30,31,36], the expression of WT GPC
raised mature Gn protein at 37 kDa (Figure 1C) and
Gc protein as a preGe precursor of 85 kDa that was
converted to mature Gc (75 kDa). In contrast with
WT GPC, the Ge-ACT GPC raised lower preGe and
Gc bands due to the deletion of Ge cytoplasmic tail.
Western blot analyses of pellets of tc-VLP producer
cell supernatants indicated that while Gn and Gc
were readily incorporated into particles for WT
GPC, tc-VLPs generated with the Ge-ACT mutant dis-
played no or poor Gc and Gn levels, suggesting a
defect in virion incorporation of either GP.

We examined the ability of this Gc-ACT GPC
mutant to support the formation and release of extra-
cellular and intracellular infectious CCHFV tc-VLPs.
We used tc-VLPs generated in the absence of GPC,
which does not generate infectious particles (No-GPs
in Figure 1D) to set up the thresholds of infectivity
assessments. In agreement with these above results,
the deletion of the CT of Gc resulted in a complete
loss of both extracellular and intracellular infectivity
(Figure 1D), underscoring the presence of critical
determinants in Gc CT that allow envelopment and
production of infectious viral particles.

Next, we examined the infectivity of the GPC
mutants generated in the identified Gc CT motifs
(Figure 1A, B). We found that while the Y1 mutant
allowed the formation and release of infectious tc-
VLPs at levels identical to WT tc-VLPs, the other
CT mutants yielded lower (AC mutant) or hardly
detectable (Y2, LL, ERR mutants) infectivity for both
intracellular and extracellular tc-VLPs. Collectively,
these results indicate that several Gc CT determinants
play important roles in the assembly and release of
infectious tc-VLPs.

Then, to further understand the functions of Gc
CT motifs, we analysed the effect of their mutation
on Gn and Gc expression and processing, NP
expression, and secretion of particle-associated viral
proteins (Figure 1E-J). Expression of WT and
mutant Gc GPC raised similar intracellular levels
of NP, Gc and Gn expression (Figure 1E-G). Yet,
in contrast to Y1 and AC Gc mutant GPCs whose
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Gn and Gc GPs were not or only slightly less well
incorporated into particles compared to WT GPC,
the other Ge¢ CT mutant GPC constructs did not
allow secretion of tc-VLPs displaying Gc or Gn
GPs (Figure 1H-]), which fully supported the results
of infection assays (Figure 1D).

Altogether, these results indicated that the motifs
identified in Gc CT regulate an early stage of virion
production prior to secretion.

Gc CT determinants play a role in cellular
trafficking of CCHFV Gc glycoprotein. The proces-
sing and maturation steps of WT GPC are initiated
in the ER and are followed by PreGn and PreGc trans-
port through the secretion pathway and ultimately to
the proposed site of CCHFV assembly and envelop-
ment, presumably near the Golgi complex [13]. Tyro-
sine-based motifs, di-leucine motifs, acidic clusters
and ER retrieval motifs are involved in protein retro-
grade trafficking from plasma membrane to endo-
somes, from endosomes to Golgi and from Golgi to
ER. Thus, we assessed the role of Gc CT determinants
on Gc intracellular trafficking and localization by
immunofluorescence (IF) studies using cellular mar-
kers specific for the Golgi (GM130), early (Rab5)
and late (Rab7) endosomes.

As reported before [36], Gc expressed from WT
GPC is localized in Huh7.5 cells throughout the
secretory pathway, without significant accumulation
in Golgi and late endosomes (Figure 2). Yet, in con-
trast to WT GP, we found that the Ge-ACT mutant
had impaired co-localization with GM130 (Figure
2A, D) and Rab5 markers (Figure 2B, E), likely
owing to the removal of intracellular trafficking motifs
in Gec CT. Moreover, we found that the ACT mutant
displayed increased detection of Ge at the cell surface
as shown by IF in non-permeabilized cells (Sup-
plementary Fig. 2A), suggesting that this mutant accu-
mulated at the plasma membrane (PM).

Altogether, these results underscored the role of CT
motifs that allow Gc trafficking from the PM to intra-
cellular organelles or prevent Ge exposition at the PM.

We therefore sought to address the individual con-
tribution of the putative trafficking motifs present in
Gc CT to Ge intracellular traffic and localization,
and to correlate this with assembly and release of
viral particles.

First, we investigated the levels of cell surface
expression of the mutants by IF in non-permeabilized
cells. We found that compared to WT GPC and other
mutant GPCs, the Gc¢ Y1 mutant displayed higher
levels of expression at the surface (Supplementary
Fig. 2A). This suggested that mutation of the Y1
motif could prevent Gc internalization, which induced
its cell surface accumulation, and agreed with higher
cell-cell fusion levels induced by this mutant as com-
pared to WT GPC and other Ge¢ CT motif mutant
GPC (Supplementary Fig. 2B). Importantly, this result
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argues that Gc’s CT contains motifs that allow its
trafficking from the PM to intracellular organelles
rather than preventing its cell surface exposition.

Second, when we addressed the above determinants
in Gc CT (Figure 1A, B), we found that the Gc AC
mutant and, with statistical significance, the Y2 and
ERR mutants exhibited reduced colocalization with
GM130 marker, underscoring impaired trafficking to
or within the Golgi (Figure 2A, D). Then, when we
investigated Gc localization in early endosomes, we
found that the Gc LL and ERR mutants exhibited a
decreased co-localization with Rab5 marker, as com-
pared to WT GPC, indicating that retrograde traffick-
ing from early endosomes to Golgi may be impaired
for these mutants (Figure 2B, E). Yet, in contrast
with WT Gc, the Gc AC mutant showed slightly
increased co-localization with Rab5 (Figure 2B, E).
This observation suggested an impaired retrograde
trafficking of the Gc AC mutant from the early endo-
somes to the Golgi apparatus. From early endosomal
compartments, a subset of proteins can be targeted to
late endosomes [37]. We thus addressed the co-localiz-
ation of Gc mutants with the late endosomal marker,
Rab7. In contrast to Gc expressed from WT GPC, the
Y2 mutant showed increased co-localization with
Rab7 (Figure 2C, F), suggesting that the mutation of
its tyrosine-based motif impairs its trafficking from
the late endosomes to the upstream compartment, poss-
ibly to lysosomes or lysosome-related organelles [33].

Altogether, these results indicated that in the con-
text of GPC, several determinants of the CT domain
of Gc cooperate to allow intracellular trafficking of
CCHFV Gc GP from the PM to the virion assembly
site.

Mutations in Gn cytosolic determinants impact
the formation of CCHFV infectious particles. We
identified several putative membrane trafficking
motifs in the CD of CCHFV Gn glycoprotein
(Figure 3A). Similar to Gc CT, the multiple sequence
alignment analysis of Gn CD also revealed highly con-
served motifs (Supplementary Fig. 1B, 1C): two tyro-
sine-based motifs (Y1 and Y2), an acidic cluster
motif (AC) and a di-leucine motif (LL). These
potential determinants were mutated in the context
of the GPC expression vector to raise mutant Gn pro-
teins upon CCHFV tc-VLP production (Figure 3B).

We found that while the mutation of the Y1 motif
allowed the formation and release of infectious tc-
VLPs at levels identical to WT tc-VLPs, the other
CD mutants (Y2, LL, and AC mutants) yielded
strongly reduced or no infectivity for both intracellu-
lar and extracellular tc-VLPs (Figure 3C). These
results indicated that the latter determinants play
essential roles in GP incorporation and release of
infectious virions.

Then, to better understand the functions of Gn CD
motifs, we analysed the effect of their mutation on Gn
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Pearson’s Gc - GM130
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Figure 2. Intracellular localization of CCHFV Gc cytoplasmic tail determinants. (A, D) Golgi localization of CCHFV Gc glyco-
protein. Confocal microscopy analysis of Huh7.5 cells producing tc-VLPs encoding a GFP marker that were generated with WT GPC
vs. GPC harbouring Gc cytoplasmic tail mutants (ACT, Y1, Y2, LL, AC, ERR). At 48 h post-transfection, cells were fixed, permeabilized
with Triton X-100, and stained for GFP (grey channel), Golgi (anti-GM130, green channel), Gc (11E7, red channel), and nuclei
(Hoechst, blue channel). (B, E) Early endosome localization of CCHFV Gc glycoprotein. As described in (A), cells were fixed, per-
meabilized with Triton X-100, and stained for GFP (grey channel), Rab5 (anti-Rab5, green channel), Gc (11E7, red channel), and
nuclei (Hoechst, blue channel). (C, F) Late endosome localization of CCHFV Gc glycoprotein. As described in (A), cells were fixed
and stained for GFP (grey channel), Rab7 (anti-Rab7, green channel), Gc (11E7, red channel), and nuclei (Hoechst, blue channel).
Scale bars represent 10 um, zooms from squared area represent 2um. Pearson’s coefficients were calculated using FlJI (JACoP) on 5
cells from 3 separated experiments (15 cells in total) and expressed as means + SEM. Statistical significance was determined using
non-parametric two-tailed Mann-Whitney test. The values are displayed as means + SEM. Each dot in the graphs corresponds to
the value of an individual cell.
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and Gc expression and processing, NP expression and
secretion of particle-associated viral proteins (Figure
3D-I). Expression of WT and mutant GPC raised
similar intracellular levels of NP, Gc and Gn
expression (Figure 3D-F). Yet, in sharp contrast to
Gn Y1 mutant whose Gn and Gc GPs were only
slightly less well incorporated into viral particles, as
compared with WT GPs, the other Gn CD mutant
constructs raised tc-VLPs that had no detectable Gn
and/or Gc GPs (Figure 3G-I), which fully supported
the results of infection assays (Figure 3C). Further,
we noticed that di-leucine mutation in Gn led to less
NP secretion in pellet fraction (Figure 3H).

Altogether, these results indicated that motifs
identified in Gn cytosolic domain regulate an early
stage of assembly before virion secretion.

To further investigate the function of these Gn
determinants in assembly of viral particles, we ana-
lysed tc-VLP-producer cells by confocal microscopy
using antibodies against Gc and intracellular markers.
However, due to the lack of Gn antibodies suitable for
IF assays, we could not perform the analysis of Gn
intracellular localization.

Like for the Gc Y2 mutant (Figure 2), we found that
the Gn Y2 mutant induced a defect in the distribution
pattern of Gc in the Golgi (Figure 4A, D), suggesting
that tyrosine domains of both Gn and Gc work in a
similar way to promote CCHFV GP intracellular local-
ization where mutations in Gn or Gc can impact traffic
of the other protein [38] as they likely form a hetero-
dimer [11,12]. Surprisingly, we also found that the Gn
AC mutant induced a stronger Gc co-localization with
GM130, indicating that the GP can reach the Golgi but
displays impaired trafficking through the Golgi.

Finally, when we analysed Gc co-localization with
early endosomes (Rab5 marker), we found that Gn
Y2 and AC mutants showed a slight increase in Gc
co-localization with early endosomes (Figure 4B, E).
Yet, we noticed that in contrast to WT GPC, the Gn
Y2 mutant exhibited increased Gc co-localization
with the Rab7 late endosomal marker (Figure 4C, F).

Altogether, these results indicated that mutations of
Gn CD motifs which induce GP accumulation in var-
ious cellular organelles may block retrograde transport
to the trans-Golgi and prevent GP incorporation on
viral particles.

Unlike PACS-1, the PACS-2 adaptor is a critical
factor controlling virion incorporation and
secretion of CCHFV glycoproteins. Our results
revealed that the AC motif in Gn is important to pro-
mote CCHFV GP intracellular trafficking and/or
incorporation on viral particles since its mutation
induced accumulation of Gc in early endosomes and
Golgi, and prevented GP assembly and release of
infectious particles (Figures 3 and 4). Since some
Golgi resident transmembrane proteins have been
shown to use AP-1 mediated retrograde transport
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from endosomes to trans-Golgi network (TGN)
through binding of the cellular adaptor PACS-1 [29]
to their acidic cluster, we investigated whether
PACS-1 down-regulation could impair CCHFV par-
ticles assembly.

We downregulated PACS-1 through expression of a
previously validated [39] short hairpin RNA
(ShPACS-1) in producer cells. While we achieved a
knockdown efficiency of PACS-1 of up to 80% in
Huh7.5 cells (Figure 5A), this did not influence the
production of infectious viral particles, as shown for
both tc-VLP (Figure 5B) and full length, live
CCHFV particles (Figure 5C) produced in PACS-1
downregulated Huh7.5 cells. Hence, we concluded
that PACS-1 is not a crucial host factor for the trans-
portation of CCHFV glycoproteins to the assembly
site.

Next, we investigated the alternative possibility that
the PACS-2 protein, which also binds acidic cluster
motifs [40], could regulate intracellular trafficking of
CCHFV GPs. We expressed in tc-VLP producer cells
two distinct short hairpin RNAs (Sh103 and Sh433),
which readily induced PACS-2 knockdown to up to
85% (Figure 5D). Importantly, we found that PACS-
2 downregulation significantly decreased the extra-
cellular tc-VLP infectivity with up to 10-fold reduction
of the titres as compared to tc-VLPs produced in con-
trol cells (Figure 5E). Furthermore, we observed more
than 10-fold reduction of intracellular infectivity of tc-
VLPs produced in PACS-2 down-regulated cells
(Figure 5E), which indicated that PACS-2 is important
for production of infectious particles at the level of vir-
ion assembly.

We sought to confirm this result with full length,
live CCHFV (Figure 5F) produced in PACS-2 knock-
down vs. control cells (Figure 5D). Following infection
with virus inoculate, samples from the infected cells
and supernatants were collected at 24-hour following
infection and analysed by qPCR on viral RNAs. Nota-
bly, we found that the extracellular CCHFV RNAs
harvested from PACS-2 down-regulated cells dis-
played ca. 10-fold decrease of CCHFV RNAs as com-
pared to controls cells (Figure 5F), which agreed with
reduction of intracellular viral RNAs in producer cells
(Figure 5F) and confirmed that PACS-2 is a crucial
factor for production of infectious CCHFV particles.

Finally, to exclude that PACS-2 could act at the step
of virus entry, notably by acting on trafficking of host
entry factors, we infected PACS-2 downregulated
Huh?7.5 cells. We found that tc-VLPs displayed similar
levels of infectivity whether PACS-2 was down-regu-
lated or not in target cells (Figure 5G), which agreed
with its involvement at the step of assembly of viral
particles.

When we investigated intracellular expression of
CCHFV proteins, no significant effect for NP, Gn
and Gc expression could be detected upon PACS-2
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down-regulation, as compared to cells expressing a
control short hairpin RNA (Figure 6A-C). Yet, when
we analysed the pellets of ultracentrifuged super-
natants of tc-VLP producer cells, we found that
PACS-2 knockdown drastically reduced Ge (by ca.
90%) and Gn (by over 85%) secretion (Figure 6D,
F). Furthermore, we found that PACS-2 downregula-
tion also resulted in a notable reduction (by over
90%) of the secretion of NP (Figure 6E). These results
suggested that PACS-2 modulates trafficking of both
CCHFV GPs and NP.

To confirm these results, we subsequently investi-
gated Gc localization in PACS-2 down-regulated
cells. We found that the knockdown of PACS-2
expression induced a slight but significant increased
colocalization of Gc with the Golgi marker GM130
(Figure 7A) but did not have any impact on colocali-
zation of Gc with early or late endosomes (Sup-
plementary Fig. 3). These results suggested that the
loss of PACS-2 expression does not impact G traftick-
ing from PM to Golgi, but impairs Gc trafficking
through the Golgi. Interestingly, this result phenoco-
pies the increased colocalization of Ge with GM130
that we observed for Gn AC mutant (Figure 4A, D),
albeit to a lesser extent. Furthermore, we found that
Gc and NP colocalization was significantly increased
in PACS-2 down-regulated cells (Figure 7B), which
reflected the accumulation of virion structural com-
ponents when assembly was blocked.

Finally, the overexpression of PACS-2 in tc-VLP
producer cells (Supplementary Fig. 4A) did not raise
the production of infectious intracellular and extra-
cellular viral particles (Supplementary Fig. 4B),
which agreed with the lack of increased secretion of
viral GP components (Supplementary Fig. 4C-H)
and suggested that PACS-2 is not a rate limiting
assembly factor for envelopment and secretion of
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CCFHYV particles. Note that, in contrast to Gn and
Gc GPs, NP secretion was slightly increased by ca.
50% (Supplementary Fig. 4G).

Altogether, the above observations underscored
that PACS-2 is a critical host factor modulating
CCHFV GPs intracellular trafficking and CCHFV
assembly and production of infectious particles.

Discussion

Due to its high pathogenicity, CCHFV requires
handling in Biosafety level 4 laboratories (BSL-4), a
scarce resource in the world, which makes the
study of assembly, envelopment, and secretion of
CCHFV particles challenging. By comparison with
other Bunyaviruses, it is currently understood that
CCHFV assembly occurs at or near Golgi mem-
branes [13]; yet, how viral proteins reach the assem-
bly sites and which host cellular factors are involved
remain open questions. One specific feature of the
Gc GP of Nairoviruses is its unusually long cyto-
plasmic tail compared to other Bunyaviruses,
which potentially contains different domains that
could control distinct trafficking pathways. Taking
advantage of the tc-VLP assay [30,31,36], we deleted
or mutated several putative trafficking motifs in Gc
and Gn cytoplasmic domains to get better insight
into CCHFV envelope assembly and secretion of
viral particles.

Interestingly, the removal of most (i.e. 85%) of the
Gc CT (Ge-ACT GPC) increased the exposition of the
GPs at the plasma membrane, as deduced by the
increased formation of syncytia and GP staining in
non-permeabilized cells (Supplementary Fig. 2).
Moreover, this mutant GP was unable to traffic to vir-
ion assembly site and exhibited impaired Gn and Gc
(but not NP) secretion as well as infectivity of tc-

Figure 3. Infectivity and viral incorporation of CCHFV Gn cytoplasmic tail mutants. (A) Schematic representation of the GPC
polyprotein encoded by CCHFV wt-M cDNA (WT GPC). The polyprotein precursor organization and positions of the first amino-acid
residues after cleavage marking protein boundaries (MLD, GP38, Gn, NSm, and Gc) within the CCHFV polyprotein are shown. The
star indicates the position of the stop codon. The N-terminal signal peptide (TM0) and putative transmembrane domains (TM1 to
TM5) are shown as grey boxes, signal peptidase cleavage sites are indicated by black arrows and other host protein convertase
cleavage sites are indicated by red, orange and green arrows. The bottom part shows the cytoplasmic domain (CD) of Gn. Several
trafficking motifs were identified, underlined and boxed in different colours: two tyrosine-based motifs, Y1 and Y2 (blue and yel-
low); di-leucine motif, LL (grey); acidic cluster, AC (green). (B) The mutations introduced in the above Gn motifs are shown in the
Table. (C) Infectivity titres of intracellular and extracellular CCHFV tc-VLPs bearing mutant Gn CD proteins. At 72 h post-transfec-
tion, clarified supernatants and cell-associated tc-VLPs were used to infect Huh7.5 cells pre-transfected with L and N expression
vectors, and titres were determined by FACS analysis at 24 h post-infection. (D-F) Intracellular levels and processing of CCHFV WT
GPs compared to Gn CD mutant proteins. Representative Western blot analysis and relative quantification of intracellular Gc, NP
and Gn expressed compared to WT proteins (lower panels). Protein band intensities were quantified and normalized relative to
actin and expressed as fold change compared to WT (lower panels). (G-1) tc-VLP containing cell supernatants were pelleted by
ultracentrifugation through 20% sucrose cushions, resuspended in Opti-MEM medium and analysed by Western blot. Represen-
tative Western blot analysis and relative quantification of Gc, NP and Gn expressed as fold change compared to WT proteins (lower
panels). Molecular weight markers are marked to the left (kDa). Statistical significance was determined using parametric student-t
test compared with WT proteins. Average number of repeats for intracellular CCHFV proteins: Gn =3, Gc =4, NP = 4. Average
number of repeats for CCHFV proteins in pellets: Gn =3, Gc =4, NP = 4. Average number of repeats for extracellular and intra-
cellular infectivity assays: n = 4. The values are displayed as means + SEM. Each dot in the graphs corresponds to the value of
an individual experiment and dots from one colour are from the same experiment.

Annexe | The PACS-2 protein and trafficking motifs in CCHFV Gn and Gc cytoplasmic domains govern
CCHFV assembly

205



Annexe | The PACS-2 protein and trafficking motifs in CCHFV Gn and Gc cytoplasmic domains govern
CCHFV assembly

10 (&) A GAUTAMETAL.

A B

AC

D Pearson’s Gc - GM130 E Pearson’s Gc - Rab5
1.0 1.0+
0.8
0.6+ *
*
0.4 L4 °
.
: %,
0.2+

WT Y1 Y2 LL AC

WT Y1 Y2 LL AC

Figure 4. Intracellular localization of CCHFV Gn cytoplasmic tail mutants. (A, D) Golgi localization of CCHFV Gc glycoprotein.
Confocal microscopy analysis of Huh7.5 cells producing tc-VLPs encoding a GFP marker that were generated with WT GPC vs. GPC
harbouring Gn cytoplasmic domain mutants (Y1, Y2, LL, AC). At 48 h post-transfection, cells were fixed, permeabilized with Triton
X-100, and stained for GFP (grey channel), Golgi (anti-GM130, green channel), Gc (11E7, red channel), and nuclei (Hoechst, blue
channel). (B, E) Early endosome localization of Gc glycoprotein. As described in (A), cells were fixed, permeabilized with Triton X-
100, and stained for GFP (grey channel), Rab5 (anti-Rab5, green channel), Gc (11E7, red channel), and nuclei (Hoechst, blue chan-
nel). (C, F) Late endosome localization of Gc glycoprotein. As described in (A), cells were fixed and stained for GFP (grey channel),
Rab7 (anti-Rab7, green channel), Gc (11E7, red channel), and nuclei (Hoechst, blue channel). Scale bars represent 10 pm, zooms
from squared area represent 2um. Pearson'’s coefficients were calculated using FlJI (JACoP) on 5 cells from 3 separated exper-
iments (15 cells in total) and expressed as means + SEM. Statistical significance was determined using non-parametric two-tailed
Mann-Whitney test. The values are displayed as means + SEM. Each dot in the graphs corresponds to the value of an individual
cell.

VLPs. Overall, these results confirmed that the cyto-
plasmic domains of CCHFV GPs contain important
trafficking signals. Accordingly, a more subtle mutant,
Gc Y1, that disrupts a tyrosine-based trafficking motif,
also exhibited an over-expression of Gc at the plasma
membrane (Supplementary Fig. 2), which suggested
that traffic to and/or exposure to the plasma

membrane is an important step for CCHFV synthesis
and which implied that its GPs must return to the
Golgi to reach the CCHFV assembly site (Figure 8).
Although such back tracking seems counter-intuitive,
this anterograde followed by retrograde trafficking is
not unique as it is notably used by Golgi resident pro-
teins such as Furin or TGN38 [33]. One possibility is
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that retrograde trafficking could be essential for both
proper maturation of CCHFV GPs and/or encounter-
ing/recruitment of viral RNA. Indeed, as the final
maturation step of Gc involves the cleavage of preGc
by an uncharacterized SKI-1/S1P protease [10], one
cannot exclude that this cleavage event takes place in
endosomal/lysosomal ~ compartments  since the
involved proprotein convertases are active in a wide
range of compartments [41]. On the other hand, cyto-
plasmic “condensates” that contain viral RNA and NP
have been observed in CCHFV-infected cells and may
represent replication sites [42], raising the possibility
that Gn/Gc complex needs to use specific intracellular
pathways to interact with and transport the viral RNA
through Gn zinc finger domains to the assembly sites.

The above observations concerning CCHFV GPs
led us first to investigate the functions of all the
trafficking motifs that were detected in both Gn and
Gc cytosolic domains.

Particularly, the last 5 amino acids of Gc (KTHIG),
whose deletion abrogated production of infectious
CCHFYV tc-VLPs, would fit with a non-canonical di-
lysine motif KxHxx as an ER retrieval (ERR) motif.
Such a motif was first identified within an alternative
viral envelope GP, the spike protein of SARS-CoV-1
[35]. Curiously, while dibasic motifs are absent in Gc
proteins from Orthobunyaviruses and Tospoviruses
[20], they can be detected in Gc from Phleboviruses
(KKxx) and Hantaviruses (KKxx or KxKxx), suggesting
different GP trafficking requirements among Bunya-
viruses. These dibasic motifs (KKxx or KxKxx), present
in some type I transmembrane proteins, are recognized
by the COPI coatomer to achieve their retrograde trans-
port from TGN to ER [28]. The presence of such a motif
in Ge CT therefore suggests that Gc needs this motif to
reach a dedicated place, probably the assembly site
(Figure 8). This may be analogous to the spike protein

of coronaviruses which needs to return to the ER-
Golgi Intermediate Compartment (ERGIC) to allow its
incorporation into virions [43].

We also identified four putative tyrosine-based
motifs, two located on Gn (YREL and YLNL, Gn Y1
and Y2 motifs, respectively) and two located on Gc
(YRHL and YRRI, Gc Y1 and Y2 motifs, respectively).
Tyrosine-based motifs YXX® are known to be
involved in protein recycling from the plasma mem-
brane via clathrin-mediated endocytosis [44] and in
protein targeting to the lysosomes [45], endosomal
compartments [46] and TGN [47]. YXX® motifs
bind to the pu subunit of adaptor protein complexes
(APs) with the highest avidity for p2 of AP-2 complex
[33].

Interestingly, our results identified distinct func-
tional features for these different tyrosine-based
motifs. As above discussed, mutations of Gc Y1
showed increased exposition of Gc at the plasma
membrane, hence suggesting that this motif acts as
classical endocytosis motif (Figure 8). Yet, Gn Y1 as
well as Gc Y1 mutations resulted in only a mild defect,
of up to two-fold of viral incorporation of either GP
and had no impact on tc-VLP infectivity or on Gc
localization at Golgi. This suggested that the bulk of
envelope GPs were still able to reach assembly sites,
owing to alternative trafficking signals or to a still
active, though weaker, endocytosis mechanism, and
that either motif could be important for removing
exceeding GP from the plasma membrane rather
than to be a limiting factor for CCHFV envelopment.
In contrast to the above, the two other tyrosine-based
motifs located on either envelope GP, i.e. Gn Y2 and
Gc Y2, were shown to be crucial for virion assembly.
Indeed, their individual mutation strongly impaired
Gn and Gc secretion, virion envelopment, and tc-
VLP infectivity. Furthermore, this correlated with

Figure 5. Production of infectious CCHFV particles from PACS-1 or PACS-2 knockdown cells. Downregulation of PACS-1 or
PACS-2 was achieved in Huh7.5 cells via lentiviral vectors expressing PACS-1 (ShPACS-1), PACS-2 (Sh103, Sh433) or control shRNA
(ShControl). The cells were then used to produce CCHFV tc-VLPs harbouring WT GPC or no GPC (No-GPs). (A) Representative Wes-
tern blot analysis and relative quantification of PACS-1 expressed as fold change compared to PACS-1 levels expressed in cells
transduced with a control shRNA (ShControl). (B) Infectivity titres of CCHFV tc-VLPs produced in the presence vs. in the absence
of PACS-1 shRNA. At 72 h post-transfection, clarified supernatants and cell-associated tc-VLPs were used to infect Huh7.5 cells pre-
transfected with L and N expression vectors, and titres were determined by FACS analysis at 24 h post-infection. (C) Viral charac-
teristics of full length, live CCHFV produced in PACS-1 KD or control cells. The cells were infected with live CCHFV at an MOI of 0.01.
Supernatants (extracellular) and cells (intracellular) were harvested at 24 h post infection. Viral RNA in the supernatants and cells
were determined using RTqPCR. (D) Representative Western blot analysis and relative quantification of PACS-2 expressed as fold
change compared to PACS-2 levels expressed in cells transduced with a control shRNA. (E) Infectivity titres of CCHFV tc-VLPs pro-
duced in the presence vs. in the absence of PACS-2 shRNA. At 72 h post-transfection, clarified supernatants and cell-associated tc-
VLPs were used to infect Huh7.5 cells pre-transfected with L and N expression vectors, and titres were determined by FACS analysis
at 24 h post-infection. (F) Viral characteristics of CCHFV produced in PACS-2 KD or control cells. The cells were infected with live
CCHFV at an MOI of 0.01. Supernatants (extracellular) and cells (intracellular) were harvested at 24 h post infection. Viral RNA in the
supernatants and cells were determined using RTqPCR. (G) Infectivity of tc-VLPs in PACS-2 down-regulated cells. Huh7.5 cells
down-regulated for PACS-2 (Sh103, Sh433) or control shRNA (ShControl) were pre-transfected with L and N expression vectors.
Twenty-four hours later, cells were infected with CCHFV tc-VLPs harbouring WT GPC or no GPC (No-GPs) and titres were deter-
mined by FACS analysis at 24 h post-infection. Average number of repeats for extracellular and intracellular infectivity assays: n =
3. The values are displayed as means + SEM. Each dot in the graphs corresponds to the value of an individual experiment and dots
from one colour are from the same experiment.
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Figure 6. Viral incorporation of CCHFV GPs in PACS-2 knockdown cells. Downregulation of PACS-2 was achieved in Huh7.5
cells via a lentiviral vector expressing PACS-2 shRNAs (Sh103, Sh433) or control shRNA (ShControl). The cells were then used to
produce CCHFV tc-VLPs harbouring WT GPC or no GPC (No-GPs). (A-C) Intracellular levels and processing of CCHFV GPs produced
in the presence control shRNA vs. PACS-2 ShRNA. Representative Western blot analysis and relative quantification of intracellular
G, NP and Gn compared to WT proteins (lower panels). Protein band intensities were quantified and normalized relative to actin
and expressed as fold change compared to WT (lower panels). (D-F) Cell supernatants containing tc-VLPs were pelleted by ultra-
centrifugation through 20% sucrose cushions, resuspended in Opti-MEM medium and analysed by Western blot. Representative
Western blot analysis and relative quantification of Gc, NP and Gn expressed as fold change compared to WT proteins (lower
panels). Molecular weight markers are marked to the left (kDa). Statistical significance was determined using parametric stu-
dent-t test compared with WT GPs. Average number of repeats for intracellular CCHFV proteins: Gn =3, Gc = 3, NP = 3. Average
number of repeats for CCHFV proteins in pellets: Gn = 3, Gc = 3, NP = 3. The values are displayed as means + SEM. Each dot in the
graphs corresponds to the value of an individual experiment and dots from one colour are from the same experiment. Statistical
significance was determined using parametric student-t test compared with WT protein in ShControl condition. The values are
displayed as means + SEM. Each dot in the graphs corresponds to the value of an individual cell.

prevention of Gc colocalization at the Golgi, and con-  tyrosine-based motifs could also act as late domains to

sequently, increased Gce colocalization with late endo-
somes. These results suggested that these mutant GPs
have impaired traffic between endosomes and Golgi
(Figure 8), and thus, that Gn and Gc Y2 tyrosine-
based motifs represent crucial GP intracellular traffick-
ing domains. Notably, it was previously suggested that

recruit host cellular factors necessary to complete virion
budding and to compensate the lack of matrix in
Bunyaviruses [20]; yet, one would expect that these
mutants could be blocked within the assembly sites
(Golgi) and would have altered NP secretion, which
was not observed in our assays.
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Figure 7. CCHFV GPs trafficking in PACS-2 knockdown cells. Downregulation of PACS-2 was achieved in Huh7.5 cells via a
lentiviral vector expressing PACS-2 shRNAs (Sh103, Sh433) or control shRNA (ShControl). The cells were then used to produce
CCHFV tc-VLPs. (A) Golgi localization of CCHFV Gc glycoprotein. Confocal microscopy analysis of Huh7.5 cells producing tc-
VLPs encoding a GFP marker that were generated with WT GPC. At 48 h post-transfection, cells were fixed, permeabilized
with Triton X-100, and stained for GFP (grey channel), Golgi (anti-GM130, green channel), Gc (11E7, red channel), and nuclei
(Hoechst, blue channel). (B) Gc colocalization with NP. Confocal microscopy analysis of Huh7.5 cells producing tc-VLPs encoding
a GFP marker that were generated with WT GPC. At 48 h post-transfection, cells were fixed, permeabilized with Triton X-100, and
stained for GFP (grey channel), Gc (11E7, green channel), NP (2B11, red channel), and nuclei (Hoechst, blue channel). Scale bars
represent 10 pm. Magnification of the squared areas is shown at the right side of each condition, scale bars from squared area
represent 2um. Pearson’s coefficients were calculated using FIJI (JACoP) and expressed as means + SEM. Statistical significance
was determined using non-parametric two-tailed Mann-Whitney test. The values are displayed as means + SEM. Each dot in
the graphs corresponds to the value of an individual cell.

Additionally, we identified two functional dileu-
cine motifs either in the cytosolic domain of Gn or
in the cytoplasmic tail of Gc. Di-leucine based motifs
are another class of sorting motifs that act in the
TGN/endosomal system. They have been shown to
be recognized by AP-1, AP-2 and AP-3 [26] to med-
iate different sorting events, such as internalization
from plasma membrane and sorting to endosomes
[27]. Curiously, the substitution for alanines of a
di-leucine motif in Gc strongly impaired Uukuniemi

virus (UUKV) VLPs budding, suggesting that this
motif would act between assembly and secretion of
UUKV VLPs [21]. In our study, we discovered that
the disruption of the dileucine motif in the cyto-
plasmic domains of both the Gn or Gc proteins
resulted in a deficiency in the envelopment and
secretion of CCHFV tc-VLPs. Furthermore, our con-
focal microscopy analysis only revealed a slight
impairment of the colocalization of Gc of the Gn
LL mutant with the early endosome marker (Rab5),
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Figure 8. Working model of CCHFV GP retrograde intracellular trafficking. The molecular characterization of Gn and Gc CT
motifs suggest that after translation, either GP follows the secretion pathway, via an unidentified mechanism, to reach the plasma
membrane (PM). From the PM, Gc is re-endocytosed via its first tyrosine domain (Y1), which probably involves a clathrin-mediated
endocytosis via AP-2 complexes. After endocytosis, Gn and Gc traffic via the endosomal retrograde pathway and are transferred
from the late endosomes to the Golgi through the usage of their second tyrosine motif (Gn Y2 and Gc Y2 respectively). From there,
Gn and Gc progress along the Golgi stacks to reach the unidentified assembly site, probably via COPI binding to Gc ERR motif and
Gn AC motif via the PACS-2 protein adaptor. Interestingly, our results suggest that NP trafficking and/or assembly into particles is

also dependent on PACS-2 protein.

which is likely not significant for CCHFV assembly
owing to very low Pearson’s coefficients for WT
GPs. Thus, these results suggested that the di-leucine
motifs identified in CCHFV GPs either may not be
trafficking motifs per se, or at least may not be
involved in the endosomal retrograde pathway.
Indeed, consensus di-leucine motifs exhibit a nega-
tively charged amino-acid in position - 2 or - 3
(DXXLL and [DE]XXXL[LI] respectively [33])
which is absent in CCHFV GPs. Yet, as the mutation
of these LL motifs dramatically impaired tc-VLP
assembly, further work would be necessary to identify
at which step do they act, such as e.g. Gn/Gc hetero-
dimerization, envelopment or genome packaging.
Finally, we identified putative acidic cluster (AC)
motifs, which are composed of a stretch of negatively
charged amino acids, in both Gn and Gc cytosolic
domains [33]. While mutation of the acidic cluster
of Gec GP did not seemingly alter its functions, the
exchange of charged amino acids by neutral structural

homologs in the acidic cluster of Gn GP (i.e. substi-
tution of EKVEETEL for QKVQQTQ) resulted in a
complete loss of Gn/Gc secretion as well as of tc-
VLP production and infectivity (Figure 8).

Acidic cluster motifs are often found in transmem-
brane proprotein convertases, such as PC6B and PC7
that are localized to the TGN and were first described
in the cytosolic tail of Furin [34]. Interestingly, several
viral proteins also contain such motifs including GP of
KSHYV [48], GP Bof HCMV [49], Nef of HIV-1 [50] or
TM GP of RD114 virus [39]. These acidic cluster
motifs are recognized by PACS (phosphofurin acidic
cluster sorting) proteins to achieve intracellular
trafficking. The PACS family comprises two members,
PACS-1 and PACS-2, that have similar structures but
different functions [29]. The structure of PACS pro-
teins consist of a cargo (furin)-binding region (FBR),
a disordered middle region (MR) and a C-terminal
region (CTR) [29]. Both proteins share 54% sequence
identity, but the FBR domain of PACS-2 has 81%
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sequence identity with that of PACS-1 and is believed
to be critical for identifying and binding cargo pro-
teins [29]. Widely expressed in human tissues, the bio-
logical function of PACS proteins is to sort client
proteins from different organelles. The PACS-1 FBR
interacts with the AP-1 and AP-3 adaptor complexes
[51] and has been shown to direct the retrograde
transport of numerous cellular proteins from endoso-
mal pathway to TGN, including Furin and the cation-
independent mannose-6-phosphate receptor (CI-
MPR) [52], or viral proteins such as GP B of HCMV
[49], the TM protein of RD114 [39], or the accessory
protein Nef of HIV-1 [50]. The PACS-2 FBR binds
to COPI and controls the ER localization of polycys-
tin-2 [53] and calnexin [54], and the cell surface expo-
sition of the metalloproteinase ADAM17 [55], but also
interacts with HIV-1 Nef to trigger MHC-1 down-
regulation [40]. Importantly, acidic clusters often con-
tain serine or threonine residues that can be phos-
phorylated by CK2 (casein kinase 2), which confer
different subcellular distribution of the cargo proteins
depending on their phosphorylated state.

Our results with mutations of AC motif in CCHFV
Gn GP led us to hypothesize that PACS-1 or PACS-2
could be involved in CCHFV life cycle through recog-
nition of the Gn AC motif. Yet, we did not observe any
effect neither on tc-VLP nor on live CCHFV infectiv-
ity upon PACS-1 silencing, suggesting that PACS-1 is
not a crucial cellular host factor involved in pro-
duction of infectious CCHFV particles.

Importantly, PACS-2 down-regulation severely
impaired Gn/Gc secretion and infectivity of tc-VLPs
as well as CCHFV genome expression by virus-
infected cells, confirming that PACS-2 is an important
proviral factor acting at the assembly/secretion level.
Since silencing of PACS-2 also impaired the formation
of intracellular infectious tc-VLPs, these data
suggested that PACS-2 acts at assembly steps rather
than secretion of CCHFV particle. Interestingly, we
also observed a defect in NP secretion upon PACS-2
down-regulation. Little is known about the ligands
of PACS-2, but due to its high homology with
PACS-1 [29], one can imagine that PACS-2 could
link several proteins at the same time, alike PACS-1
that was shown to bind within same complexes CI-
MPR, CK2 and GGA3 via different domains contained
in the FBR region [56]. It is thus tempting to speculate
that PACS-2 could bind Gn via its acidic cluster and
NP via an unidentified domain. This tripartite associ-
ation could then help the encountering of NP with Gn
or with the Gn/Gc complex, or, alternatively, could
allow the co-trafficking of CCHFV GPs and NP to
the assembly site. The latter would explain why the
mutation of the Gn AC affects only the secretion of
Gn/Gce (Figure 8), while the absence of PACS-2
impairs the secretion of both Gn/Gc and NP. Finally,
we found that the mutation of the AC motif in
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CCHFV Gn GP or the depletion of PACS-2 impaired
the trafficking of Gc GP through the Golgi and the
colocalization of Gc and NP. Since PACS-2 has been
shown to adapt AC-containing proteins to COPI
[53], it is reasonable to hypothesize that PACS-2 con-
nects Gn-Gc-NP complex to COPI along the retro-
grade pathway through the Golgi to ultimately reach
the assembly site.

In conclusion, we show that various viral determi-
nants on CCHFV GPs and the host factor PACS-2
can induce a stepwise CCHFV GPs assembly/incor-
poration, egress and secretion of infectious particles.

Materials and methods

Cell culture and reagents. Huh-7.5 hepato-carcinoma
(kind gift from C. Rice) and HEK 293 T kidney cells
were grown in Dulbecco’s modified Eagle’s medium
(DMEM) complemented with 10% fetal bovine
serum (FBS) and 1% penicillin-streptomycin. All the
cells were grown in a 37°C and 5% CO, incubator.
Plasmids and constructs. The constructs encoding
wild-type CCHFV  strain IbAr10200 L polymerase
(pCAGGS-V5-L), CCHFV  nucleoprotein NP
(pCAGGS-NP), CCHFV specific eGFP-expressing
minigenome (pT7RiboSM2_vL_eGFP), T7 RNA poly-
merase (pCAGGS-T7), CCHFV M-segment polypro-
tein (pCAGGS-GPC), and an empty vector without
viral genes (pCAGGS) were described previously
[30,36,57]. Several CCHFV M segment cDNA
mutants were generated using standard molecular
cloning techniques and confirmed by DNA sequen-
cing. Standard PCR and oligonucleotide-specific
mutagenesis reactions were carried out with Phusion
enzyme (NEBio-labs). Cytoplasmic tail mutations in
Gc or Gn were introduced in the context of expression
of the whole GPC. By site-directed mutagenesis, Gc
tyrosine motif mutant one Y1 (YRHL/ARHL) was cre-
ated by changing the tyrosine to alanine. Gc tyrosine
motif mutant two Y2 (YRRI/ARRI) was generated by
changing tyrosine to alanine. Gc dileucine motif (LL/
AA) mutant was generated by mutagenesis. Acidic
motif mutations were created (DDEE/NNQQ). ERR
mutation in Gc cytoplasmic tail of GPC was generated
by deletion of its last residues (AKTHIG). The removal
of the Gc cytoplasmic tail mutant was generated as
described previously [58] for the Gc ACT-expressing
GPC plasmid (ACT). Similarly, by using site-directed
mutagenesis, Gn tyrosine motif mutant one Y1
(YREL/AREL) was created by changing the tyrosine
to alanine. Gn tyrosine motif mutant two Y2 (YLNL/
ALNL) was generated by changing tyrosine to alanine.
Gn dileucine motif (LL/AA) mutant was generated by
mutagenesis. Acidic motif mutations in Gn were cre-
ated (EKVEETE/QKVQQTQ). Details of oligonucleo-
tides used for the constructs are available upon
request. The pCAG-PACS-2-HA construct was
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derived from pcDNA-PACS-2-HA (kind gift of
G. Thomas) [53]. Briefly, the hCMV promoter of
pcDNA-PACS-2-HA was exchanged by the CAG pro-
moter of pCAGGS-NP construct via SnaBI/EcoRI
restriction and ligation following classical cloning
strategy.

Antibodies. Anti-PreGc (clone 11E7) and anti-NP
(clones 9D5 for Western blot analysis and 2B11 for
immunofluorescence analysis) mouse monoclonal
antibodies targeting CCHFV were received from the
Joel M. Dalrymple-Clarence J. Peters USAMRIID
Antibody Collection through BEI Resources, NIAID,
NIH. Anti-Gn rabbit polyclonal antibody was kindly
given by Ali Mirazimi (Karolinska Institute, Sweden).
Monoclonal mouse anti-B-actin AC-74 (Sigma), anti-
HA (3F10, Sigma), anti-PACS-1 (A12659, ABclonal),
anti-PACS-2 (ab222316, Abcam) were used at 1/
1,000 for Western blotting. Anti-GM130 (ab52649,
Abcam), anti-Rab5 (C8B1, Cell Signaling) and anti-
Rab7 (D95F2, Cell Signaling) were used at 1/200 for
immunofluorescence. All the antibodies were used
according to the manufacturer’s guidelines.

Production and titration of full-length CCHFV
particles. To generate a titrated stock of live
CCHEFV, Huh-7.5 cells were infected in the BSL-4 lab-
oratory (Jean Mérieux, Lyon) using CCHFV isolate
IbAr10200 (obtained from Institut Pasteur) at a mul-
tiplicity of infection (MOI) of 0.01 and the production
was harvested 24 h post-infection. Infectious titre was
determined by NP immunostaining on VeroE6 cells.

At 24 h post-infection of Huh-7.5 cells WT or KD
for PACS-1 or PACS-2 (see below) at MOI =0.01
with this reference stock, cells and supernatants were
harvested and lysed with TriReagent (Molecular
Research Center, Inc. Cat. No. TR118). RNAs were
extracted according to the manufacturer’s protocol
and level of viral RNA was determined by RT-qPCR
(see below).

Knockdown of PACS-1 and PACS-2. Expression
of specific shRNAs AGATCTGTTCAGTCGCTC
through a lentiviral vector induced the PACS-1 down-
regulation in producer cells [39]. Two PACS-2
shRNAs were ordered from SIGMA-ALDRICH, ref
sequence NM_015197, TRCN000135103 (sh103) (tar-
get sequence: CACCAAGGAGAAGAACAAGAA)
and TRCNO0000137443 (sh433) (target sequence:
GACCAGGCAACAGAACTTCAA). To package
shRNA-expressing lentiviral vectors, HEK293 T cells
were seeded in 10-cm plates and were transfected
with 8 ug of the FG12 GFP/shRNA construct or
pLKO PACS-2 construct, 8 pg of the HIV packaging
construct psPAX2, and 2.7 ug of the VSV-G glyco-
protein construct phCMV-G. The vector particles
were collected 48 h post-transfection by 0.45 pm
filters and aliquots were kept at — 80°C for further
use. The infectious titres were determined on 293 T
cells by FACS or VCN analysis. To downregulate
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PACS-1 and PACS-2 in Huh7.5 cells, the shRNA len-
tiviral vectors were used at a MOI of 10. For PACS-1
knockdown, two days after transduction, the trans-
duced Huh7.5 cells were seeded in 10-cm plates and
transfected 24 h post-seeding with plasmids allowing
production of WT tc-VLPs to perform biochemical
assay either in control or knockdown cells. Similarly,
for PACS-2 knockdown, 7 days after transduction,
cells were used for further transfections to generate
WT tc-VLPs in knockdown or control cells to perform
biochemical assays. In parallel, a lentiviral vector with-
out shRNA was used as a control. The knockdown of
endogenous PACS-1 and PACS-2 was validated by
immunoblotting.

For full-length virus, Huh-7.5 cells were infected
after 2 days of transduction for PACS-1 or 7 days of
transduction of PACS-2.

Production of tc-VLPs. Huh7.5 cells were seeded
in 10 cm dishes and transfected with 3.6 pg of
pCAGGS-V5-L, 1.2 pug of pCAGGS-NP, 1.2 ug of
pT7riboSM2-vS-GFP, 3 ug of pCAGGS-GP, 3 ug of
pCAGGS-T7 by using GeneJammer transfection
reagent (Agilent), as previously described [30,36].
pCAGGS plasmid was additionally transfected to
keep the DNA amount uniform. For PACS-2 over-
expression experiments, increasing amount of
pCAG-PACS-2-HA construct, complemented or not
with pCAGGS plasmid to achieve a total of 8 ug
DNA, were added to the above DNA mix prior to
the transfection. The transfection media was replaced
after 6 h post-transfection. Cells supernatants were
harvested 72 h post-transfection and filtered through
a0.45 pm filters and concentrated through ultracentri-
fugation through a 20% sucrose cushion (SW41 rotor
at 28,000 rpm, 2 h, 4°C).

Intracellular and extracellular infectivity of tc-
VLPs. Infectivity was analysed infection of pre-trans-
fected Huh7.5 cells expressing L and NP plasmid on
Huh7.5 cells. For titration, Huh-7.5 cells were pre-
transfected with 2.4 pg of pCAGGS-V5-L and 4.8 ug
of pCAGGS-NP using GeneJammer transfection
reagent. The transfection medium was replaced at
6 h post-transfection and cells were seeded in 24-
well plates in DMEM. Twenty-four hours post pre-
transfection, cells were infected, as previously
described [30,36]. Intracellular tc-VLP particles were
released upon producer cells lysis by three repeated
freeze-thaw cycles, followed by clarification by cen-
trifugation. At 24 h post-infection, the infectivity
was analysed by flow cytometry (FACS) using a
MACSQuant (Miltenyi Biotec) VYB apparatus. Data
were then analysed using the Flow]Jo software. Titres
were calculated according to the formula (number of
seeded Huh7.5 cellsx% of GFP-positive cells) x
1000/ul of inoculum and expressed as infectious
units per ml of supernatant (extracellular infectivity)
or cell lysate (intracellular infectivity).
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RNA extraction and RT-qPCR analysis. Viral
RNAs were extracted either from infected cell (intra-
cellular) or from the supernatant (extracellular) using
TRI Reagent according to the manu-facturer’s instruc-
tions (Molecular Research Center). RNAs were reverse
transcribed using random oligonucleotide primers
with iScript (Bio-Rad). The following specific primers
against S segment were used: for CCHFV RNA
quantification, forward primer 5 -
TGTTGCCTCCACCAGAGCA and reverse primer
5-TTCCAAATGGCCAGTGCC [59]. Quantitative
PCR (qPCR) was performed using FastStart Universal
SYBR Green Master (Roche) on a StepOne Real-Time
PCR System (Applied Biosystems). As an internal con-
trol of extraction, in vitro-transcribed exogenous
RNAs from the linearized Triplescript plasmid
pTRI-Xef (Invitrogen) were added to the samples
prior to RNA extraction and quantified with specific
primers (5-CGACGTTGTCACCGGGCACG and
5-ACCAGGCATGGTGGTTACCTTTGC). All values
of intracellular CCHFV RNAs were normalized to gly-
ceraldehyde 3-phosphate dehydrogenase (GAPDH)
gene transcription. For GAPDH mRNA quantification,
we used the forward 5-AGGTGAAGGTCGGAGT-
CAACG and reverse 5-TGGAAGATGGTGATGG-
GATTTC primers. All extracellular CCHFV RNAs
were normalized to XEF signals.

Western blot analysis. Huh7.5 transfected cells
were washed with cold PBS and detached with Ver-
sene (Gibco). Cells were lysed in cell lysate buffer
(20 mM Tris pH 7.5, 1% Triton, SDS 0.05%, sodium
Deoxycholate Acid 0.5% and 150 mM NaCl) contain-
ing protease inhibitors (Roche). Cell lysates were
clarified by centrifugation at 13,000 rpm for 30 min
at 4°C. Pellets from ultracentrifuged supernatants
were resuspended in Gibco Opti-MEM medium in
1/100 of the initial volumes. To detect the expression
of NP, GC, Gn, PACS-1, PACS-2 and Actin, samples
were denatured at 95°C for 5 min in reducing loading
buffer (5X Blue Loading Buffer, 200 mM Tris HCI
pH6.8, 10% SDS, 500 mM [-mercaptoethanol and
50% glycerol) and electrophoresed on 10% polyacryl-
amide gels. Alternatively, for detection of Gc, samples
were processed in a non-reducing loading buffer (5X
Blue Loading Buffer, 200 mM Tris HCI pH6.8, 5%
SDS, and 50% glycerol) and electrophoresed on 10%
polyacrylamide gels. Proteins were transferred to a
nitrocellulose membrane by electro blotting (Bio-
Rad) for 1 h at 100 V. The membrane was incubated
in TBST (20 mM Tris HCI, pH 7.5, 150 mM NaCl
and Tween 0.05%)-milk 5% for 1 h. Nitrocellulose
membranes were incubated overnight at 4°C with pri-
mary antibodies for the detection of CCHFV protein
(mouse monoclonal 9D5 anti-NP (1:1,000), mouse
monoclonal 11E7 anti-Gc (1:500) and rabbit polyclo-
nal anti-Gn (1:5,000)) diluted in TBST-milk 5%.
After 3 washes using TBST, then membranes were

incubated with immunofluorophore-labelled second-
ary antibodies (LiCor Biosciences) at 1:10000 dilution
in TBST for 1 h at room temperature, followed by ima-
ging with Odyssey infrared imaging CLx system
(LiCor Biosciences). Quantification of proteins was
performed with Odyssey imaging CLx system
software.

Immunofluorescence analysis. The procedure was
described previously [60]. Briefly, Huh7.5 cells were
seeded in 6-well plates on coverslips and transfected
with the plasmids described above. The transfection
media was replaced after 6 h post-transfection and
infected with WT tc-VLPs at 24 h post-transfection.
Forty-eight hours post-transfection, the cells were
fixed with 4% paraformaldehyde (PFA) for 15 min at
room temperature. Next, unless otherwise specified,
the cells were permeabilized with 0.1% Triton X-100
for 7 min. Cells were washed 3 times with PBS and
incubated for 1 h at room temperature with primary
antibodies diluted in PBS/1% BSA. After 3 washes
with PBS/1% BSA, cells were further incubated with
Alexa Fluor-conjugated secondary antibodies (Alexa
Fluor 568 and Alexa Fluor 647; Thermo Fisher) in
PBS/1% BSA. After 3 washes with PBS, nuclei were
stained with Hoechst 33342 (Molecular Probes), and
the coverslips were mounted with Mowiol 40-88
(Sigma-Aldrich). The slides were examined using a
confocal microscope LSM-800 (Zeiss). Pearson’s cor-
relation coeflicients were calculated using FIJI
(JACoP) and were calculated on n cells from 3 separ-
ate experiments and expressed as mean + SEM.

Statistical analysis. All the statistical analysis were
performed using GraphPad Prism version 5.02 for
Windows or Mac, GraphPad Software (San Diego, Cali-
fornia, USA). For statistical comparisons, the Mann-
Whitney or the student-t test were used. For statistical
analysis, a p-value of 0.05 or less was considered signifi-
cant. Data are presented as mean + standard error of the
mean (SEM), and results of the statistical analysis are
shown as follows: ns, not significant (P> 0.05); *, P<
0.05; **, P < 0.01; and ***, P < 0.001.
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Supplementary Figure legends

Supplementary Fig. 1. Trafficking motifs identified in CCHFV Gn and Gc cytosolic domains are
highly conserved between CCHFV strains. Various CCHFV isolates were retrieved from NCBI and
a multiple sequence analysis done by Clustal Omega. (A, B) multiple alignment of Gc (A) and Gn
(B) glycoproteins. The boxes refer to the motifs investigated in this study (see Fig. 1 and Fig. 3).
(C) The table details the various CCHFV strains that were used for this multiple alignment analysis:

gene bank number, strain, host, isolation.

Supplementary Fig. 2. Deletion of Gc cytoplasmic tail and mutation of its first tyrosine motif
increases Gc exposition at the plasma membrane. (A) Confocal microscopy analysis of cell
surface expression of Gc in Huh7.5 cells producing tc-VLPs encoding a GFP marker that were
generated with WT GPC vs. GPC harboring Gc cytoplasmic tail mutants (ACT, Y1, Y2, LL, AC, ERR).
At 48h post-transfection, cells were fixed, left unpermeabilized (no Triton condition), and stained
for Gc expression with 11E7 antibody. As positive control for Gc staining, one slide of Gc WT was
permeabilized with Triton-X100 (Triton 0.1%). Yellow arrows point cell surface detection of Gc
protein. (B) Huh7.5 cells were transfected with WT GPC vs. GPC harboring Gc cytoplasmic tail
mutants. 48 hours post-transfection, cells were fixed and syncytia formation was revealed with
May-Grunwald and Giemsa stains. Pictures were acquired with an epifluorescence microscope.

Yellow arrows point cell examples of syncytia.

Supplementary Fig. 3. PACS-2 down-regulation in tc-VLP-producing cells does not influence Gc
intracellular localization at early and late endosomes. Confocal microscopy analysis of Huh7.5
cells down-regulated for PACS-2 expression using two different ShRNA (Sh103 and Sh433) and
producing tc-VLPs encoding a GFP marker that were generated with WT GPC. Forty-eight hours
post-transfection, cells were fixed, permeabilized with Triton X-100, and stained for GFP (grey
channel), Gc (11E7, red channel), nuclei (Hoechst, blue channel) and either early endosome (anti-
Rab5, green channel) or late endosome (anti-Rab7, green channel), as indicated. Scale bars

represent 10 um. Magnification of the squared areas is shown at the right side of each condition,
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scale bars from squared area represent 2um. Pearson’s coefficients were calculated using FlJI

(JACoP) and expressed as means + SEM.

Supplementary Fig. 4. Production of infectious CCHFV particles from cells overexpressing PACS-
2. Huh7.5 were co-transfected with constructs necessary to produce tc-VLPs and with increasing
amount of PACS-2 expressing construct (0, 4 or 8 ug). (A) Representative Western blot analysis of
HA (left panel) or PACS-2 (middle panel) and relative quantification of PACS-2 expressed as fold
change compared to PACS-2 levels expressed in cells transfected with a control plasmid (0). (B)
Infectivity titers of CCHFV tc-VLPs produced in excess of PACS-2. At 72h post-transfection, clarified
supernatants and cell-associated tc-VLPs were used to infect Huh7.5 cells pre-transfected with L
and NP expression vectors, and titers were determined by FACS analysis at 24h post-infection. (C-
E) Intracellular levels and processing of CCHFV WT GPs in cells overexpressing PACS-2 compared
to endogenous expression of PACS-2. Representative Western blot analysis and relative
quantification of intracellular Gc, NP and Gn expressed compared to no overexpression of PACS-
2 (0) (lower panels). Protein band intensities were quantified and normalized relative to actin and
expressed as fold change compared to no overexpression of PACS-2 (lower panels). (F-H) tc-VLP
containing cell supernatants were pelleted by ultracentrifugation through 20% sucrose cushions,
resuspended in Opti-MEM medium and analyzed by Western blot. Representative Western blot
analysis and relative quantification of Gc, NP and Gn expressed as fold change compared to no
overexpression of PACS-2 (0) (lower panels).

Molecular weight markers are marked to the left (kDa). Statistical significance was determined
using parametric student-t test compared with WT proteins. The values are displayed as means +
SEM. Each dot in the graphs corresponds to the value of an individual experiment and dots from

one color are from the same experiment.
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The Crimean-Congo hemorrhagic fever virus (CCHFV) is an emerging patho-
gen of the Orthonairovirus genus that can cause severe and often lethal
hemorrhagic diseases in humans. CCHFV has a broad tropism and can infect a
variety of species and tissues. Here, by using gene silencing, blocking anti-
bodies or soluble receptor fragments, we identify the low-density lipoprotein
receptor (LDL-R) as a CCHFV entry factor. The LDL-R facilitates binding of
CCHFV particles but does not allow entry of Hazara virus (HAZV), another
member of the genus. In addition, we show that apolipoprotein E (apoE), an
exchangeable protein that mediates LDL/LDL-R interaction, is incorporated on
CCHFV particles, though not on HAZV particles, and enhances their specific
infectivity by promoting an LDL-R dependent entry. Finally, we show that
molecules that decrease LDL-R from the surface of target cells could inhibit
CCHFYV infection. Our study highlights that CCHFV takes advantage of a lipo-
protein receptor and recruits its natural ligand to promote entry into cells.

The Crimean-Congo hemorrhagic fever virus (CCHFV) is a tick-born
zoonotic virus, responsible for severe hemorrhagic fever outbreaks in
humans, with a case fatality rate of 10-40%, while being asymptomatic
in non-human hosts'. CCHFV is endemic in Asia, the Middle East,
Eastern Europe, Africa, and more recently, Southern Europe*’, which
corresponds to the geographic distribution of its vector and/or
reservoir, mainly Hyalomma ticks®.

CCHFYV is an enveloped virus that belongs to the Nairoviridae
family of the Bunyavirales order. The viral genome consists of three
single-stranded RNA segments (L, M, and S) of negative or ambisense

polarity. The RNA segments exclusively replicate in the cytosol and
encode up to five non-structural proteins and four structural pro-
teins, which are the RNA-dependent RNA polymerase L, the nucleo-
protein NP, and two envelope glycoproteins (GP) Gc and Gn. The NP
protein binds to genomic RNA to form, together with the viral
polymerase, the pseudo-helical ribonucleoproteins (RNPs) inside the
virions. Inserted on the viral envelope, the Gn and Gc GPs are
responsible for the attachment of viral particles to the surface of host
cells and their subsequent penetration into the cytosol
(reviewed in’).
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The cellular receptors and co-factors involved in CCHFV entry to
host cells remain poorly identified. Only the human C-type lectin DC-
SIGN and the nuclear factor Nucleolin have been proposed to be
involved in CCHFV entry®’, but they might not be sufficient for CCHFV
entry. Interestingly, a member of the low-density lipoprotein receptor
(LDL-R) family, the low-density lipoprotein receptor-related protein 1
(Lrpl) was recently identified as a critical host entry factor for Rift
Valley fever virus (RVFV)*’ and Oropouche orthobunyavirus (OROV)'"’,
two members of the Bunyavirales order. In addition, other members of
the LDL-R family, i.e., the very-low-density lipoprotein receptor (VLDL-
R) and the apolipoprotein E receptor 2 (apoER2) were also recently
identified as host factors for cell entry of alphaviruses”, while LDL-R
was identified as host entry factor for hepatitis C virus (HCV)*™,
hepatitis B virus (HBV)", Japanese encephalitis virus (JEV)'. Finally,
several members of the LDL-R family are involved as receptors in
vesicular stomatitis virus (VSV) entry”, suggesting that lipid transfer
receptors might be used by different viral families.

We therefore sought to investigate in this study if lipid transfer
receptor(s) could be used by CCHFV to promote cell entry. We used
CCHF transcription and entry-competent virus-like particles (tecVLP)"
that can be handled in BSL-2 and that fully mimic viral particles” as
they contain all the structural proteins and a minigenome segment
encoding a reporter protein (Fig. 1a). These particles were previously
used for neutralization assays” or testing of inhibitors®’. We also
confirmed our results with wild-type (WT) virus, which needs to be
manipulated in BSL-4.

Here, we show that LDL-R is a cofactor for CCHFV entry, pro-
moting binding of viral particles to cell surface. In addition, we
demonstrate that this binding occurs via apolipoprotein E (apoE), a
natural ligand of LDL-R that is found to be incorporated on CCHFV
particles.

Results

The low-density-lipoprotein receptor (LDL-R) is a cofactor of
CCHFV infectivity

Lipid transfer receptors may play significant roles during cell entry for
different virus families. Here, we chose Huh-7.5 cells as they are fully
permissive for CCHFV infection’” and express several of such recep-
tors, including the low-density lipoprotein receptor (LDL-R), the LDL
receptor-related protein 1 (Lrpl), and the scavenger receptor Bl (SR-
B1). While Lrpl and LDL-R are members of the LDL-R family, SR-BI
mediates lipid transfer through a different mechanism. To address
whether they could be involved in CCHFV entry, we knocked down
(KD) several of either lipid transfer receptor (Fig. 1b) by transduction of
Huh-7.5 cells with lentiviral vectors encoding specific ShRNA. We next
transduced these KD cells with serial dilutions of CCHF tecVLPs har-
boring a nanoluciferase (nanoLuc) reporter gene (tecVLP-NanoLuc,
Fig. 1a) and determined transduction levels by luciferase activity
measurement. While the modulation of expression of SR-B1 did not
change the transduction levels of tecVLPs, we found that down-
regulation of LDL-R could significantly reduce transduction of Huh-7.5
cells whereas down-regulation of Lrpl promoted transduction of Huh-
7.5 cells (Fig. 1c). Interestingly down-regulation of Lrpl did not affect
total level of LDL-R (Supplementary Fig. 1a) but induced an increase of
LDL-R at cell surface (Supplementary Fig. 1b), which might explain why
down-regulation of Lrpl promoted transduction of tecVLPs.

Next, we aimed at clarifying the role of LDL-R in CCHFV infection.
First, we analyzed the effect of blocking of LDL-R present at the surface
of Huh-7.5 cells by using an LDL-R antibody added before transduction
with serially diluted CCHF tecVLPs harboring a GFP reporter gene
(tecVLP-GFP, Fig. 1a) or control particles. As positive control, we used
vesicular stomatitis virus glycoprotein pseudoparticles (VSVpp), i.e.,
lentiviral vector particles pseudotyped with VSV-G, whose transduc-
tion depends on LDL-R for entry into cells''%, whereas as negative
control, we used lentiviral vector particles pseudotyped with the Env

glycoprotein from amphotropic murine leukemia virus (MLVpp),
whose entry depends on interaction with the PiT-2, a type Ill sodium-
dependent phosphate transporter””. The transduction titers were
assessed upon determination of the percentage of positive cells by
flow cytometry at 48 h post-transduction (p.t.) (Supplementary Fig. 1c).
In agreement with the results of LDL-R KD, we found that LDL-R
blocking inhibited transduction of both CCHF tecVLP and VSVGpp
particles in an LDL-R antibody dose-dependent manner but did not
affect MLVpp transduction (Fig. 1d). Then, we sought to confirm this
result using WT CCHFV of the 1bar10200 strain that we produced in
Huh-7.5 cells in a BSL4. Upon infection of Huh-7.5 cells with serial
dilutions of infectious virus stocks and subsequent assessment of the
levels of infection at 24 h post-infection (p.i.), via quantification of viral
RNAs in infected cell lysates (Fig. 1a, Supplementary Fig. 1d), we con-
firmed that the blocking of LDL-R could dose-dependently inhibit
CCHFV infection (Fig. 1le).

We also tested the dependency to LDL-R of Hazara virus (HAZV),
another member of the genus Orthonairovirus, using a GFP-expressing
recombinant virus* produced in Huh-7.5 cells. Interestingly, the
blocking of LDL-R at the surface of Huh-7.5 cells did not impair HAZV
infection as assessed by flow cytometry (Fig. 1d), suggesting that LDL-R
is not a pan-Orthonairovirus entry factor.

LDL-R shares a highly homologous structure with the very low-
density lipoprotein receptor (VLDL-R), which is widely expressed with
the exception of hepatocytes, including Huh-7.5 cells, under normoxic
conditions”. We therefore tested the effect of its ectopic expression
on CCHF tecVLP transduction using Huh-7.5 cells transduced with a
VLDL-R-encoding lentiviral vector. Interestingly, expression of VLDL-R
increased the transduction levels of tecVLP-NanoLuc particles by up to
3-fold (Fig. 1f), indicating that alike the LDL-R, VLDL-R may promote
CCHFV entry.

Next, we aimed at confirming the LDL-R-dependent CCHFV entry
in primary human hepatocytes (PHH), which express LDL-R (Fig. 2a)
and could be transduced by tecVLP-NanoLuc particles (Supplementary
Fig. 1e). The read-out was performed at 24 h to maximize the level of
signal in these primary cells. We found that the transduction of PHH
was sensitive to LDL-R blocking (Fig. 2b). Then, we tested the invol-
vement of LDL-R for CCHFV entry in cells from different tissues and
species. First, we tested other human cells than Huh-7.5 hepatoma
cells, either A549 lung epithelial cells or TE-671 rhabdomyosarcoma
cells, which could readily be transduced by tecVLP-NanoLuc particles
(Supplementary Fig. 1f). Interestingly, we found that transduction of
both A549 and TE-671 cells, which express LDL-R (Fig. 2a), was sensitive
to LDL-R blocking (Fig. 2c). Second, as CCHFV can also infect cattle, we
tested the LDL-R dependency of CCHFV entry in bovine cells, either
EBL embryonic lung cells or MDBK kidney cells, which were found
permissive to tecVLP-NanoLuc transduction (Supplementary Fig. 1g).
Yet, while the LDL-R blocking antibody could bind LDL-R expressed at
the surface of bovine cells (Fig. 2a), it had no effect on tecVLP-NanoLuc
transduction in these blocking assays (Fig. 2d), thus suggesting that
CCHFV infection in EBL and MDBK cells may not depend on LDL-R.

Altogether, these results suggested that LDL-R is used by CCHFV
for infection of human cells but not of bovine cells.

LDL-R is involved at cell entry steps of CCHFV

Since the assessment of the levels of transduction of CCHF tecVLPs
requires both cell entry of viral particles and subsequent transcription
and replication of their minigenome, we sought to determine if LDL-R
is involved at entry vs. transcription/replication steps. To discriminate
either possibility, we added LDL-R antibody at different time points
before and/or after transduction of Huh-7.5 cells (Fig. 3a). We found
that while the addition of the antibody either before or concomitantly
to the transduction step inhibited tecVLP-GFP transduction efficiency
to up to 80%, the addition of LDL-R antibody from 2h post-
transduction had no effect on transduction efficiency (Fig. 3b),
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Fig. 1| LDL-R is a cofactor of CCHFV infectivity. a WT CCHFV, manipulated in
BSL4, was produced in Huh-7.5 cells, whereas CCHF tecVLPs were produced in Huh-
7.5 or HEK-293T cells. Infection or transduction assays were performed with serial
dilutions. The level of infection was determined by RNA measurement in infected
cells lysates. For tecVLP-GFP, target cells were pre-transfected with CCHFV NP and L
expression vectors to amplify the GFP signal by minigenome replication and the
level of transduction was assessed by flow cytometry. For tecVLP-NanoLuc, the
level of transduction was assessed by measurement of nanoLuc levels. Created with
Biorender.com. b Western blot analysis of cell lysates from Huh-7.5 cells transduced
with lentiviral vectors allowing expression of control shRNA or shRNA targeting
Lrpl or LDL-R or SR-BI (top). Representative image of 3 experiments. Quantification
of the abundance of corresponding receptors (bottom). ¢ Cells described in (b)
were transduced with CCHF tecVLP-NanoLuc. Independent experiments: N=5 SR-
BI; N=6 Lrpl; N=7 LDL-R. Kruskal-Wallis test with Dunn’s multiple comparisons
(ctrlvs. Lrpl: p=0.0278, ctrlvs. LDL-R: p = 0.0498, ctrl vs. SR-BL: p > 0.9999). d Huh-
7.5 cells were incubated with different concentration of LDL-R antibody (open bars)

or control isotype (IgG goat, dashed bars) for 1 h at 37 °C before transduction with
CCHF tecVLP-GFP (pink), MLVpp (green), and VSVpp (yellow) or infection with
HAZV (blue). Independent experiments: N =3 MLVpp; N=5 CCHFV tecVLPs and
VSVpp; N=4 HAZV (0.25pg/mL and 4pg/mL) and N=2 HAZV (Ipg/mL). Two-way
ANOVA test with Sidak’s multiple comparisons (aLDL-R vs. IgG: CCHF tecVLPs,
0.25pg/mL p=0.0091, Ipg/mL p < 0.0001, 4ug/mL p < 0.0001; HAZV, 0.25pg/mL
p>0.9999, Iyg/mL p = 0.8951, 4pg/mL p > 0.9999; MLVpp, 0.25ug/mL p > 0.9999,
1pg/mL p=0.8343, 4pug/mL p>0.9999; VSVpp, 0.25pg/mL p=0.0028, 1pg/mL
p<0.0001, 4pg/mL p < 0.0001). e Same experiment using WT CCHFV. N=4 (1pg/
mL) or N =5 (4pg/mL) independent experiments. Two-way ANOVA test with Sidak’s
multiple comparisons (aLDL-R vs. IgG: Ipg/mL p = 0.0042, 4ug/mL p =0.0004).
fHuh-7.5 cells stably expressing FLuc cells were transduced with a lentiviral vector
allowing expression of VLDL-R. Surface expression of VLDL-R assessed by flow
cytometry (left). Cells were then transduced with CCHF tecVLP-NanoLuc. N=6
independent experiments. One sample t-test (two-tailed) p = 0.0467. Data are
represented as means + SEM.
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Fig. 2 | LDL-R entry functions are conserved for infection of different human
cells but not for bovine cells. a Expression of LDL-R at the surface of Huh-7.5,
A549, TE-671, EBL, MDBK, and PHH cells assessed by flow cytometry. b Huh-7.5 cells
or PHH were incubated with 4pg/mL of LDL-R antibody (open bars) or IgG goat
(dashed bars) for 1 hat 37 °C before transduction with CCHF tecVLP-NanoLuc. N =4
independent experiments. Two-way ANOVA test with Sidak’s multiple comparisons
(aLDL-R vs. IgG: Huh-7.5 p < 0.0001; PHH p < 0.0001). ¢ Same as (b) with Huh-7.5,

TE-671, A549 cells with harvesting at 48 h post-transduction (p.t.). N=4 indepen-
dent experiments. Two-way ANOVA test with Sidak’s multiple comparisons (aLDL-R
vs. IgG: Huh-7.5 p < 0.0001; TE671 p < 0.0001; A549 p < 0.0001). d Same as (c) with
Huh-7.5, EBL, MDBK cells. N=3 independent experiments. Two-way ANOVA test
with Sidak’s multiple comparisons (aLDL-R vs. IgG: Huh-7.5 p < 0.0001; EBL
p=0.8740; MDBK p = 0.0715). Data are represented as means + SEM.

hence suggesting that LDL-R is involved at an entry step rather than at
a later step of transcription/replication.

We thus hypothesized that LDL-R could serve as a CCHFV entry
factor through its expression at the cell surface. To test this hypoth-
esis, we incubated tecVLP-GFP or WT CCHFV particles with a soluble
recombinant form of LDL-R (sLDL-R) before transduction or infection
of Huh-7.5 cells. We used VSV pseudoparticles (VSVpp) as a positive
control and amphotropic murine leukemia virus (MLV) pseudo-
particles (MLVpp) as a negative control. While a soluble form of CD81
(CD8I-LEL)* used as control had no effect on transduction, we found
that, like for VSVpp, sLDL-R inhibited CCHFV infection in a dose-
dependent manner in both tecVLP-GFP transduction (Fig. 3c) and WT
CCHFYV infection (Fig. 3d) assays, hence suggesting that sLDL-R could
prevent cell entry through interaction with viral particles. Like for the
LDL-R blocking experiment (Fig. 1d), we did not observe any impact of
sLDL-R neutralization on HAZV infection (Fig. 3c). Note that while the
blocking of LDL-R with an antibody impaired VSVpp and CCHF tecVLP
at similar levels (Fig. 1d), sLDL-R impaired CCHFV entry at a lesser
extent as compared to VSVpp (Fig. 3¢, d). This difference between
either virus could be due to a different role or affinity of LDL-R for the
two types of viral particles. Alternatively, this could also be due to the
production of CCHF tecVLPs in Huh-7.5 cells that express competitors

for binding to sLDL-R, such as apoB or apoE, which is not the case for
HEK-293T cells that were used to produce VSVpp.

The above data suggested that CCHFV could bind to LDL-R. To
test this hypothesis, we incubated CCHF tecVLPs with sLDL-R or CD81-
LEL before the capture of these soluble receptors with Ni-NTA beads,
as both soluble proteins harbor a 6xHis tag, and determination of the
levels of co-captured viral genomes by qPCR. Interestingly, we found
that we could capture about 7-fold more CCHF tecVLP RNAs with sLDL-
R than with CD8I-LEL (Fig. 3e, left). We repeated the same experiment
with WT CCHFV and HAZV. While HAZV could not be captured by
either protein, we confirmed that WT CCHFV RNAs could be co-
captured with sLDL-R (Fig. 3e, right).

Altogether, these results indicated that LDL-R promotes CCHFV
entry through the binding of viral particles.

The exchangeable apolipoprotein E mediates CCHFV entry

Next, we aimed to confirm the role of LDL-R in CCHFV entry using VSV
pseudotyped with CCHFV glycoproteins”. Interestingly, while the
blocking of LDL-R with LDL-R antibody had a strong effect on the
transduction of control VSV particles pseudotyped with VSV-G with
over 80% of inhibition, its inhibitory effect on VSV particles harboring
CCHFV GPs, of up to 20%, was not only milder than for the former
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Fig. 3 | LDL-R promotes CCHFV entry. a Huh-7.5 cells were incubated with 4 ug/mL
of LDL-R antibody or control isotype before, during or after transduction with
CCHF tecVLPs GFP as indicated in grey. b Percentage of transduction titers of CCHF
tecVLP-GFP relative to control isotype as in the experimental set up described in (a).
N =3 independent experiments. Two-way ANOVA test with Dunnett’s multiple
comparisons («LDL-R vs. IgG: no Ab p>0.9999; H-1 p=0.0505; H-1 and HO
p=0.0026; HO p=0.014; H+2 p>0.9999; H+4 p=0.9980; H+ 6 p>0.999).

¢ CCHF tecVLP-GFP (pink), MLVpp (green), VSVpp (yellow) or HAZV (blue, N=2)
were incubated for 1 h at room temperature with soluble LDL-R (SLDL-R, open bars)
or with soluble CD81 (CD81-LEL, dashed bars) at different concentrations before
transduction or infection of Huh-7.5 cells. Independent experiments: N =3 CCHF
tecVLP and MLVpp; N =4 VSVpp; N=2 HAZV. Two-way ANOVA test with Sidak’s
multiple comparisons (SLDL-R vs. CD81-LEL: CCHF tecVLPs, 0.5ug/mL p = 0.8354,
Spg/mL p<0.0001, 10pg/mL p < 0.0001; HAZV, 0.5pg/mL p =0.9998, 5pg/mL

p>0.999, 10pg/mL p=0.8206; MLVpp, 0.5pg/mL p>0.9999, Spg/mL p>0.9999,
10pg/mL p =0.6061; VSVpp, 0.5pg/mL p < 0.0001, Spg/mL p <0.0001, 10pg/mL
p<0.0001). d Same experiment using WT CCHFV. Media was removed 1h post-
infection (p.i.) and cells were lysed 24 h p.i. The level of infectivity was quantified by
RT-qPCR. N =6 independent experiments. Two-way ANOVA test with Sidak’s mul-
tiple comparisons (SLDL-R vs. CD81-LEL: 0.5pg/mL p = 0.0125,10pg/mL p = 0.0053).
e CCHF tecVLPs (left) or CCHFV or HAZV (right) were incubated with sLDL-R or
CDSI-LEL (both expressing a 6xHis tag) for 1 h at RT before capture using magnetic
beads. The levels of viral RNA co-captured were determined by RT-qPCR. One
sample t-test (two-tailed) for CCHF tecVLPs (N =5 independent experiments,
p=0.0227), two-way ANOVA test with Sidak’s multiple comparisons for HAZV and
CCHFV (N =3 independent experiments, HAZV p > 0.9999; CCHFV p=0.025). Data
are represented as means + SEM.

pseudotypes (Fig. 4a) but was also much lower than for CCHF tecVLPs
(Fig. 1d). Since the VSV particles are produced in HEK-293T cells rather
than in Huh-7.5 cells like for the CCHF tecVLPs, we wondered if the
producer cell type could have an impact on either VSV or tecVLP
particles and their dependency to LDL-R. We therefore produced
CCHF tecVLPs in HEK-293T cells, which are fully able to produce
tecVLPs (Supplementary Fig. 2a, b) albeit at a lower titer than Huh-7.5
cells. Interestingly, the blocking of LDL-R in Huh-7.5 target cells with an

LDL-R antibody had less impact on tecVLPs produced in HEK-293T
cells than for tecVLPs produced from Huh-7.5 cells (Fig. 4b, left). To
exclude a potential effect on cell compatibility between producer and
target cells, we blocked LDL-R, which is expressed in HEK-293T cells
(Supplementary Fig. 2c). Using these latter cells as targets, we found
that LDL-R blocking only inhibited transduction of tecVLPs produced
in Huh-7.5 cells but not those produced in HEK-293T cells (Fig. 4b,
right), despite similar transduction levels (Supplementary Fig. 2d, e).
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Fig. 4 | LDL-R dependency of CCHFV entry is influenced by the virus producer
cell type. a Huh-7.5 cells were incubated with 0.25pg/mL or 4pg/mL of LDL-R
antibody (open bars) or IgG goat (dashed bars) for 1 h at 37 °C before transduction
with VSV-AG/GFP particles pseudotyped with VSV-G (yellow), CCHFV GPs (pink) or
EBOV GP (blue). N =3 independent experiments. Two-way ANOVA test with Sidak’s
multiple comparisons (aLDL-R vs. IgG: VSV-G, 0.25ug/mL p = 0.0001, 4pg/mL
p<0.0001; CCHFV GPs, 0.25ug/mL p=0.5799, 4pg/mL p = 0.0393; EBOV, 0.251g/
mL p=0.7924, 4ug/mL p > 0.9988). b (left) Same as (a) with CCHF tecVLP-GFP
particles produced in Huh-7.5 (pink) or HEK-293T (fuchsia) cells. N = 4 independent
experiments. Two-way ANOVA test with Sidak’s multiple comparisons (aLDL-R vs.
1gG: Huh-7.5, 0.25pg/mL p = 0.0106, 4pg/mL p < 0.0001; HEK-293T, 0.25ug/mL

p =0.528, 4pg/mL p=0.0159; Huh-7.5 vs. HEK-293T, aLDL-R 4pg/mL p =0.0245,
1gG 4pg/mL p =0.9999). (right) HEK-293T cells were incubated with 0.25 or 4pg/mL

producer cells

of aLDL-R antibody (open bars) or IgG goat (dashed bars) for 1h at 37 °C before
transduction with CCHF tecVLP-NanoLuc particles produced in Huh7.5 (pink) or
HEK-293T (fuchsia) cells. N =3 independent experiments. Two-way ANOVA test
with Sidak’s multiple comparisons («LDL-R vs. IgG: Huh-7.5, 0.25pg/mL p =0.1085,
4pg/mL p=0.0004, HEK-293T; 0.25pug/mL p = 0.3004, 4pg/mL p=0.4791; Huh-7.5
vs. HEK-293T, aLDL-R 4pg/mL p=0.0545, 1gG 4pg/mL p =0.9999). ¢ Intracellular
levels of apoE in HEK-293T vs. HEK-239T stably expressing apoE as assessed by flow
cytometry (left). CCHF tecVLPs produced in these cells were used for the experi-
ment described as in (b) with 4pg/mL of aLDL-R antibody (open bars) or IgG goat
(dashed bars) (right). N=>5 independent experiments. Two-way ANOVA test with
Sidak’s multiple comparisons (HEK-293T: aLDL-R vs. IgG: 0.4196, HEK-293T + apoE:
oLDL-R vs. IgG: 0.0152). Data are represented as means + SEM.

These results therefore indicated that the LDL-R dependency of
CCHFYV entry could be influenced by the producer cell type. As HEK-
293T cells do not express apoE, a natural ligand of LDL-R, in contrast to
Huh?7.5 cells (Supplementary Fig. 2f), we wondered if apoE might be
responsible for the dependency of CCHFV entry to LDL-R. To test this
hypothesis, we produced tecVLPs in HEK-293T cells transduced with
an apokE lentiviral vector (Fig. 4c, left). Interestingly, ectopic apoE
expression in HEK-293T cells increased the titers of tecVLPs (Supple-
mentary Fig. 2g) and the effect of LDL-R blocking upon tecVLP trans-
duction of Huh-7.5 target cells (Fig. 4c, right).

Based on these results, we wondered if and how apoE could
influence the entry of CCHFV. First, we tested if apoE antibodies
could neutralize CCHF tecVLP transduction or WT CCHFV infection.
As a positive control, we used HCV particles, as they can be

neutralized by apoE antibodies®™, whereas we used VSVpp and

MLVpp as negative controls, since VSV-G is the direct ligand of VSV
for LDL-R binding” and since MLV Env binds an irrelevant
receptor’. We incubated either viral particle with apoE antibodies
for 1h before transduction or infection assays. Interestingly, we
found a dose-dependent inhibition for both CCHF tecVLP-GFP
(Fig. 5a) and WT CCHFV (Fig. 5b) particles by apoE antibodies,
reaching up to 80% inhibition in a manner similar to HCV particles,
whereas apoE antibodies did not inhibit VSVpp or MLVpp trans-
duction (Fig. 5a). The difference of level of neutralization between
CCHF tecVLPs and WT CCHFV could be due a difference of the
number of viral particles. Conversely, when we tested the apoE
dependency of HAZV infection, we found that neutralization by
apoE antibodies did not influence HAZV infection (Fig. 5a).
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multiple comparisons (ctrl vs. aapoE: 1/100 p = 0.0273, 1/200 p = 0.0619). ¢ CCHF
tecVLP-NanoLuc particles were incubated for 1 h at room temperature with an apoE
serum at different dilution before transduction of Huh-7.5 cells stably expressing
FLuc and transduced with lentiviral vectors allowing expression of control ShRNA
or shRNA targeting LDL-R as described in Fig. 1. N =6 independent experiments.
Two-way ANOVA test with Sidak’s multiple comparisons (WT vs. KD LDL-R: 1/200
p=0.012, 1/100 p = 0.0383; ctrl vs. aapoE: WT 1/200 p < 0.0001, WT 1/100
p<0.0001, KD LDL-R 1/200 p < 0.0001, KD LDL-R 1/100 p < 0.0001). Data are
represented as means + SEM.

These results suggested that apoE plays a crucial role in CCHFV
infectivity. Thus, to corroborate the role of apoE in LDL-R-mediated
entry, we repeated the apoE neutralization assay using Huh-7.5 target
cells in which LDL-R was down-regulated. We found that under such
conditions, tecVLP transduction was slightly less efficiently inhibited
by apokE antibodies (Fig. 5c), hence suggesting a synergic role of apoE
and LDL-R in CCHFV infection.

ApoE is associated with CCHFV particles and promotes their
assembly/secretion and specific infectivity

ApoE is present at the surface of lipoproteins such as LDLs and VLDLs
but can also exist in a lipidfree form in the extracellular
environnement”. Importantly, apoE belongs to the family of
exchangeable apolipoproteins, implying that it can be transferred
from a lipoprotein to another lipoprotein or to a viral particle, as
described for HCV***. We therefore sought to determine if CCHF
tecVLPs harbor apoE at their surface, which would promote entry
of CCHFV.

First, we determined if we could capture viral particles with an
apoE antibody, as previously shown for HCV*. After immuno-
precipitation of CCHF tecVLPs or HAZV particles with an apoE anti-
body, we quantified the captured particles by detecting viral RNA by
RT-qPCR. Interestingly, in contrast to HAZV, we found a 16-fold
enrichment of CCHF tecVLP RNAs with apoE antibodies relative to
control IgGs (Fig. 6a). In addition, we could also detect some CCHF
tecVLPs in electron microscopy with immunogold labeling with anti-
Gn or anti apoE (Fig. 6b). Moreover, we confirmed the association of
WT CCHFV particles with apoE, since we could co-capture both viral
RNA and CCHFV Gn and Gc proteins with apoE antibodies (Fig. 6¢, d),
suggesting an association of apoE to particles containing CCHFV gly-
coproteins and viral genome.

Second, we produced CCHF tecVLPs in Huh-7.5 cells transduced
with a shRNA targeting apoE, which induced a robust loss of apoE
expression (Fig. 6e). While apoE KD did not impair the level of
expression of CCHFV NP in producer cells (Fig. 6f, top), it resulted in a
strong loss of transduction efficiency of CCHF tecVLPs, with a 2-log
titer decrease (Fig. 6g, top). To determine if this loss resulted from a
defect in assembly vs. specific transduction efficiency of particles, we
determined the levels of viral RNA in the supernatant. We found that
apoE KD impaired by ca. 1-log the secretion of the viral genome
(Fig. 6h, top), indicating that apoE plays a role in both assembly/

secretion and specific transduction efficiency of CCHF tecVLP parti-
cles. Interestingly, apoE KD had no effect on HAZV production and
infectivity (Figs. 6f-h, bottom), which agreed with the results of lack of
LDL-R and apoE dependency of this virus (Figs. 1c, 3c and e, 5a).
Altogether, these results indicated that CCHFV particles could
incorporate apoE, which may therefore provide aligand of LDL-R at the
surface of the viral particles, and that apoE is a pro-viral factor for
assembly/secretion and specific infectivity of CCHFV particles.

Molecules impairing LDL-R surface levels prevent CCHFV
infection

Finally, we tested if molecules that regulate LDL-R surface levels could
modulate CCHFV entry, aiming at proposing possible ways to prevent
CCHFV infection. Using the proprotein convertase subtilisin-like kexin
type 9 (PCSK9) that inhibits LDL-R recycling® and therefore decreases
LDL-R exposition at the cell surface (Fig. 7a, b), without altering cell
viability (Fig. 7c), we found that pre-treatment of cells with PCSK9
impaired transduction of both VSVpp and CCHF tecVLPs without
affecting MLVpp transduction and HAZV infection (Fig. 7d).

We also tested Berbamine - bis-benzylisoquinoline (BBM), an
alkaloid isolated from the plant Berberis amurensis (used in traditional
Chinese medicine), that was reported to inhibit JEV by altering cell
surface LDL-R level®. Again, we showed that pre-treatment of the cells
with BBM decreased LDL-R levels at the cell surface (Fig. 7e, f) without
altering cell viability (Fig. 7g) and impaired transduction of CCHF
tecVLPs and VSVpp, without affecting transduction of MLVpp (Fig. 7h).
Of note, BBM also impaired to some extent HAZV infection (Fig. 7h),
which might be due to a broad effect of BBM on cellular pathways.

These results highlighted that molecules modulating LDL-R sur-
face levels could be used to prevent CCHFV infection.

Altogether, our study identified LDL-R as a factor promoting
CCHFV infection via binding of the viral particles. We also showed that
CCHFV particles incorporate a natural ligand of LDL-R, apoE, and that
this factor promotes the LDL-R-dependent entry (Fig. 8), as well as
assembly of viral particles.

Discussion

Our results highlight the role of LDL-R and apoE as entry factors of
CCHFV. Importantly, our findings using the CCHF tecVLP assay, which
relies on VLPs that contain all the structural proteins but only a mini-
genome segment encoding a reporter protein®?®?, were fully
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confirmed with WT CCHFV handled in BSL4. This indicates that
although they do not allow full investigation of CCHFV properties, the
former particles provide a bona fide assay to investigate cell entry
pathways and receptors of CCHFV. In agreement with these findings, a
recent study also identified LDL-R as an entry factor of CCHFV*
(published while this article was in revision) using a different CCHFV
strain than ours. The LDL-R is the prototype member of the ‘LDL-R

family’, which regroups structurally related endocytic receptors that
mediate lipid transfer to cells. The ectodomains of the members of this
family share high sequence similarity and capacity to bind to a large
variety of ligands”. They are composed of cysteine-rich repeats, which
are repeats of their ligand-binding domains, and of EGF-like modules
and B-propellers, which are required for the pH-dependent release of
their ligands following internalization.
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Fig. 6 | ApoE is associated with CCHFV particles and contribute to assembly/
secretion and specific infectivity. a Level of CCHFV minigenome RNA or HAZV
RNA co-immunoprecipitated with an apoE serum vs. control IgGs and quantified by
RT-qPCR. Results from N=2 (HAZV) or N =5 (CCHF tecVLP) independent experi-
ments are presented as fold enrichment with apoE antibodies relative to control
IgGs. Two-way ANOVA test with Sidak’s multiple comparisons (HAZV p=0.9895,
CCHF tecVLPs p =0.0036). b Representative electron microscopy images of
tecVLPs with simple negative stain (top) or with immunogold labelling with anti-Gn
or anti-apoE antibodies or control antibodies (bottom). Scale bar represents

100 nm. Representative images from 2 experiments. ¢ CCHFV particles were
immunoprecipitated with an apoE serum vs. control IgGs. N=4 independent
experiments. Mann-Whitney test (two-tailed, p =0.0286). d CCHFV particles were
immunoprecipitated with an apoE serum vs. control IgGs and analyzed by western
blot for apoE and Gn or Gce detection. Asterisks indicated unspecific bands from
antibodies light chains. Representative image of 4 independent experiments.

e Intracellular levels of apoE as assessed by flow cytometry and Western blot of cells
transduced with shRNA control (NT) or targeting apoE. Representative image of 3
independent experiments. f Cells described in (e) were used for the production of
CCHF tecVLPs or HAZV particles as described in Methods. Percentage of CCHFV NP
transfected cells (top) or HAZV-eGFP expressing cells (bottom). Unpaired t-test
(two-tailed, p = 0.8219) for CCHFV and Mann-Whitney test (two-tailed, p=0.1) for
HAZV. g Transduction efficiency of CCHF tecVLPs (top) or infectivity of HAZV
(bottom) particles produced in cells described in (e) as assessed by flow cytometry.
Unpaired t-test (two-tailed, p = 0.0003) for CCHFV and Mann-Whitney test (two-
tailed, p=0.4) for HAZV. h Level of secreted viral RNA of tecVLPs (top) or HAZV
(bottom) assessed by RT-qPCR. Unpaired t-test (two-tailed, p = 0.0296) for CCHFV
and Mann-Whitney test (two-tailed, p = 0.7) for HAZV. For (f-h), N =5 independent
experiments for CCHFV tecVLPs and N =3 for HAZV. Data are represented as
means + SEM.

Interestingly, entry of unrelated bunyaviruses, including RVFV
and OROV was recently shown to involve Lrpl, a member of the LDL-R
family* ', which does not appear to be a proviral entry factor for
CCHFV (Fig. 1c). Yet, together with our results that LDL-R acts as a
cofactor for CCHFV entry though not for HAZV, these findings imply
that different binding and/or post-binding functions of members of
the LDL-R family have been coopted by bunyaviruses in a virus-specific
manner to promote their entry into cells. While LDL-R is mainly
involved in the endocytosis of triglyceride- and cholesterol-containing
lipoprotein particles, Lrpl mediates the endocytosis of different types
of ligands especially in the liver”. Overall, the members of the LDL-R
family can bind different types of proteins or factors, suggesting that
these receptors could, at least, act as capture molecules. Indeed, as
above-mentioned, OROV and RVFV particles were shown to bind Lrpl
whereas we found that CCHFV particles can bind LDL-R. Furthermore,
a recent study suggested that Lrpl plays a role in RVFV endocytosis
although it was unclear if this occurs via direct or indirect interactions
with viral particles®.

Importantly, the usage of LDL-R family members as cell entry
cofactors is not restricted to bunyaviruses since several other viruses
seem to hijack members of this family, such as HCV for VLDL-R**** and
LDL-R""** HBV for LDL-R", alphaviruses for VLDL-R and apoER2", VSV
for LDL-R"'®, Dengue virus and JEV for LDL-R'**’, as well as some rhi-
noviruses for LDL-R and VLDL-R***.,

Altogether, these previous studies combined with our report
underscore a wide-ranging role for receptors of the LDL-R family in
virus entry. Yet, how these factors promote virus entry remains poorly
defined. The current evidence suggests that overall, most of these
factors may not act as bona fide viral receptors but rather, as above-
discussed, as crucial co-factors of virus entry by promoting the capture
of the viral particles at the cell surface or alternatively, their endocy-
tosis. On the other hand, for some of these viruses, it is not even clear if
the viral particles bind to these cofactors. While some viruses such as
RVFV’, OROV" or VSV* seem to directly bind these receptors via their
glycoproteins, some other viruses hijack cellular proteins like apoE as
ligand cofactor for binding LDL-R, as shown in this study for CCHFV
and as previously shown for HCV* and HBV*. We may therefore
speculate that viruses that can replicate in hepatocytes could have
evolved to easily hijack some lipoprotein components, such as apoE or
alternative exchangeable apolipoproteins**** that are produced in the
same cells, either during their assembly or secretion or from the
extracellular environment (see below). In contrast, other viruses could
have taken advantage of the capacity of LDL-R family members to bind
to a large variety of ligands via a relatively unspecific mechanism.
Indeed, for some of these ligands, the interactions can involve elec-
trostatic interactions between conserved acidic residues or trypto-
phans on LDL-R repeats with basic residues on the ligands (reviewed in
ref. 37), as shown for human rhinovirus serotype 2 (HRV2) and
VLDL-R".

Especially, while OROV and RVFV Gn GP may directly bind Lrp1°"°,
our results indicate that apoE, a natural ligand of members of the LDL-
R family, is incorporated onto CCHFV particles and promotes LDL-R
dependent entry (Fig. 8). On the other hand, the CCHFV Gc GP may
also directly bind LDL-R*, suggesting different though not mutually
exclusive mechanisms or, alternatively, a tripartite molecular interac-
tion developed by CCHFV to interact with LDL-R and promote cell
entry. This may depend on the presence of apoE as well as on other
host factors that may be expressed, or not, in virus-producer cells and
that could possibly directly interact with CCHFV GPs or virion surface.
Association of CCHFV particles with apoE is reminiscent of the prop-
erties of HCV and HBV*****>%Indeed, in the case of HCV, previous
studies indicated that apoE association with the viral particles allow
them to bind different entry factors such as heparan sulphate pro-
teoglycans (HSPG)***”, which act as capture molecules**, but also to
lipid transfer receptors such as LDL-R* and SR-BI***. Furthermore,
binding of HCV particles to SR-BI was shown to be mediated by either
ApoE or HCV E2 surface glycoprotein*’, which is reminiscent of the
situation with CCHFV particles that may interact with the LDL-Rina Gc-
dependent manner™ or, alternatively, in an apoE-dependent manner
(this report). Finally, our results also underscore that species-specific
determinants could be important in the above molecular interactions
and their outcome in virus infectivity. For example, previous results
indicated that apoE expressed in Vero cells does not allow the pro-
duction of infectious HCV particles*’, which could be due to a lack of
interaction of this simian apoE with HCV E2 or alternatively with human
LDL-R. This suggests possibilities to explain why the infectivity of
CCHFV grown in Vero cells seemed to rely on the sole interaction
between Gc and LDL-R* whereas the infectivity of CCHFV grown in
human cells, such as Huh-7.5 cells, depends on or is strengthened by
human apok (this report).

As apok is a high affinity ligand for most receptors of the LDL-R
family*’, whether it also acts as a ligand recruited by viral particles of
the above-mentioned viruses that use lipid transfer receptors remains
an open question. In this respect, it is surprising that only LDL-R
though not Lrpl and SR-B1 acts as an entry factor of CCHFV. While
further studies are needed to understand these differences, one pos-
sibility could be that Gc binds specifically to LDL-R rather than the
other family members, and that apoE would stabilize this binding and
promote entry through a bi-partite apoE/Gc interaction allowing pro-
ductive LDL-R dependent entry. Another possibility could be that LDL-
R may participate to the formation of a receptor complex through a
specific association with alternative putative Gn/Gc receptor(s) (Fig. 8).
On the other hand, as the location of the viral binding site on the
receptor is a critical determinant of membrane fusion®, one could
speculate that should apoE allow binding of CCHFV particles to Lrpl
and SR-B1, it may not provide the optimal distance between viral and
target cell membranes, in agreement with a much longer extracellular
domain for Lrpl than for LDL-R™. Finally, as shown by the results with
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HCV particles, whose endocytosis by LDL-R or increasing endocytosis
by SR-B1**leads to non-productive or reduced entry into cells, that Lrpl
can be endocytosed more actively than LDL-R* also raises the possi-
bility that, even if CCHFV binds to Lrpl, this could lead to a non-
productive entry. This is supported by our data suggesting that
Lrpl seems to be antiviral for CCHFV infection (Fig. 1c), though it could
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also be due to a regulation of the level of LDL-R at the cell surface
(Supplementary Fig. 1b).

How apoE is recruited on CCHFV particles remains ill-defined. Our
results suggest that its incorporation on viral particles may occur
during their production from hepatocytes in which apoE is expressed.
This could involve apoE interactions with CCHFV determinants such as
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Fig. 7 | Molecules impairing LDL-R surface level impaired CCHFV infection.

a Cell surface expression of LDL-R of cells treated with O vs. 10pg/mL of PCSK9 for
3 hat37°C. Control isotypes are depicted in dotted lines. Representative image of
N =3 independent experiments. b Cell surface expression of LDL-R or CD81 of cells
treated with 0 vs. 10pg/mL of PCSK9 for 3 h at 37 °C as assessed by confocal
microscopy. The images provided are representative of two independent experi-
ments. Scale bars represent 10 um. ¢ Cell viability of cells treated with PCSK9
relative to non-treated cells. N=2 independent experiments. d Level of transduc-
tion or infection of cells treated with O vs. 10pug/mL of PCSK9 for 3 h at 37 °C. The
media was replaced 3 h p.i. or p.t. and the cells were harvested at 48 h p.i. or p.t. for
determination of the levels of transduction or infection by flow cytometry. Inde-
pendent experiments: N =5 CCHF tecVLP; N =3 HAZV, VSVpp and MLVpp. Two-way
ANOVA test with Sidak’s multiple comparisons (H,0 vs. PCSK9: CCHF tecVLPs

p <0.0001, HAZV p =0.9736, VSVpp p=0.0023, MLVpp p = 0.5648). e Cell surface

expression of LDL-R of cells treated with O vs. 7SuM BBM for 2 h at 37 °C. Control
isotypes are depicted in dotted lines. Representative image of 3 independent
experiment. f Cell surface expression of LDL-R or CD81 of cells treated with O vs.
75uM BBM for 2 h at 37 °C as assessed by confocal microscopy. The images pro-
vided are representative of two independent experiments. Scale bars represent
10 um. g Cell viability of cells treated with O vs. 75uM BBM for 2h at 37°C.N=4
independent experiments. h Level of transduction or infection of cells treated with
0 vs. 75uM BBM for 2 h at 37 °C. The media was replaced 3 h p.i. or p.t. and the cells
were harvested at 48 h p.i. or p.t. for determination of the levels of transduction or
infection by flow cytometry. Independent experiments: N=6 CCHF tecVLP, N=3
HAZV and MLVpp, N =4 VSVpp. Two-way ANOVA test with Sidak’s multiple com-
parisons (DMSO vs. BBM: CCHF tecVLPs p < 0.0001, HAZV p = 0.0286, VSVpp
p=0.0006, MLVpp p = 0.8694). Data are represented as means + SEM.
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Fig. 8 | Summary of the role of LDL-R in CCHFV entry. CCHFV particles could
incorporate apoE at their surface, which might contribute to the binding to LDL-R in
addition to Gc. Followed this binding, CCHFV particles are endocytosed and then
fuse with the late endosome membranes, allowing the release of viral genome. At
this time, we cannot exclude the role of an additional factor (in blue) to promote
endocytosis and/or fusion of CCHFV particles. In addition, an LDL-R-independent
route of entry remains possible via a still unknown receptor (orange). Created with
Biorender.com.

its surface GPs, which may promote assembly and secretion of viral
particles in a manner reminiscent of HCV****". On the other hand, but
not exclusively, as apoE is an exchangeable apolipoprotein®®*, its
incorporation on the lipid bilayer of viral particles may occur passively
during their assembly in the Golgi or other organelles of the secretory
pathway*’. Finally, like for HCV, for which apoE association to viral
particles could also occur in the extracellular environment™ as well as
in the vicinity of apoE-secreting target cells, CCHFV may recruit
actively or passively apoE after virion egress.

CCHFV is detected in different organs in vivo upon infection and
can infect several different cell types in vitro®, hence underscoring the
need for ubiquitous cellular receptors and cofactors for cell entry. In
this respect, the broad tissue distribution of LDL-R suggests that it may
promote entry in a variety of CCHFV target cell types. CCHFV infection
is not restricted to humans as it can infect a large diversity of mammals
such as cattle, sheep, goats, rhinoceroses, and camels®’, but this
infection might not depend on LDL-R, at least according to our results
with bovine cells. Interestingly, it seems that infection of CCHFV in
mice is dependent on LDL-R*, suggesting that its entry mechanism
might differ between hosts. As above-stated, this could be due to

species-specific determinants, and we could speculate a low recogni-
tion of human apoE by bovine LDL-R or a preferential usage of another
LDL-R family member in non-human cells. Likewise, CCHFV also
replicates in tick cells, which poses the question of species-specific
entry factors vs. receptors conserved across arthropod and mammal
species. Interestingly, the vitellogenin receptor (VgR), which is
expressed in arthropod oocytes, shares the similar architecture and
functions of human LDL-R*’. We note that a plant virus was shown to
bind vitellogenin in order to mediate cell entry via VgR in its insect
host, the true bug®”. In this respect, it would be interesting to know if
CCHFV uses a similar mechanism in tick cells. Finally, inter-human
transmission of CCHFV has been reported’, including nosocomial
infections®. In that context, as incorporation of apoE on viral particles
enhances infection through LDL-R (our report), apoE might play a
crucial role in tropism and/or reservoir establishment in a manner
dependent on tissue-specificity of apoE expression, such as in
hepatocytes.

Taken together, our data identify a cellular receptor of CCHFV and
its ligand incorporated within viral particles, highlighting a new and
original mechanism developed by an important pathogenic
bunyavirus.

Methods

Cells

Huh-7.5 cells (kind gift from Charles Rice), HEK-293T kidney cells
(ATCC CRL-3216), TE-671 cells (ATCC CRL8805), A549 cells (kind gift
from P. Boulanger), VeroE6 cells (ATCC CRL-1586), EBL cells (kind gift
from Fabienne Archer), MDBK cells (European Collection of Authen-
ticated Cell Cultures (ECACC)) were grown Dulbecco’s modified
minimal essential medium (DMEM, Invitrogen, France) supplemented
with 100 U/mL of penicillin, 100 ug/mL of streptomycin and 10%. of
fetal bovine serum.

PHH (BD Biosciences) were centrifuged in F12-HAM medium
(Sigma Aldrich) and seeded overnight in collagen-coated plates in BD
Gentest seeding medium supplemented with 5% FCS. 16 h later, PHH
were washed and cultured with a culture medium for PHH (DMEM F12,
Sigma Aldrich) supplemented with 10% FCS, 1ug/mL BSA, 5pg/mL
bovine insulin, 1x10°M Dexamethasone (Sigma Aldrich), 1x10°M
3.3 trilodo-L-thyronin, 5pg/mL apotransferrin, 1% of non-essential
amino acids (Gibco), 1% of Glutamin (Gibco) and 1% Penicillin-
Streptomycin solution (Gibco).

Plasmids

The constructs encoding wild-type CCHFV strain IbAr10200 L poly-
merase (pCAGGS-V5-L), N nucleoprotein (pCAGGS-NP), M segment
(pCAGGS-M), T7 RNA polymerase (pCAGGS-T7), nanoluciferase
(nanoLuc)-expressing minigenome flanked by L NCR under the control
of a T7 promotor (pPSMART-LCK_L-Luc), GFP expressing minigenome
flanked by L 5" and 3’ UTRs under the control of a T7 promotor
(pT7.vL_GFP), and an empty vector (pCAGGS) were described
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previously'**® (all kind gifts from Friedemann Weber and Eric Ber-
geron). psPAX2, phCMV-G (kind gifts from Didier Trono and Jane
Burns, respectively), and phCMV_HIV_GFP were used for VSV pseudo-
particles production. psPAX2, phCMV_HIV_GFP and phCMV-4070A¢’
were used for MLV pseudparticle production. pFK-JFH1/)6/C-846_Ap7,
constructed from pFK-JFH1/J6/C-846 by deletion of p7 and addition of
EMCYV IRES between E2 and NS2, and phCMV-noSPp7(J6) were used for
HCVtep production. pMK-RQ-HAZV resQ S EGFP P2A, pMK-RQ-HAZV
M, pMK-RQ-HAZV L (kind gift from John N. Barr) were used for pro-
duction of rescued HAZV rHAZV-eGFP. phCMV-G, pCAGGS-M-A10,
encoding for a CCHFV glycoprotein precursor lacking the last 53
residues of Gc®, or with phCMV-EboV*, encoding for EBOV glycopro-
tein were used for production of pseudotyped VSV-AG. For VDL-R and
apoE expression, pCSII-EF-VLDLR-HA (kind gift from Yoshiharu Mat-
suura) and pWPI-hApoE3 (kind gift from Ralf Bartenschlager) respec-
tively were used for production of lentivirus in combination with

phCMV-G and psPAX2. For the down-regulation assays,
TRC2_pLKO_shLRP1 (TRCNO000257100; Sigma-Aldrich),
TRC2_pLKO_shLDL-R (TRCN0000262146; Sigma-Aldrich);

TRC1_pLKO _shapoE (TRCNO000010913; Sigma-Aldrich) or plasmids
described in® or pHR-SIN-CSGW (empty backbone) were used for
generation of lentivirus in combination with phCMV-G and psPAX2.

Antibodies
The list of all antibodies used in this study is available in the Supple-
mentary information (Supplementary Table 1).

Production of viral stocks and infection assays with WT CCHFV
particles

All the experiments with WT live CCHFV were performed in the Jean
Meérieux BSL-4 facility in Lyon, France. To produce viral stocks, Huh-7.5
cells were infected using CCHFV isolate IbAr10200 (obtained from
Institut Pasteur) at MOI of 0.01 and the production was harvested at
72 h post-infection. Infectious titers were determined by NP immu-
nostaining on VeroE6 cells’’ using anti-NP (2B11) as primary antibody
and viral preparations with titers ranging between 3x10°10° NP FFU/ml
were used in this study.

For blocking and neutralization assays, infections were performed
with serial dilutions of viral stocks, corresponding to MOIs of 0.5 to
0.001. Viral stocks or cells were treated as described below. 24 h post-
infection, infected cells were lysed with TRIzol™(ThermoFisher),
allowing inactivation of virus, and RNAs were extracted according to
manufacturer’s protocol and level of viral RNA, reflecting the level of
infection, was determined by RT-qPCR (see below). The viral titer was
determined after selection of dilutions allowing a linear range of viral
RNA signal.

Production of viral stock and transduction assays with CCHF
tecVLPs

For production of tecVLPs from IbAr10200 CCHFV strain (Fig. 1a), Huh-
7.5 or HEK-293T cells were transfected in 10 cm dishes with 3.6 pg of
pCAGGS-V5-L, 1.2 pg of pCAGGS-NP, 3ug of pCAGGS-M or pCAGGS,
3ug of pCAGGS-T7 and 1.2pug of pSMART-LCK L-Luc (for tecVLP-
NanoLuc) or pT7-GFP (for tecVLP-GFP), using GeneJammer transfec-
tion reagent (Agilent). 6 hours post-transfection, cells were washed
two times with OptiMEM before addition of OptiMEM. At 72 h post-
transfection, supernatant was harvested and filtered through a 0.45 um
filter. Preparations of tecVLPs with titers of 5x 10° GFP transduction
units (t.u.)/ml (for tecVLP-GFP) or 10° RLU/ml (for tecVLP-NanoLuc)
were used in this study.

For assays with tecVLP-GFP (Fig. 1a), targets cells were pre-
transfected using 2.4 pg of pCAGGS-V5-L and 4.8 ug of pCAGGS-NP
using GeneJammer transfection reagent. 6 hours post-transfection,
cells were seeded in 24, 48 or 96-well plates in OptiMEM. 24 h post-
transfection, cells were transduced with serial dilutions of particles,

corresponding to MOIs of 2 to 0.02, and 48 h post-transduction,
transduced cells were harvested. For each dilution, technical replicates
were performed. Transduced cells were fixed and the percentage of
GFP positives cells was assessed by flow cytometry (MACSQuant® VYB
Flow Cytometer; Miltenyi Biotec). Data were analyzed with Flowjo
software (BD Biosciences). The viral titer was determined after selec-
tion of dilutions within the linear range of percentages of positive cells.

For assays with tecVLPs with a nanoLuc minigenome (Fig. 1a), the
transduction with serial dilutions of viral supernatant, corresponding
to RLU-per-cell of 100 to 0.01, was done on Huh-7.5 cells stably
expressing firefly luciferase (FLuc) and the level of transduction was
quantified 24 h post-transduction, by lysing the cells with passive lysis
buffer (Promega) for 10 min at room temperature and measurement of
luciferase signal using Nano-Glo® Dual-Luciferase® Reporter Assay
System (Promega). For each dilution, technical replicates were per-
formed. The viral titer was determined after selection of dilutions
within a linear range of nanoLuc signals.

Production and infection assays with HAZV particles

For production of viral stocks, rHAZV-eGFP virus®* was amplified in
Huh-7.5 cells (MOI=0.001). 1h post-infection, media was changed
after a PBS wash and 72 h post-infection, supernatant was harvested
and clarified by centrifugation 5 min at 750 x g. Preparations of rHAZV-
eGFP (termed HAZV in the text and figures) with titers of 10° eGFP
infection units (i.u.)/ml were used in this study.

For infection assays, Huh-7.5 cells were inoculated with serial
dilutions of viral supernatant, corresponding to MOIs of 0.5 to 0.001,
before PBS wash and medium change, 1h post-infection. Level of
infection was detected 16 h post-infection by quantification of eGFP
positive cells by flow cytometry (MACSQuant® VYB Flow Cytometer;
Miltenyi Biotec). Data were analyzed with Flowjo software (BD Bios-
ciences). The viral titer was determined after selection of dilutions
allowing a linear range of percentage of positive cells.

Production and infection assays with HCV trans-complemented
particles (HCVtcp)

For production of viral stocks, Huh-7.5 cells were electroporated with
2 ug of phCMV-noSPp7 DNA and 10 pg of Jc1 Ap7 in vitro transcribed
RNA as described previously”. Media was changed 6h post-
electroporation and supernatant was harvested and filtered
(0.45um) 72 h later. Preparations of HCVtcp with titers of 10° NS5A
FFU/ml were used in this study.

For infection assays, Huh-7.5 cells were inoculated with serial
dilutions of viral supernatant, corresponding to MOIs of 2 to 0.02, and
were fixed using ethanol 48 h post-infection and focus-forming units
were determined by counting NS5A immunostained foci. The viral titer
was determined after selection of dilutions allowing a linear range
of foci.

Production and transduction assays with VSV or MLV
pseudoparticles
Lentiviral vectors encoding GFP sequence and bearing VSV-G (VSVpp)
oramphotropic MLV Env glycoprotein (MLVpp) were produced in HEK-
293T cells by transfection of phCMV_HIV_GFP, psPAX2 and phCMV-G or
phCMV-4070A using calcium phosphate precipitation. Media was
replaced 16 h later and supernatant was harvested and filtered
(0.45 um) 24 h later. Preparations of VSVpp and MLVpp with titers of
2 x10° and 6 x 10° GFP t.u./ml, respectively, were used in this study.
For transduction assays, Huh-7.5 cells were transduced with serial
dilutions of viral supernatants, corresponding to MOIs of 2 to 0.02, and
were fixed 48 h post-transduction. The percentage of GFP-positive
cells was assessed by flow cytometry (MACSQuant® VYB Flow Cyt-
ometer; Miltenyi Biotec). Data were analyzed with FlowJo software (BD
Biosciences). The viral titer was determined after selection of dilutions
allowing a linear range of percentage of positive cells.
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Production and transduction assays with VSV-AG

HEK-293T cells were transfected with phCMV-G, or with pCAGGS-M-
A10, encoding for a CCHFV glycoprotein precursor lacking the last 53
residues of Gc®, or with phCMV-EboV** encoding for EBOV glycopro-
tein. At 24 h post-transfection, cells were transduced with VSV-AG/
GFP*G, encoding for a GFP instead of G protein at MOI = 5. After 1h,
medium was replaced by OptiMEM in presence of anti-VSV-G 41AL. Cell
supernatant was harvested 16 h post-transduction. Preparations of
VSV-AG/GFP*G, VSV-AG/GFP*CCHFV, and VSV-AG/GFP*EBOV with
titers of 2 x 10%, 7 x 10° and 1.7 x 10° GFP t.u./ml, respectively, were used
in this study.

For transduction assays, Huh-7.5 cells were transduced with
serial dilutions of viral supernatants, corresponding to MOIs of 2 to
0.02, and were fixed 24 h post-transduction. The percentage of GFP-
positive cells was assessed by flow cytometry (MACSQuant® VYB
Flow Cytometer; Miltenyi Biotec). Data were analyzed with FlowJo
software (BD Biosciences). The viral titer was determined after
selection of dilutions allowing a linear range of percentage of
positive cells.

Down-regulation of lipid receptors

Lentiviral vectors expressing shRNA targeting LRP1, LDL-R, SRBI or
control shRNA were produced in HEK-293T cells. Huh-7.5 cells stably
expressing Firefly Luciferase were transduced with lentiviral vectors at
MOI = 30. Four days later, cells were transduced with serial dilutions of
tecVLPs with the nanoLuc minigenome. The knock-down was assessed
by western blot of cell lysate generated 4 days post-transduction and
using anti-LRP1, anti-LDL-R and anti-CD36L1. Level of transduction was
assessed 24 h post-transduction with measurement of luciferase sig-
nals using Nano-Glo® Dual-Luciferase® Reporter Assay System (Pro-
mega) as described above.

Down-regulation of apoE

Lentiviral vectors expressing shRNA targeting apoE or control shRNA
were produced in HEK-293T cells. Huh-7.5 cells were transduced with
lentiviral vector. 24 h post-transduction, cells were transfected with
plasmid allowing tecVLPs production or infection of HAZV. 72 h post-
transfection, supernatants were harvested and used for assessment of
transduction efficiency or infectivity and RNA levels. Level of KD was
checked by apoE intracellular FACS staining. Cells were fixed and
permeabilized with Cytofix/CytoPerm (BD Biosciences) according to
manufacturer instructions. Cells were incubated with primary anti-
body (AHP2177,1/2000) diluted in Perm/Wash buffer (BD Biosciences)
for 1h at 4 °C with regular checking. After three washes with Perm/
Wash buffer, cells were incubated for 1h at 4 °C with secondary anti-
body. Cells were washed three times with Perm/Wash buffer before
resuspension in PBS and flow cytometry acquisition (MACSQuant®
VYB Flow Cytometer; Miltenyi Biotec). Data were analyzed with FlowJo
software (BD Biosciences). The gating strategy is depicted in the
Supplementary Fig. 4.

Overexpression of VLDL-R

Huh-7.5 cells stably expressing Firefly luciferase, were transduced at
MOI =30 with a lentiviral vector encoding VLDL-R and transduced at
4 days post-transduction with serial dilutions of tecVLPs containing a
nanoLuc expressing minigenome. The level of VLDL-R at the cell sur-
face was assessed by flow cytometry at the day of transduction. Level
of transduction was assessed 24 h post-transduction with measure-
ment of luciferase signals using Nano-Glo® Dual-Luciferase® Reporter
Assay System (Promega) as described above.

Overexpression of apoE

HEK-293T cells were transduced with a lentiviral vector encoding apoE
and were then cultivated in presence of blastidicin for selection of
transduced cells. Selected cells were used for production of tecVLPs as

described above. The intracellular level of apoE was assessed by flow
cytometry as described for down-regulation.

Blocking with anti-LDL-R antibody

All cell lines were grown in OptiMEM and were incubated with different
doses of anti-LDL-R or control IgG for 1 h at 37 °C. Then viral inoculum
was added to cells in presence of antibodies, and media was replaced
with DMEM, 10% FCS, 3 h post-transduction/infection. All experiments
were performed with serial dilution of viral supernatants. For tecVLP-
GFP or lentiviral pseudoparticles, cells were harvested 48h post-
transduction and level of transduction was determined by flow cyto-
metry and titer was obtained as described above; for WT virus, cells
were harvested 24 h post-infection and infectious titer was determined
by RT-qPCR as described above; for HAZV, cells were harvested 16 h
post-infection and infectious titer was determined by flow cytometry
as described above. When testing different cell lines (EBL, MDBK,
A549, TE-671, HEK-293T), cells were transduced with tecVLP-NanoLuc,
the level of transduction was quantified 48 h post-transduction, by
lysing the cells with passive lysis buffer (Promega) and measurement of
luciferase signal using Nano-Glo® Luciferase Assay System (Promega).
Viral titer was determined as described above. For analysis of incuba-
tion kinetics, Huh-7.5 cells were incubated with LDL-R antibody either
1h before transduction, at the time of transduction or 2 h, 4 h, 6 h post-
transduction. The antibody-containing media was replaced by fresh at
2 h or at 24 h post-transduction depending on the conditions (Fig. 3a).
Cells were harvested at 48 h post-transduction, and the viral titer was
determined after the detection of positive cells by flow cytometry as
described above.

For transduction of PHH, at 24 h post-seeding, cells were washed
and incubated in their culture medium, with different doses of anti-
LDL-R or control IgG for 1 h at 37 °C before transduction with serial
volumes of tecVLP-NanoLuc in presence of antibodies. 3 h post-trans-
duction, medium was changed, and the level of transduction was
assessed 24 h post-transduction, as described above.

Neutralization assays with sLDL-R or apoE antibodies

Serial dilutions of inoculate were incubated for 1h at room tempera-
ture with different doses soluble LDL-R (sLDL-R), CD81_6His_LEL, anti-
apoE serum or control goat serum and then added to Huh-7.5 cells
grown in OptiMEM. All the infection/transduction assays were per-
formed with serial dilutions. At 3 h post-infection or -transduction,
media was replaced with DMEM, 10% FCS. For tecVLP-GFP or lentiviral
pseudoparticles, cells were harvested 48 h post-transduction and level
of transduction was determined by flow cytometry and viral titer was
determined as described above; for WT CCHFV virus, cells were har-
vested 24 h post-infection and level of infectivity was determined by
RT-qPCR as described above. For HAZV, infected cells were harvested
16 h post-infection and level of infectivity was determined by flow
cytometry. For HCV, cells were fixed 48 h post-infection and level of
infectivity was determined by immunostaining as described above.

Binding assays

CCHF tecVLPs were incubated with 5 ug of sLDL-R or CD81-LEL’? (both
harboring a 6xHis tag) for 1h at room temperature before incubation
with Ni-particles (MagneHis™ Protein Purification System, Promega),
according to the manufacturer’s protocol. After 3 washes, beads were
resuspended in TriReagent before extraction and determination of the
level of cocaptured CCHFV minigenome by RT-qPCR.

Cell surface staining of LDL-R or VLDL-R

For flow cytometry, cells were washed and detached with Versene
(Invitrogen), before fixation with 2% paraformaldehyde (PFA, (Sigma-
Aldrich, France)) for 15min. Cells were then incubated for 1h at
4 °C with primary antibody anti-LDL-R (AF2148) or control isotype at
40pg/mL in PBS+2% FCS, with regular shaking. After 3 washes, cells
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were incubated with secondary antibody for 1 hat4 °Cin PBS +2% FCS,
with regular shaking. After 3 washes, cells were resuspended in PBS +
2% FCS and analyzed by flow cytometry (MACSQuant® VYB Flow
Cytometer; Miltenyi Biotec). The gating strategy is depicted in the
Supplementary Fig. 3. For VLDL-R staining, the same protocol was used
using anti-VLDLR (1H10).

For cell imaging, Huh7.5 cells were grown in 6 well plates con-
taining coverslips. 24 h later, cells were treated as indicated in the
figure. Treated cells were then fixed with 3% PFA for 15 min and directly
processed for immuno-staining after 3 washes with PBS. Fixed cells
were saturated with 3% bovine serum albumin (BSA)/PBS for 20 min
and incubated for 1h with anti-LDL-R (AF2148, 20pg/mL) and anti-
CDS8L1 (JS-81, BD Pharmingen, 1/250) diluted in 1% BSA/PBS. After three
washes with 1% BSA/ PBS, cells were incubated for 1 h with donkey anti-
goat Alexa Fluor 488 and donkey anti-mouse Alexa Fluor 555 respec-
tively (A-11055 and A-31570 respectively, Molecular Probes) at a 1/2000
dilution in1% BSA/PBS. Cells were washed three times with PBS, stained
for nuclei with Hoechst 33342 (H3570, Molecular Probes) for 5 min in
PBS, washed three times with PBS and mounted in Mowiol 40-88
(Sigma-Aldrich) before acquisition with confocal microscope LSM-800
(Zeiss) equipped with a 63X objective. Images were analyzed with the
Fiji software (https://imagej.net).

Co-immunoprecipitation assay

CCHF tecVLPs were incubated with apoE antibodies (AB947; Sigma-
Aldrich) or control goat IgG overnight at 4 °C. Then 1.5 mg of Dyna-
beads protein G magnetic beads (ThermoFisher) were added during
1h at room temperature. The beads were then washed 3 times with
PBS. For the elution, beads were resuspended in TriReagent and the
supernatant was transferred into a new tube for RNA extraction, fol-
lowing manufacturer’s protocol before determination of the level of
cocaptured CCHFV minigenome by RT-qPCR (see below).

The same procedure was used with CCHFV WT particles, with
elution using Trizol LS. RNA and proteins were extracted according to
the manufacturer’s protocol. The level of co-captured CCHFV RNA was
determined by RT-qPCR (see below) and the level of proteins was
determined by western blot.

Capture of particles with sLDL-R or CD81-LEL

CCHF tecVLPs or WT CCHFV or HAZV particles were incubated with
5pg of soluble LDL-R (2148-LD-025/CF, R&D systems), or CD8I-LEL for
1h at room temperature. Then 30uL of MagneHis Ni-Particles (Pro-
mega) were added and the samples were processed according to
manufacturer’s instructions. For the elution, beads were resuspended
in TriReagent and the supernatant was transferred into a new tube for
RNA extraction, following manufacturer’s protocol before determina-
tion of the level of co-captured CCHFV or HAZV RNAs by RT-qPCR
(see below).

Detection of viral genomes by RT-qPCR

After extraction following the manufacturer’s protocol, RNA was
reverse transcribed (iScript cDNA synthesis kit; Bio-Rad). In the case of
tecVLPs samples, RNA was treated with DNAse (Invitrogen) according
to manufacturer’s protocol. Level of cDNA was then quantified by
gPCR. For tecVLPs minigenome, the quantification was done by
detection of the nanoLuc minigenome for CCHFV: 5-TAGTCGAT-
CATGTTCGGCGT-3" and 5-ACCCTGTGGATGATCATCACT-3" with 5™
GATTACCAGTGTGCCATAGTGCAGGATCAC-3' as probe, using Tag-
Man™ Gene Expression Master Mix (ThermoFisher). For WT CCHFV,
the quantification was done using FastStart Universal SYBR (Roche)
with the following primers 5-CCCCACACCCCAAGATAATA-3’ and 5~
ACTACTCTGCATTCTCCTCA-3 targeting L UTR. For HAZV, the quan-
tification was done by using FastStart Universal SYBR (Roche) with the
following primers 5-CAAGGCAAGCATTGCACAAC-3* and 5-
GCTTTCTCTCACCCCTTTTAGGA-3 targeting S segment.

For titration of WT CCHFV, viral RNA levels were normalized with
respect to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) RNA
levels, detected using FastStart Universal SYBR (Roche) and specific
primers  5-AGGTGAAGGTCGGAGTCAACG-3’ and  5-TGGAA-
GATGGTGATGGGATTTC-3".

As an internal control of extraction, an exogenous RNA from the
linearized Triplescript plasmid pTRI-Xef (Invitrogen) was added into
the supernatant prior to extraction and quantified with specific pri-
mers (5-CGACGTTGTCACCGGGCACG and 5-ACCAGGCATGGTGGT-
TACCTTTGC). This signal was used for normalization of signal for
crude supernatant, as well as capture and IP assays.

All analyses were done on a Quantstudio real-time PCR apparatus.

Drug treatment

Recombinant PCSK9 (Thermo-Fisher) or Berbamine (BBM, Sigma-
Aldrich) were used at the indicated concentration and time of incu-
bation. Huh-7.5 cells were incubated with O vs. 10pg/mL of PCSK9 for
3h at 37°C, or with 0 vs. 75uM of Berbamine (BBM) for 2 h at 37°C
before infection or transduction with serial volume of particles. The
media was replaced 3 h post-infection (p.i.) or post-transduction (p.t.)
and the cells were harvested at 48 h p.i. or p.t. for determination of the
levels of infection or transduction by flow cytometry. Cell viability and
level of LDL-R at cell surface were assessed at the time of infection or
transduction.

Electron microscopy

For negative staining, formvar/carbon-coated nickel grids were
deposited on a drop of samples during five minutes and rinsed two
times on drop of water. The negative staining was then performed with
three consecutive contrasting steps using 2% uranyl acetate (Agar
Scientific), before analysis under the transmission electron micro-
scope (JEM-1400Plus).

For analysis of the particles by negative staining electron micro-
scopy and immunogold labeling, formvar/carbon-coated nickel grids
were deposited on a drop of samples during five minutes and rinsed
two times with phosphate-buffered saline (PBS). Grids were then
incubated on a drop of PBS/BSA 1% and then PBS containing 1:100 goat
anti-apoE serum (AHP2177) and 1:100 mouse anti-Gn serum (in-house)
for one hour. After six washes of five minutes with PBS, each, grids
were further incubated for one hour on a drop of PBS containing 1:30
gold-conjugated (6 nm) donkey anti-goat or 1:30 gold conjugated
(6 nm) goat anti-mouse (Aurion). Grids were then washed again with
six drops of PBS, post-fixed in 1% glutaraldehyde and rinsed with three
drops of distilled water. The negative staining was then performed
with three consecutive contrasting steps using 2% uranyl acetate (Agar
Scientific), before analysis under the transmission electron micro-
scope (JEM-1400Plus).

Western blot analysis of cell lysates and pellets

For cell lysates, cells were lysed with lysis buffer (20 mM Tris [pH 7.5],
1% Triton X-100, 0.05% sodium dodecyl sulfate, 150 mM NacCl, 0.5% Na
deoxycholate)) supplemented with protease/phosphatase inhibitor
cocktail (Roche) and clarified from the nuclei by centrifugation at
13,000 x g for 10 min at 4 °C for quantitative western blot analysis. For
pelleting of particles, supernatants were harvested and filtered
through a 0.45pum filter and centrifuged through a 20% sucrose cush-
ion at 28,000 rpm for 2 h at 4 °C with a SW41 rotor and Optima L-90
centrifuge (Beckman). Pellets were resuspended in PBS prior to use for
western blot.

Proteins obtained in total cell lysates or pellets were denatured in
Laemmli buffer (250 mM Tris-HCL pH 6.8, 10% SDS, 50% glycerol,
500 mM B-mercapto-ethanol, bromophenol blue) at 95°C for 5min
separated by SDS-PAGE, and then transferred to nitrocellulose mem-
brane and revealed with specific primary antibodies, followed by the
addition of IRdye secondary antibodies, and imaging with an Odyssey
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infrared imaging system CLx (Li-Cor Biosciences). In the case of Gc
detection, proteins in total cell lysates or pellets were loaded in non-
denaturing, non-reducing buffer (250 mM Tris-HCL pH 6.8, 5% SDS,
50% glycerol, bromophenol blue).

Cell viability measurement
The cell viability was assessed using Cytotox-Glo Cytotoxicity Assay
(Promega) according to the manufacturer’s protocol.

Statistical analysis

Significance values were calculated by applying tests indicated in the
figure legends using the GraphPad Prism 10 software (GraphPad
Software, USA). P values under 0.05 were considered statistically sig-
nificant and the following denotations were used: ***P<0.0001;
**P <0.001; *P<0.01; *P< 0.05; ns (not significant), P> 0.05.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The data generated in this study are provided in the Source Data
file. Source data are provided with this paper.
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Supplementary Table 1. Antibodies used in this study.

Primary antibodies

Targets

Dilution

Company (catalog number)

LDL-R (goat)

IF 20mg/mL;FACS 40mg/mL ; WB
2mg/mL; blocking assay 0.25-1-4mg/mL

R&D systems (AF2148)

Lrp1 (rabbit) WB 1:1000 Abcam (EPR3724)
VLDL-R (mouse) FACS 1:1000 Abcam (1H10)

SR-BI (mouse) WB 1:200 BD biosciences (610883)
CD81 (mouse) IF 1:250 BD Pharmingen (JS-81)
apoE (goat) IP 10pL Sigma-Aldrich (AB947)

apoE (goat)

WB 1:2000; EM 1:100; neutralization assay
1:200-1:100-1:50; FACS 1:2000

AbD Serotec (AHP2177)

Actin (mouse) WB 1:10000 Sigma-Aldrich (AC-74)
Calnexin (rabbit) WB 1:1000 Enzo Life sciences (ADI-SPA-865-F)
CCHFV Gc 11E7 (mouse) WB 1:1000 BEI Resources (NR-40277 )

CCHFV Gn (mouse)

WB 1:1000 ; EM 1:100

Home-made

CCHFV NP 9D5 (mouse)

WB 1:1000

BEI Resources (NR-40277)

CCHFV NP 2B11 (mouse)

Immunostaining 1:250

BEI Resources (NR-40257)

HCV NS5A 9E10 (mouse)

Immunostaining 1:800

Kind gift from C. Rice

Anti VSV-G (mouse)

Neutralization for production 1:100

41A1 (hybridoma)

488

Goat IgG FACS 40ug/mL; blocking assay 0.25-1- ThermosFisher (02- 363 6202)
4ug/mL
Goat serum neutralization assay 1:200-1:100-1:50 Viromed (79S094)
Secondary antibodies
Donkey anti-mouse Alexa Fluor IF 1:2000 ThermoFisher (A-31570)
555
Donkey anti-goat Alexa Fluor IF 1:2000 ThermoFisher (A-11055)

Goat anti-Mouse-HRP

Immunostaining (HCV) 1:1000

Sigma-Aldrich (A4416)

Anti-Mouse IgG (whole
molecule)-Peroxidase antibody

Immunostaining (CCHFV) 1:1000

Sigma-Aldrich (A5278)

Goat F(ab')2 Anti-Mouse g, FACS 1:100 Southern Biotech (1012-11)
Human ads-APC

F(ab')2-Donkey anti-Goat IgG FACS 1:100 ThermoFisher ( 31860)

(H+L), PE

Anti-Goat IgG, FITC FACS 1:100 Dako (F0250)

IRDye® 680RD Donkey anti- WB 1:10000 Li-COR Biosciences (926-68072)
Mouse IgG

IRDye® 800CW Goat anti- WB 1:10000 Li-COR Biosciences (926-32210)
Mouse IgG

IRDye® 800CW Donkey Anti- WB 1:10000 Li-COR Biosciences (926-32213)
Rabbit IgG

IRDye® 800CW Donkey anti- WB 1:10000 Li-COR Biosciences (926-32214)
Goat IgG
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Supplementary Figure 1. Conditions for transduction or infection with tecVLP or WT CCHFV.

(a) Western blot analysis of cell lysates from Huh-7.5 cells stably expressing FLuc, transduced with lentiviral vectors allowing
expression of control shRNA or shRNA targeting Lrp1 or LDL-R (left). Representative image of 5 independent experiments.
Quantification of abundance of LDL-R (right) in control or Lrp1 KD cells. N=5 independent experiments. (b) Cell surface expression
of LDL-R of cells transduced with sh-ctrl or sh-Lrp1 as described in Figure 1b. Control isotypes are depicted in dotted lines.
Representative image of 3 independent experiments (c) Representative example of the linearity of infection or transduction obtained
with serial dilutions of particles. The red dots indicate the values used for calculation of the levels of infection/transduction. (d) Viral
titers obtained for experiments with WT CCHFV described in Figure 1a. N=6 independent experiments. (e) Levels of nanoLuc
signals detected at 24h after transduction of Huh-7.5 cells or PHH with 100puL of tecVLPs with minigenome encoding nanoLuc. N=4
independent experiments. (f) Levels of nanoLuc signals detected 48h after transduction of Huh-7.5, TE-671 and A549 cells with
100uL of tecVLPs with minigenome encoding nanoLuc. N=3 independent experiments (g) Levels of nanoLuc signals detected 48h
after transduction of Huh-7.5, EBL and MBDK cells with 100pL of tecVLPs encoding nanoLuc. N=3 independent experiments.
NI=non infected control. Data are represented as the means + SEM. Each dot in the graphs corresponds to the value of an
individual experiment.
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Supplementary Figure 2. apoE influences CCHF tecVLPs infection.
(a) Western blot of cell lysates and pellets of tecVLPs produced in Huh-7.5 or HEK-293T cells and revealed for Gc expression.
Representative image of 3 independent experiments. (b) Transduction titer of tecVLP-GFP or tecVLP-NanoLuc particles produced in
Huh-7.5 (violet) or HEK-293T (pink) cells. The infectivity was assessed after transduction of Huh-7.5 cells pre-transfected with NP+L
expression plasmids, by flow cytometry at 24h post-transfection (p.t.) for GFP minigenome or after transduction of Huh-7.5 cells, by
nanolLuc signal measurement at 24h p.t. for nanoLuc minigenome. N=3 independent experiments. (c) Cell surface staining of LDL-R
at the surface of HEK-293T cells. Representative images of 3 independent experiments. (d) Percentage of GFP positive cells
obtained for condition without antibodies in experiments of Figure 3b (left). N=3 independent experiments. (e) Levels of nanoLuc
signal obtained for condition without antibodies in experiments of Figure 3b (right). N=3 independent experiments. (f) Western blot of
cell lysates of Huh-7.5 and HEK-293T cells that were revealed for expression of apoE. Representative image of 3 independent
experiments. (g) Transduction titers of tecVLP-GFP particles produced in HEK-293T cells (pink) or in HEK-293T cells ectopically
expressing apoE (maroon). The infectivity was assessed after transduction of Huh-7.5 cells pre-transfected with NP+L expression
plasmids, by flow cytometry at 24h p.t. for GFP minigenome. N=4 independent experiments
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Supplementary Figure 3. Gating strategy for LDL-R cell surface staining.
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(a) The population of viable cells was first identified by creating a forward vs. side scatter plot. (b) The population identified in (a)
was then then gated to isolate single cells only, by plotting the forward scatter area by height and gating for cells that display a
linear relationship. (c) Cells from (b) were displayed as a histogram of the fluorescent intensity of the fluorophore of interest.
Strategy depicted here refers to Fig. 2a. Same strategy was used for Fig. 7.
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Supplementary Figure 4. Gating strategy for apoE intracellular staining.

(a) The population of viable cells was first identified by creating a forward vs. side scatter plot. (b) The population identified in (a)
was then then gated to isolate single cells only, by plotting the forward scatter area by height and gating for cells that display a
linear relationship. (c) Cells from (b) were displayed as a histogram of the fluorescent intensity of the fluorophore of interest.
Strategy depicted here refers to Fig. 4c and Fig. 6e
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