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Severe Fever with Thrombocytopenia Syndrome (SFTS) virus is an emerging tick-borne
Phlebovirus isolated from patients presenting with hemorrhagic manifestations. Case
fatality rates of 12-50% have been reported. Limited information regarding SFTS virus
pathogenesis is known. Inhibition of interferon (IFN) responses by SFTS virus NSs has
been shown to correlate with the relocation of RIG-I signaling proteins into early
endosomal-derived cytoplasmic structures positive for SFTS virus NSs. Moreover,
ubiquitin, an important post-translational modifier required for initiation of the RIG-I
signaling cascade, also localizes to SFTS virus NSs cytoplasmic structures. Recently,
through Live Cell Imaging of a stable cell line expressing the SFTS virus NSs-mCherry,
we observed secretion of some of the SFTS virus NSs-positive structures into the
extracellular space. Concurrently, ultrastructural analysis of secreted structures from SFTS
virus infected cells revealed that 50% harbored viral-like particles. These secreted
structures were also proven to 1) mediate dissemination of SFTS virus and 2) initiate a
successful SFTS virus infection even in the presence of neutralizing antibodies.

Additionally, proteomic analysis of cytoplasmic SFTS virus NSs structures from infected
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cells detected components of the 26S proteasome within these structures and transient
expression of the SFTS virus NSs resulted in decreased levels of ubiquitinated proteins.
Furthermore, SFTS virus infection leads to the reduction of RIG-I and TBK-1 expression,
which were recovered when the Ubiquitin-Proteasomal Pathway was inhibited using MG-
132. Lastly, we observed that mutation of ubiquitination sites of RIG-I and TBK-1
prevented and reduced the interaction with SFTS virus NSs, respectively. Altogether, our
study suggests a novel mechanism for dissemination and innate immune evasion not

previously described for tick-borne phleboviruses.
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CHAPTER 1

Introduction?

INTRODUCTION TO BUNYAVIRUSES

The Bunyaviridae can be divided into arthropod-borne viruses (arboviruses) and those that can
be transmitted via aerosolized rodent excreta, of which the latter only includes Hantaviruses.
Bunyaviruses transmitted by arthropods (mosquitoes, ticks, sandflies, or thrips) are classified as
Phlebo-, Nairo-, Orthobunya- and Tospovirus. Most bunyaviruses except Tospoviruses (which
infect plants) are etiological agents of both human and animal diseases, resulting in asymptomatic
to fatal outcomes.

Human disease from bunyavirus infection ranges from a mild, self-limiting illness to fatal
severe hemorrhagic febrile illness and encephalitis, while in animals, certain bunyavirus infection
leads to abortion storms and stillbirths [1-6]. Even though bunyaviruses pose a significant threat
to both humans and animal species, the extensive worldwide distribution and diversity amongst

this family hinder progress in developing safe and effective therapeutics against bunyaviruses.

PuBLIC HEALTH IMPORTANCE

Worldwide distribution of bunyaviral vectors and with over 350 recognized isolates, make the
Bunyaviridae a global threat to human public health, agricultural productivity, and livestock
(Hlustration 1.1). For example, Rift Valley Fever virus (RVFV), one of the most studied and

characterized Phleboviruses, is considered to be a major agricultural threat due to its potential to

LA portion of this work has been published as: Jesus A. Silvas and Patricia V. Aguilar. (2017). The Emergence of Severe Fever
with Thrombocytopenia Syndrome Virus.Am. J. Trop. Med. Hyg., 00(0), pp1-6 doi:10.4269/16-0967. In press.



hinder livestock production [2, 7]. Currently, vaccines against RVFV for use in animals have been

developed. However, the search for a better vaccine candidate is still underway [3, 8].
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llustration 1.1 Worldwide distribution of members of the Bunyaviridae.

Adapted from https://mygermanshepherd.org/wp-content/uploads/2011/08/Bunyaviridae-
infections.jpg

VIRION STRUCTURE AND GENOMIC ORGANIZATION

Bunyavirus virions are spherical particles with a lipid bilayer envelope ranging in size from 80
to 120 nm in diameter (Figure 1.1). The glycoproteins Gn and Gc are incorporated into the
envelope of the viral particle. The negative-sense single stranded tripartite genome is contained
within the viral particle. Bunyavirus genome consists of a large (L) segment that encodes the RNA-
dependent RNA polymerase, a medium (M) segment that encodes both Gn and Gc glycoproteins
with the inclusion of an NSm protein in some bunyavirus families (Orthobunyavirus and
Tospovirus), and the smaller (S) segment that encodes for the nucleocapsid (NP) protein, and a

small non-structural protein (NSs) using an ambisense coding strategy in phlebo- and tospoviruses
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(Figure 1.1B), while Orthobunyaviruses have a second frame encoding the NSs. In sharp contrast,

some Hantaviruses (except Puumala and Tula viruses) and Nairoviruses do not encode the NSs

[9, 10].
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Figure 1.1 Bunyavirus virion structure and genome organization.

ATTACHMENT, ENTRY, AND REPLICATION

Cellular receptors for bunyaviruses include the C-type lectin Dendritic Cell-Specific
Intercellular adhesion molecule-3-Grabbing Non-integrin  (DC-sign) or Liver-Specific
Intercellular adhesion molecule-3-Grabbing Non-integrin (L-SIGN). Additionally, co-factors such
as heparan sulfate, nucleolin, or non-muscle myosin heavy chain 1A (NMMHC-IIA) aid in
promoting internalization of bunyaviruses into the host cell. Upon receptor-mediated attachment,
viral particles enter host cells via endocytosis into the early endosomal compartment. Bunyavirus
entry varies from virus-to-virus, with some requiring clathrin-mediated endocytosis and others
independent of this pathway. For example, Oropouche virus enters the cell via clathrin-mediated

endocytosis [11], in contrast, some studies suggest that Uukuniemi virus does not require clathrin-
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mediated endocytosis [12]. Uncoating of the viral particles occurs as the endosomal compartment
matures and internal acidification occurs, leading to fusion of both the viral and endosomal
membranes. Fusion of the viral and endosomal membranes results in the release of the viral
genome into the cell cytoplasm, and primary transcription of the viral complementary mRNA
occurs using host cell factors and viral polymerase. Translation of L, M, and S segments mMRNA
leads to the production of corresponding proteins, with post-translational cleavage of the M

segment polyprotein.

BUNYAVIRUS PATHOGENESIS

Pathogenesis due to bunyaviral infection differs from genus to genus. Typically, initial
Orthobunyavirus infection occurs in the striated muscle, disseminating into the plasma, then high
viremia results in penetration of the blood-brain barrier. Infection with La Crosse Virus (LACV)
leads to neuroinvasiveness resulting in cerebral lesions [6, 13-15]. Typical pathology observed in
LACV human cases included cerebral edema, glial nodules, focal necrosis, and mild
leptomeningitis [13, 14]. In contrast, human infection with phleboviruses such as Rift Valley Fever
(RVFV), can remain asymptomatic or present with mild febrile illness [5]. However, 1-3% of
RVFV infections in humans can lead to death [5]. RVFV infection of livestock, however, results
in more severe outcomes. Livestock typically exhibits leukopenia in first days of infection,
followed by alteration of serum levels indicative a hepatic damage in the acute phase, and during
the recovery phase leukocytosis. Even though these are the typical manifestation of RVFV disease,
they vary significantly. In severe cases, thrombocytopenia and fibrin thrombi suggest disseminated

intravascular coagulopathy (DIC) [5].
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Nairoviruses such as Crimean-Congo Hemorrhagic Fever Virus (CCHFV) are maintained
in their tick hosts. However, infection of vertebrates such as livestock, hare, and large wild
herbivores results in subclinical manifestations or present none at all [16-18]. Human infections
with CCHFV lead to severe hemorrhagic outcomes. Organs of infected individuals typically
exhibit edema, focal hemorrhage, and necrosis. During the first days of infection,
thrombocytopenia and increased prothrombin more than likely play a significant role in disease
progression, ending in DIC [16].

Unlike the other bunyavirus genera, the Hantaviruses are introduced into the human host
through inhalation of infected aerosolized rodent excreta. Hemorrhagic fever with renal syndrome
(HFRS) and Hantavirus Pulmonary Syndrome (HPS) are human diseases in which the kidneys or
lungs exhibit capillary leakage and fluid loss, respectively [19-21]. The mechanism by which the
kidneys undergo extreme pathology remains unclear, however interstitial infiltration of immune
system cells such as lymphocytes and macrophages is observed during HFRS. In HPS, pulmonary
edema, pleural effusions, and infiltration of mononuclear cells are seen in the lung epithelium [22].
Due to the high abundance of immune system cells infiltrates observed in HPS and HFRS, it has
been suggested that disease associated with hantavirus infection is due to the human immune

response and not viral-induced cell death [19-24].

ISOLATION, IDENTIFICATION, AND CLASSIFICATION OF SFTS VIRUS

Surveillance of febrile illness in Chinese provinces led to the identification of Severe Fever
with Thrombocytopenia Syndrome (SFTS) virus in 2009. Isolation occurred from patients
presenting with fever, thrombocytopenia, leukocytopenia and multi-organ dysfunction. By
serological and molecular techniques, SFTS virus was classified as a bunyavirus, genus

Phlebovirus [25]. Isolation of the first SFTS virus strain was carried out by inoculating DH82,

21



L929, Vero cell lines with white cells obtained from a 42-year old patient that presented with
febrile illness. Furthermore, 11 more isolates were obtained by 2010, and genetic analysis revealed
a 96% homology with the first SFTS virus isolate. Further phylogenetic studies showed that SFTS
virus clustered with members of the Bunyaviridae, however both RNA-dependent RNA
polymerase and glycoproteins were more closely related to Uukuniemi virus. Additionally, SFTS
virus NP had 41.4% similarity with RVFV NP while in sharp contrast, the SFTS virus NSs showed

a similarity of only 11.2 to 16.0% with amino acids in other phleboviruses [25].

TRANSMISSION AND ECOLOGY

Ticks were initially suspected as the primary SFTS virus vector because patients recounted
being bitten by ticks before illness onset and because ticks were frequently found in areas where
the patients reside. Further investigations resulted in the isolation of SFTS virus from the ticks
Haemaphysalis longicornis and Rhipicephalus microplus collected in areas with endemic SFTS
virus transmission in China [26-28]. Notably, SFTS virus RNA was detected in Haemaphysalis
longicornis at different developmental stages (i.e. larvae, nymphs, and adults) and also in eggs
oviposited by engorged adult females suggesting that transtadial and transovarial transmission of
SFTS virus occurs in ticks [27]. These findings could potentially account for maintenance of the
virus in nature. In South Korea, SFTS virus has also been isolated from Amblyomma testudinarium
and Ixodes nipponensis suggesting that they may serve as additional vectors in this country [29].
Nevertheless, laboratory vector competence studies are still needed to confirm their capacity to
transmit SFTS virus.

In China, domestic animals are considered potential reservoir hosts for the virus because

antibodies against SFTS virus have been detected in goats, cattle, sheep, pigs, dogs, and
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chickens [30-32]. In these studies, SFTS virus RNA was detected only in a small fraction of
animals (1.7%-5.3%), and none of these animals showed signs of illness. Virus isolates were
obtained from some of these viremic animals, and sequencing analyses revealed that they were
closely related to isolates obtained from SFTS patients and ticks [30]. Convincing evidence
that ticks and possibly goats participate in the SFTS virus transmission cycle was obtained by
Jiao et al. [26]. Experimental infection of goats with SFTS virus-induced detectable viremia in
3 out of 5 infected animals on day three post infection. Interestingly, viremia lasted only 24
hours, and no viral RNA was detected from nasopharyngeal or anal swabs suggesting that the
virus is not shed through respiratory or digestive routes. Control animals that had close contact
with the infected animals did not develop antibody responses indicating that close contact
transmission of SFTS virus among goats does not occur [26]. Despite this knowledge, evidence
demonstrating that the viremia detected in goats experimentally infected with SFTS virus is
high enough to infect ticks was not obtained in the study. In another set of experiments
conducted by the same authors, goats were naturally infected by exposure to ticks, and
seroconversion monitoring and tick collection were performed on a daily basis. All goats were
naturally infected by day 34, and viral RNA was detected in the majority of the animals, as
well as in Haemaphysalis longicornis ticks collected from them. Not surprisingly, virus
isolates obtained from both one goat, and its parasitic tick samples demonstrated high sequence
homology, supporting the conclusion of natural transmission of SFTS virus [26].

Prevalence in mice and rats, particularly the field mouse Apodemus agrarius and the
common rat Rattus norvegicus, has also been assessed and approximately 3% were found to
be SFTS virus antibody positive [32]. The role of rodents in the transmission cycle of SFTS

virus remains to be elucidated.

23



In South Korea, feral cats may also play a role in SFTS virus transmission since 17% of
the samples obtained from feral cats had detectable viral RNA present [33]. In Japan, SFTS
virus antibodies were also detected in cattle as well as wild boars [34, 35]. Recent studies have
suggested a link between the occurrence of SFTS virus and migratory birds. The distribution
of H. longicornis and the migratory bird routes between mainland China, S. Korea, and Japan
suggest that waterfowl are responsible for the dispersal of SFTS virus-infected ticks.
Phylogenetic studies performed on isolates from Japan and S. Korea show genetic similarities
with SFTS virus strains isolated in mainland China [36, 37]. These findings suggest that
additional studies to elucidate the ecology and transmission cycle of SFTS virus in these
countries are still needed.

Although tick to human is believed to be the main route of SFTS virus transmission,
evidence supporting possible person to person transmission of SFTS virus has also been
documented [38-40] (Figure 1.2). Given the fact that SFTS virus RNA is found in bodily
secretions, this further supports the potential for human to human SFTS virus transmission
without the involvement of the tick vector; nevertheless, risk factor analyses did not detect
being in close contact with SFTS patient as one of the main risk factors for infection [41]. In
contrast, analysis of a family cluster of SFTS virus infections by Yoo et al. suggested the

possible transmission of SFTS virus via close contact [42].

EPIDEMIOLOGY

Although SFTS was first recognized in 2009, the disease first appeared in rural areas of
central China in the spring of 2006. Since then, the number of SFTS cases have increased

considerably in China from 511 in 2011 to nearly 1,500 cases in 2012 [43]. The initial case
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fatality rate reported was up to 30%; however, recent estimates range between 10-12% except
for Japan and South Korea where the mortality rate is as high as 50% [44-47]. The disease is
mainly seen among farmers engaged in agricultural activities or forest workers, and the
majority of the cases (86%) are detected in subjects 50 years of age or older with fatality rates
increasing with age [48, 49]. The SFTS case incidence was found to be similar for both females
and males [49], although a female to male ratio of 1.58 was reported in an early study in the
Xinyang province based on laboratory-confirmed SFTS cases [48]. It has also been noted that
approximately 67% of the cases are reported between the months of May and July [48, 49].
The SFTS virus antibody prevalence among healthy subjects residing in endemic areas in
China ranges between 0.8-3.8% [32, 50]. Given the limited information available about the
duration of antibody responses following exposure to SFTS virus, studies are needed to
elucidate if the low prevalence levels are due to low exposure levels, limitation in the
sensitivity of antibody detection methods, or short duration of antibody responses following
SFTS virus exposure. A recent study in a small cohort of previously SFTS hospitalized patients
detected SFTS virus antibodies even four years after hospitalization; nevertheless, the antibody
levels had decreased over time among most study subjects [51]. Thus, studies to evaluate the
duration of antibody responses in a larger study group following SFTS virus infection are still
needed. Due to the increased number of SFTS cases reported in recent years, the presence of
SFTS virus within blood donations was assessed from April to October 2012 at multiple blood
centers in the Henan province in China. A modest antibody prevalence of 0.54% among the

healthy blood donors was reported [52]. Viral RNA was detected in only 2 out of the 17,208
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Figure 1.2. Transmission and ecology of SFTS virus.
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plasma samples tested, and viral load levels were low (less than 20 plaque forming units/mL)[52].
Thus, these findings raise some questions as to whether SFTS virus constitutes

a significant threat to blood banks. However, this possibility should not be completely overruled,
particularly in endemic areas of SFTS virus circulation.

SFTS cases have also been reported in Japan and South Korea [29, 46, 53]. In South Korea, the
first SFST case was retrospectively identified in a sample collected in August 2012 from a female
with a history of insect bites while working on a crop farm and who died from multiple organ
failure [54]. Additional cases were later identified by the Korean Center for Disease Control and

Prevention in 2013 with a case fatality rate of 47.2 % [46].

PATHOGENESIS AND MOLECULAR VIROLOGY

Due to its recent emergence, the pathogenesis of SFTS virus has not been fully defined. We do
know that inhibition of innate immune responses is a common feature among the mosquito- and
sandfly-borne bunyaviruses and this occurs through a variety of mechanisms, including protein
degradation and downregulation of host cell transcription [13, 55-58] (Table 1). The Phlebovirus
nonstructural protein NSs was found to be the major virulence factor involved in the inhibition of
IFN responses as well as inhibition of host cell gene transcription [59, 60]. Interestingly, SFTS
virus-infected patients have almost no detectable IFN-f in their sera suggesting that SFTS virus is
also capable of inhibiting IFN responses [45]. Consistent with these observations, studies have
demonstrated the ability of the SFTS virus NSs to inhibit IFN responses [61-64]. However, the
mechanism by which the tick-borne SFTS virus inhibits IFN responses differs to those described
for mosquito and sandfly-borne bunyaviruses. In contrast to protein degradation or inhibition of

host cell transcription, the particular ability of SFTS virus NSs to inhibit the innate immune
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response correlates with the spatial relocation or sequestration of the main components of the IFN
response (i.e. retinoic inducible gene I, Tank-binding kinase 1, and the E3 ubiquitin ligase

TRIM25) into the SFTS virus NSs positive-cytoplasmic structures [61, 65, 66].

. NSs Mechanism of
Phlebovirus
distribution IFN inhibition/Target
Mosquito Rift Valley Fever Virus Nuclear/ Proteosomal degradation of PKR, TFIIH p62; inhibition of
Cytoplasmic host cell transcription; sequestration of TFIIH p44 and XPB

Punta Toro Virus Cytoplasmic  Inhibition of IFN induction
Tickborne Severe Fever with Thrombocytopenia Endosomal Sequestration of RIG-I, TBK-1/IKKe, TRIM25, STAT 1/2, IRF3

Syndrome Virus into endosomal structures

Table 1. Cellular distribution and mechanism of IFN inhibition/target of bunyavirus NSs.

Abnormal production of pro-inflammatory cytokines has been recently detected in patients
with a severe form of the disease and higher serum viral load correlated with elevated cytokine
levels [67]. Key immune mediators such as IL-1p, IL-8, MIP-1a, and MIP-1[ were elevated during
the acute phase of the disease in patients who succumbed to infection when compared to those
who survived SFTS [67]. SFTS virus has also been shown to bind to platelets. This phenomenon
has been suggested as the possible cause of thrombocytopenia observed in patients, because virus
bound to platelets are recognized by macrophages and phagocytosed, leading to a decrease in
platelet count [68]. Decreased levels of CD3* and CD4" T lymphocytes have also been reported in
SFTS-infected patients, including in those who succumbed to the disease [47, 69].

The SFTS virus NSs has been observed to localize to cytoplasmic structures positive for

the early endosomal marker Rab5 and the autophagy marker LC3 [61]; however localization was
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to cytoplasmic structures was still observed in mouse cells deficient in conventional autophagy,
suggesting these NSs-positive structures are not derived from the autophagy pathway [61]. Further
confocal analysis of the SFTS NSs-cytoplasmic structures revealed that they did not localize with
markers associated with the endoplasmic reticulum or the Golgi Apparatus. Additionally, through
indirect immunofluorescence of SFTS virus infected HeLa cells, we and others observed that the
NSs-positive structures also localized with the SFTS virus NP, L, and nascent viral RNA—
suggesting these structures could be sites of viral replication [66].

The above-mentioned studies suggest that the NSs-positive structures localize to
endosomal derived cytoplasmic structures that correlate with the inhibition of innate immune
responses and may have a role in viral replication; however, the exact mechanism and function of
these structures still needs to be elucidated. Therefore, in this study, | propose to the test the central
hypothesis that SFTS virus exploits the endosomal pathway for inhibition of innate immune
responses as well as for viral replication. This central hypothesis will be tested with the following

specific aims:

SPECIFIC AIMS
Specific Aim 1

Determine the source of SFTS virus NSs-positive structures.
Hypothesis: SFTS virus hijacks structures derived from the early endosomal pathway during viral

infection.

Rationale: The endosomal pathway provides the cell with a vast compartmentalization system for
the trafficking of proteins. Regulation of the endosomal pathway is mediated by Rab GTPases and
ADP-ribosylation factors (Arfs) that are responsible for sequestration of cargo and directing of

endosomal vesicles to distinct pathways. We have reported that the NSs of SFTS virus localizes
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to cytoplasmic structures positive for the early endosomal marker Rab5 and the autophagy marker
LC3 [11]. Additionally, by Mass Spectrometry Analysis of isolated cytoplasmic SFTS virus NSs-
positive structures, we were able to identify additional proteins associated with the endosomal
pathway such as Arf-1 (known to regulate formation of clathrin-coated pits), Arf-6 (a regulator of
membrane recycling endosomes), the human transferrin receptor (huTfR-1), and the epidermal

growth factor receptor (EGFR).

SPECIFIC AIM 1A

Determine whether SFTS virus NSs localizes to cytoplasmic structures derived from the
Endosomal Recycling Pathway.
Hypothesis: SFTS virus NSs hijacks early endosome structures.

Specific Aim 2

Determine the role of SFTS virus NSs-positive cytoplasmic structures in viral replication.
Hypothesis: SFTS virus NSs targets Rab5-positive vesicles for generation of viral factories.
Rationale: It has been widely described that bunyaviruses undergo viral replication and virion

assembly within structures derived from the Golgi apparatus and the endoplasmic reticulum (ER)
[14-16]. The NSm protein of bunyaviruses, which is not encoded by SFTS virus, has been shown
to be a scaffold protein that associates to these structures [14, 15, 26]. We have reported that the
structures positive for SFTS virus NSs do not co-localize with protein markers related to the Golgi
or ER, but with endosomal markers. Furthermore, we found that these structures harbor newly
synthesized viral RNA as well as viral proteins involved in SFTS virus replication. Additionally,

we have observed the active transfer of SFTS virus NSs-positive structures from cell to cell.

SPECIFIC AIM 2A

Determine whether SFTS virus NSs secreted structures are exosomes.
Hypothesis: SFTS virus NSs hijacks exosomal structures.
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Rationale: Recent studies have shown that viral pathogens use exosomes or exosome-like vesicles
for the dissemination of infectious material or viral progeny [70, 71]. Exosomes or exosome-like
vesicles can be derived from the endosomal pathway or directly from the plasma membrane [72,
73]. We have observed that the SFTS virus NSs protein relocates to Rab5+ early endosomal
structures and using live cell imaging of SFTS virus NSs expressing cells we noted that 20-30%

of these structures are secreted into the extracellular space and endocytosed by neighboring cells.

SPECIFIC AIM 2B

Determine whether SFTS virus NSs-positive structures contain viral material
Hypothesis: SFTS virus NSs-positive structures carry infectious viral RNA.

Rationale: Exosomes have been implicated in the active transfer of viral progeny or viral genetic

material [70, 74-77].

Specific Aim 3

Determine the mechanism by which components of the RIG-1 signaling cascade are targeted into
SFTSV NSs-positive structures
Hypothesis: Components of the RIG-I signaling cascade are directed into SFTS virus NSs-positive

structures via the interaction between NSs and ubiquitin for degradation via the Ubiquitin-
Proteosomal Pathway.

Rationale: It has been reported that SFTS virus NSs prevents the induction of interferon-p (IFN-
B) responses by sequestering components of the RIG-1 signaling cascade such as RIG-1, TRIM-25,
and TBK-1, into cytoplasmic structures [11, 12]. Additionally, we observed that ubiquitin also
localizes to the SFTS virus NSs-positive structures. Ubiquitination is one of the key
posttranslational modifications that modulate protein activity. Ubiquitin moieties, K63- and K48-
linked, have been well described as determinants in the proteolytic fate of proteins [30].

Ubiquitination at K63 targets the protein to lysosomes, while K48 ubiquitination leads to
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degradation via the 26S proteasome. RIG-I and TBK-1 have been shown to be heavily regulated
by ubiquitin [31-33]. Furthermore, Mass Spectrometry analysis of isolated SFTS virus NSs
structures revealed components of the 26S proteasome; however, RIG-1, TRIM25, and TBK-1
were not detected. Lastly, as previously stated by live cell imaging, we were able to observe that
only a portion of SFTS virus NSs-positive structures exited the cell, while others trafficked within.
Thus, the objective of this aim is to investigate if protein ubiquitination mediates the sequestration

of components of the RIG-1 signaling cascade by SFTS virus NSs.

SPECIFIC AIM 3A

Determine whether RIG-I signaling components are degraded via the Ubiquitin-Proteasome
Pathway during SFTSV infection.

Hypothesis: SFTS virus NSs targets RIG-I for degradation via the Ubiquitin-Proteasome Pathway.
Rationale: Mass spectrometry analysis of purified intracellular SFTS virus NSs-positive structures

identified key components of the 26S proteasome and ubiquitin. Additionally, we have observed

that ubiquitin co-localizes within NSs-positive structures and interacts with SFTS virus NSs.

SPECIFIC AIM 3B

Determine if protein ubiquitination is the mechanism by which components of the RIG-I signaling

cascade are targeted into SFTS virus NSs-positive cytoplasmic structures

Hypothesis: SFTS virus NSs sequesters ubiquitinated RIG-I and its signaling components into
cytoplasmic structures.

Rationale: Ubiquitination of cellular proteins is one of most widely conserved and utilized post-
translational modification used in cellular homeostasis, innate immunity, etc. We have observed,

that SFTS virus NSs interacts with ubiquitin and targets ubiquitin into cytoplasmic structures.
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CHAPTER 2

Endosomal trafficking of SFTS virus NSs

INTRODUCTION

The endosomal system is comprised of a vast network of compartments that function in the
trafficking of cellular cargo into, within, and out of the cell. Endocytosis can be divided into two
classical pathways, clathrin-dependent or clathrin-independent [78, 79]. Clathrin-dependent
pathways (CDE) require the shuttling of cargo into endosomal vesicles coated with clathrin, while
clathrin-independent (CIE) entry can occur in a multitude of pathways such as macropinocytosis
and phagocytosis[80, 81] (Figure 2.1). Additionally, cargo can enter the cell through caveolae-
dependent endocytosis, in which caveolin-1 coated vesicles are required for the shuttling of cargo
from the plasma membrane into the cell [81] (Figure 2.1). Regardless of entry cargo that enters
the cell is shuttled into an early endosomal compartment for sorting. Extensive studies in CDE
have identified receptors that have been established as the standard for studies regarding
endocytosis and subsequent pathways such as endocytic recycling and endocytic degradation. It
has been suggested that endosomal sorting is initiated at the plasma membrane upon binding of
the ligand and this determines the population of endosomal compartments the cargo is shuttled
into, dynamic (quick maturation) or static (slow maturation) compartments. Dynamic maturation
has been mostly implicated in pathways leading to endocytic degradation, while static maturation

leads to endocytic recycling [82, 83].
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Figure 2.1. Pathways of endocytosis. Adapted from https://www.nature.com/article-
assets/npg/nrm/journal/v12/n8/images/nrm3151-f1.jpg

The human transferrin receptor (huTfR) is one of the receptors that has been used to study

endocytic recycling [84-86], while the epidermal growth factor receptor (EGFR) has been utilized

for the study of endocytic degradation (Figure 2.2) [87-90]. The huTfR travels the recycling

pathway via static endosomal compartments, where once its cargo is delivered it gets shuttled back

to the plasma membrane. In contrast, the EGFR can travel either the recycling (when bound by

transforming growth factor-a)) or degradation (when bound by epidermal growth factor) pathways,

dependent on the ligand [83, 88-90].
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It has been previously reported that the small non-structural protein, NSs, of the emerging
tick-borne phlebovirus Severe Fever with Thrombocytopenia Syndrome (SFTS) virus localizes to
cytoplasmic structures positive for the early endosomal marker Rab5 and the autophagy marker
microtubule-associated protein 1A/1B light chain 3 (LC3) [61, 65, 66, 91]. The association of

SFTS NSs with LC3 implicated the autophagy pathway as the source of these structures; however,
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this pathway was ruled out when transient expression of NSs in cells deficient in ATG7, critical in
the formation of the autophagosome compartment, still led to the localization of NSs into
cytoplasmic structures [61]. To this end, using a HelLa cell line stably expressing the SFTS virus
NSs fused to mCherry fluorescent protein, we performed live cell imaging (LCI) to visualize the
trafficking of EGFR to the endocytic degradation, or huTfR to the endocytic fast recycling
pathways and determine their colocalization with the SFTS virus NSs cytoplasmic structures.
Interestingly, we observed that the SFTS virus NSs traffics within a diverse population on
endocytic compartments involved in both the recycling and degradation pathways. To gain
additional insights into the characteristic of these structures, we used pH indicators and determined
that the SFTS virus NSs cytoplasmic structures have an acidic pH environment (pH <5).
Altogether these data suggest that the SFTS virus NSs traffics multiple endocytic pathways and

thus may have multiple roles during SFTS virus infection.

MATERIALS AND METHODS
Cells and Reagents

The SFTS wvirus NSs plasmid was constructed by PCR using overlapping
deoxyoligonucleotides corresponding to the published GenBank Sequence (NC018137.1) and has
been described elsewhere [61]. The SFTS virus NSs-mCherry was constructed using standard
cloning techniques [61].The mCherry and the SFTS virus NSs-mCherry genes were then cloned
into a third-generation lentivirus vector and used to generate lentiviruses. HelLa cells were
transduced with the lentivirus particles, and the mCherry and SFTS virus NSs-mCherry stable cell
lines were generated by antibiotic selection and cloning of the mCherry fluorescent cells to select
those with a high level of protein expression as determined by confocal microscopy and Western

blot analyses.
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For visualization of endosomal trafficking, human Epidermal Growth Factor conjugated to
AlexaFluor488 (EGF-488), and human Transferrin-conjugated to AlexaFluor488 (huTfn-488)
were purchased from Life Technologies. pHrodo Green E. coli BioParticles conjugates from Life

Technologies were used as pH indicator.

Live Cell Imaging

HelLa cells stably expressing the SFTS virus NSs-mCherry were plated on 35mm glass
bottom culture dishes (MatTek Corporation) and incubated overnight at 37°C in 5% CO,. Before
live cell imaging, cell culture media was removed, cells were washed with DPBS, and live cell
imaging solution (Invitrogen) was added. Cells were then treated with endosomal trafficking
reagents and visualized for 30 minutes using a Prairie Technologies/Nikon multimodal live cell

imaging system.

RESULTS

SFTS virus NSs intracellular vesicles traffic the endosomal recycling pathway. It has been
previously reported that SFTS virus NSs localizes to cytoplasmic structures positive for the early
endosomal marker Rab5 and the autophagy marker microtubule-associated protein 1A/1B light
chain 3 (LC3) [61]. The broad use of the endosomal pathway in the trafficking of cellular proteins
led us to investigate the pathways which the SFTS virus NSs positive cytoplasmic vesicles
associate with. The Rab5 positive early endosome can be related to recycling and degradation
pathways. To examine whether the SFTS virus NSs-positive structures were associated with either
the recycling or degradation pathways, we performed live cell imaging (LCI) on HelLa cells stably
expressing the SFTS virus NSs fused to mCherry fluorescent protein. To visualize the endocytic

recycling pathway, we incubated the HeLa SFTS NSs-mCherry cell line with human transferrin
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conjugated to AlexaFluor488 (huTrfn-488). Human transferrin once bound to its receptor located
on the plasma membrane enters the cell through clathrin-mediated endocytosis and travel the three
primary endocytic populations, the early endosome, late endosome and the recycling endosome,
which delivers the receptor back to the cell membrane [84, 85, 92]. HeLa SFTS virus NSs-mCherry
HeLa cells were incubated with huTrfn-488, and endocytic recycling of the transferrin receptor
was visualized for 30 minutes. Interestingly, we noted a mixed population of intracellular SFTS
virus NSs-mCherry vesicles that localized with huTrfn-488 (Figure 2.3), suggesting that a
population of these cytoplasmic vesicles traffic the endosomal recycling pathway.

SFTS virus NSs intracellular vesicles traffic the endosomal recycling pathway and harbor
an acidic environment. Our previous observation that only a portion of SFTS virus NSs positive
cytoplasmic structures localized with the endocytic recycling pathway lead us to characterize these
structures further and determine if they were also associated with the endocytic degradation
pathway. To investigate this possibility, we used the Epidermal Growth Factor conjugated to
AlexaFluor488 (EGF-488) to visualize the trafficking of the Epidermal Growth Factor Receptor
(EGFR) as it travels the endocytic degradation pathway. Binding of EGFR by specific ligands such
as EGF or transforming growth factor a leads to receptor degradation or recycling, respectively
[90]. EGF bound EGFR is immediately internalized and shuttled into the early endosome and
subsequently travels to the late endosome and ultimately to the lysosome for degradation [93].
Robust and continuous ubiquitination of EGF by Cbl ligases maintain EGF bound to EGFR until
it becomes degraded via the lysosome [88-90, 94]. Incubation of HeLa SFTS NSs-mCherry cells
with EGF-488 lead us to visualize EGFR trafficking of the endocytic degradation pathway in
which we observed localization of the NSs-positive structures with this pathway (Figure 2.4),

suggesting that these structures also travel the endocytic degradation pathway.
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To further elucidate a potential role during viral infection, we investigated whether the
SFTS virus NSs-positive cytoplasmic structures harbored an acidic environment, which would
further suggest these structures could be sites of protein degradation. To this end, we incubated
HeLa NSs-mCherry cells with pHrodo Green BioParticles which only fluoresce at pH <5.
Interestingly, we observed that the SFTS virus NSs-mCherry positive cytoplasmic structures
localized with fluorescent pHrodo Green BioParticles, indicating that these structures have a low
pH (Figure 2.5). Altogether, these data also point towards the use of the endocytic degradation

pathway by the SFTSV NSs and harbor an acidic environment.

DISCUSSION

Internalization of extracellular material in the host cell involves a complex system of
interactions between pathways, membranes, and regulatory proteins such as Rab GTPases. Cargo
can be internalized via clathrin-dependent (CDE), clathrin-independent endocytosis (CIE), use of
caveolin-1 coated pits, or glycolipid rafts [78-81]. Current studies regarding the entry of
bunyaviruses into mammalian cells have shown that bunyaviruses enter through RAB5+ early
endosomes (EE), however, the use of clathrin-coated pits is not required for all [9, 11, 12, 18, 95].
To date, studies regarding entry of SFTS virus using both live virus or pseudotype Vesicular
Stomatitis Virus (VSV) expressing SFTS virus glycoproteins have shown that entry is clathrin
dependent and the use of glycolipid-mediated entry has also been suggested [96-98]. These studies
have shown that entry into host cells varies greatly and can require the use of multiple pathways.
CDE has been extensively studied, and it has been shown that regardless of the ultimate destination
of the endocytosed cargo, the Rab5+ EE is the first endosomal compartment that is occupied [99-
101]. The EE then continues to mature and travel common pathways such recycling and

degradation. Recycling endosomal compartments are characterized as either slow (Rab11+) or fast
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(Rab4+/Rab35+) [102, 103]. Slow recycling occurs with cargo that travels from the EE to a Rab7+
late endosome (LE) where it transfers to the Rab11+ endosome and gets shuttled back to the plasma
membrane [102]. In contrast to the alternative recycling pathways, the endocytic degradation
pathway begins with the Rab5+ EE, where it matures to a Rab7+ and fuses to lysosome for
degradation of its cargo [87].

The endocytic recycling pathway has been studied using the human transferrin receptor
(huTfR), which has been observed to travel the fast and slow recycling pathways [82, 84].
Likewise, the endocytic degradation pathway has been studied using the epidermal growth factor
receptor (EGFR), which can interestingly travel both the recycling and the degradation pathways,
dependent on the ligand [90]. Weak binding of EGFR by transforming growth factor-a results in
recycling of the receptor, while strong ubiquitination mediated by Cbl ligases between EGFR and
EGF leads to receptor degradation [87-90].

The Bunyavirus small-nonstructural protein (NSs) has been attributed as the major
virulence factor across the Bunyaviridae. Most of the characterization studies performed to identify
the function and location of the NSs have been carried out on mosquito- or sandfly-borne
bunyaviruses such as Rift Valley Fever (RVFV), La Crosse (LACV), and Bunyamwera (BUNV).
For example, the RVFV NSs, a viral protein that accumulates in filamentous structures in the
nucleus, where it inhibits host cell transcription [56, 59, 60, 104-106]. Severe Fever with
Thrombocytopenia Syndrome (SFTS) virus is a novel tickborne Phlebovirus and a handful of
studies have shown that the NSs of this virus also inhibits the host cell immune response, however,
the exact mechanism has yet to be described [61, 64, 65, 107]. We and others have described the
inhibition of innate immune responses by SFTS virus NSs partially correlates with the removal of

signaling components from the signaling cascade into cytoplasmic structures to which the NSs
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also localizes to [61, 65, 66, 91]. Even though studies have shown that the cytoplasmic structures
positive for SFTS virus NSs contain markers for the early endosomal and autophagy pathways
[61], the specific pathway targeted by SFTS virus NSs for the formation of these cytoplasmic
structures remains to be determined.

In this study, we sought to characterize the endosomal pathway to which the SFTS virus
NSs-positive structures traffic within the cells. Unexpectedly, we observed that the SFTS virus
NSs-positive cytoplasmic structures were a dynamic and diverse population, traveling distinct
endosomal pathways. We noted that the SFTS virus NSs-positive cytoplasmic structures traveled
alongside the huTfR, suggesting that these cytoplasmic structures travel within the recycling
pathway. Additionally, we observed co-localization of NSs-positive cytoplasmic structures with
EGF bound EGFR, suggesting that these structures also travel the endocytic degradation pathway.
This, inturn, correlates with results from mass spectrometry analysis of purified SFTS virus NSs-
positive cytoplasmic structures, in which Rab31, involved in shuttling EGF from early to late
endosomes [87], was identified. Lastly, we observed that the SFTS virus NSs-positive cytoplasmic
structures harbored an environment with a pH <5. The endosomal compartment pH is maintained
in a range between 6.5-4.5, decreasing as it matures from EE to LE and finally to lysosome [108].
This data along with co-localization with EGF strongly suggests that a portion of the NSs-positive
vesicles might be involved in degradative processes. However, further analysis of the structures of
each distinct population would have to be analyzed in order to determine the cargo they contain,
as it determines the fate or pathway to be traveled by the structure. Altogether this data suggests
that the SFTS virus NSs traffics both the endosomal recycling and degradation pathways, however
further studies are needed to elucidate the role that these cytoplasmic structures have during viral

infection.
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CHAPTER 3

EXTRACELLULAR VESICLES MEDIATE RECEPTOR
INDEPENDENT TRANSMISSION OF NOVEL TICK-BORNE

BUNYAVIRUS?

INTRODUCTION

The Bunyaviridae family comprises five genera, including Orthobunyavirus,
Phlebovirus, Nairovirus, Hantavirus, and Tospovirus. The majority of viruses within this
family (except Hantaviruses) are considered arthropod-borne viruses and are important
causes of morbidity and mortality around the world. These viruses are associated with a
range of clinical symptoms characterized by febrile illness, and in the most severe cases,
fatal hepatitis, hemorrhagic fever or neurological manifestations requiring intensive care
have been reported.

Due to advances in genomic and virus identification approaches, novel
bunyaviruses have been discovered and identified as important causes of human disease
during recent years [25, 45, 109]. One example is Severe Fever with Thrombocytopenia
Syndrome (SFTS) virus, a new member of the family Bunyaviridae, genus Phlebovirus
[25, 29]. The virus was first isolated in China in 2009 from patients presenting with a
hemorrhagic fever illness [25, 43]. The initial case fatality rate reported for SFTS was 12-
30%, and a recent serosurvey among persons living in rural Jiangsu Province found that
3.6% of residents had neutralizing antibodies to SFTS virus [110]. Evidence has also been
obtained about the possibility of person-to-person transmission [39, 111]. Furthermore,
hemorrhagic fever cases with mortality rates as high as 50% have now been recognized in

Japan and Korea, further highlighting the emerging potential of this pathogen [25, 45, 54,



112, 113]. Therefore, SFTS virus is a highly pathogenic phlebovirus, and due to its recent
emergence, the mechanism of disease pathogenesis is still unclear. Like other members of
the family Bunyaviridae, SFTS virus possesses a negative sense tripartite genome
consisting of the S, M and L segments. The L segment encodes for the viral RNA
polymerase (L), the M segment encodes the glycoproteins (Gn/Gc), and the S segment uses
an ambisense coding strategy to encode for a non-structural protein (NSs) and a
nucleocapsid protein (NP) [114]. Although many bunyaviruses, including the prototype
virus in the Bunyaviridae family Bunyamwera virus (BUNV), also encodes the
nonstructural protein NSm within the M segment, some members of the Phlebovirus genus,
including SFTS and Uukuniemi viruses (UUKV) do not encode this viral protein [25, 115].
The BUNV NSm is known to serve as a scaffold protein that associates to globular and
tubular structures derived from the Golgi apparatus [116-118]. These structures have been
shown to harbor the ribonucleoprotein (RNP), a complex essential for the transcription and
replication of viral RNA [116]. Although SFTS virus does not encode the NSm protein, it
has been recently suggested that the SFTS virus NSs may exert some of the NSm’s function
by serving as a scaffold protein and forming viral replication factories [66]. Co-localization
of the early endosomal marker Rab5 with the viral factories induced by SFTS virus NSs
suggests that these structures are of endosomal origin and not derived from the Golgi
apparatus [61]. Additionally, the SFTS virus NSs protein has also been shown to play a
critical role in the inhibition of host innate immunity [61, 63]. While these findings are
consistent with previous studies on bunyavirus NSs proteins describing the NSs as a major
virulence factor that acts as a global inhibitor of host cell transcription and antagonist of
the IFN system [13, 119, 120], our previous studies have shown that, unlike any other
bunyavirus NSs, the SFTS virus NSs interacts with and relocalizes TBK-1, RIG-I, and
TRIM25 into endosome-like structures [61]. Thus, SFTS virus appears to use a different
mechanism for virus replication and inhibition of IFN responses than those described for

other bunyaviruses.
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Studies aimed at characterizing early events of the phlebovirus replication cycle
have shown that the prototype member, UUKV, enters the cells through a clathrin-
independent mechanism. Specifically, UUKV has been shown to use Rab5a+ early
endosomes and later Rab7a+ and LAMP-1+ endosomes, suggesting that after entering, the
virus is directed towards the classical endosomal pathway [12]. Interestingly, our studies
have also shown that the SFTS virus NSs-positive cytoplasmic structures co-localize with
Rab5, but not with Rab4 [61]. Furthermore, we found that LC3, an important marker for
autophagy, also co-localizes with these NSs-cytoplasmic structures; however, these
structures were still observed in cells lacking Atg7, a gene essential for conventional
autophagy [61, 121]. These results led us to hypothesize that these SFTS virus NSs-positive
structures were not conventional autophagosomes but rather they are derived from the
endosomal pathway. Due to the significant role that these structures play in viral replication
and evasion of host innate immunity, we have investigated the sources and the trafficking
of these structures within the cells. Surprisingly, we observed that some of the SFTS virus
NSs-positive structures were secreted into the extracellular space and were taken up by
neighboring cells. Furthermore, we also demonstrated that these structures possess markers
associated with extracellular vesicles and, more importantly, they contain infectious virions
that were efficiently transported by these secreted structures into uninfected cells and were
able to sustain efficiently- replication of SFTS virus. Altogether, the data suggest that SFTS
virus exploits extracellular vesicles to mediate receptor-independent transmission of the

virus.

MATERIALS AND METHODS

Cells, Plasmids, and Viruses

HelLa and Vero76 cells were obtained from ATCC and maintained with Minimal Essential
Medium Eagle (Lonza) supplemented with L-glutamine, 1% penicillin/streptomycin
(Gibco), and 10% Fetal Bovine Serum. Cells used in the isolation of secreted vesicles were
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grown in media containing 10% Fetal Bovine Serum depleted of endogenous vesicles by
ultracentrifugation at 100,000 X g for 16 hours. Human Embryonic Kidney cells (HEK
293T) were obtained from ATCC and maintained in Dulbecco’s Minimal Essential
Medium (Lonza) supplemented with L-Glutamine, 1% penicillin/streptomycin, and 10%
Fetal Bovine Serum. The SFTS virus NSs plasmid was constructed by PCR using
overlapping deoxyoligonucleotides corresponding to the published GenBank Sequence
(NCO018137.1) and has been described elsewhere [60]. The SFTS virus NSs-mCherry was
constructed using standard cloning techniques [60]. The mCherry and the SFTS virus NSs-
mCherry genes were then cloned into a third-generation lentivirus vector and used to
generate lentiviruses. HeLa cells were transduced with the lentivirus particles, and the
mCherry and SFTS virus NSs-mCherry stable cell lines were generated by antibiotic
selection and cloning of the mCherry fluorescent cells to select those with a high level of
protein expression as determined by confocal microscopy and Western blot analyses.

The SFTS virus strain used in this study was provided by the Chinese Center for Disease
Control and Prevention and passaged twice in Vero76 cells to generate viral stocks for this
study. Generation of viral stocks was performed in Vero76 cells, with titers determined by

plaque assay as previously described [61, 122].

Transfections and Immunoblotting

All transfections were carried using 500 ng of plasmid DNA and Lipofectamine 3000
(Invitrogen) following manufacturer’s established protocol. Transfected cells were lysed
with NP-40 lysis buffer (150mM NaCl, 1.0% NP-40, 50nM Tris-Cl, pH 8.0) containing
complete protease inhibitor cocktail (Roche) at 16-24 hours post transfection (h.p.t.). For

immunoblotting, proteins were resolved by SDS-PAGE and subsequently transferred onto
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a 0.2 pum polyvinylidene difluoride (PVDF) membrane (Thermo Scientific). PVDF
membranes were blocked for 1 hr with 5% non-fat dry milk or 5% bovine serum albumin
(BSA) (Fisher) in Tris-Buffered Saline with 1% TWEEN-20 (TBS-T). Membranes were
then incubated for 16-18 hrs at 4°C with primary antibodies. After incubation, membranes
were washed three times and incubated with anti-mouse or anti-rabbit secondary antibodies
conjugated with horseradish peroxidase (HRP) for 1 hour. Lastly, blots were developed by
using Western Lightning ECL (Perkin Elmer) substrate following the manufacturer’s
protocol. The following primary antibodies were used for immunoblotting: rabbit anti-
SFTS virus NSs (1:500) (GenScript), mouse anti-SFTS virus NP (1:500), rabbit anti-CD63
(1:100) (Abcam), mouse anti-p Tubulin (1:1000) (Abcam), rabbit anti- LC3 (1:1000)
(Abcam), and rabbit anti-Rab5 (1:1000)(Abcam). The secondary antibodies used were:
donkey anti-rabbit IgG HRP conjugated antibody (1:5000) and sheep anti-mouse 1gG HRP
conjugated (1:5000) antibody from GE Healthcare. For the detection of the exosomal
marker CD63, the purified extracellular vesicles were lysed and resolved under non-
denaturing conditions to detect the glycosylated forms of CD63 as per the manufacturer’s
recommendation. For comparison purpose, both reduced and non-reduced samples were

transferred onto PVDF membrane and western blot performed as indicated above.

Immunofluorescence

HeLa cells were seeded onto coverslips treated with 50 pg/ml Mouse Laminin-I (Cutler)
and infected following standard procedures. Cells were then incubated overnight at 37°C
in 5% CO,. Cells prepared for infection were infected with SFTS virus (MOI 0.5) for 24,
48, or 72 hrs, then fixed with 4% paraformaldehyde for 30 minutes and permeabilized with

0.1% Triton-X (Sigma) for 10 minutes. Then, the cells were washed, and a blocking
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incubation step with 10% goat serum (Sigma) and 3% BSA (Thermo Scientific) was carried
out. Next, cells were incubated with primary antibodies for 1 hr. Cell nuclei were visualized
with Hoechst 33342 (1:1000) (Invitrogen) or with TO-PRO-3 lodide (Invitrogen)
following manufacturer’s protocol. The following AlexaFluor conjugated antibodies from
Invitrogen were used: AlexaFluor®488 Goat Anti-Mouse or AlexaFluor®594 Goat Anti-
Rabbit. All secondary antibodies were used at a 1:1000 concentration and samples
visualized with a Zeiss LSM510META laser scanning confocal microscope or Olympus

Spinning Disc Confocal Microscope.

Live cell imaging

HelLa cells stably expressing the SFTS virus NSs-mCherry were plated on 35mm glass
bottom culture dishes (MatTek Corporation) and incubated overnight at 37°C in 5% CO2.
Before live cell imaging, cell culture media was removed, cells washed with DPBS, and
live cell imaging solution (Invitrogen) was added. Cells were visualized for 16 hrs using a

Prairie Technologies/Nikon multimodal live cell imaging system.

Isolation and Purification of extracellular vesicles.

Isolation of SFTS virus NSs-positive vesicles was first standardized in the stable cell line
expressing the NSs fused to mCherry fluorescent protein. Cells were grown to 90%
confluency for approximately three days, and supernatants were later collected and
clarified by centrifugation. Cleared supernatant was concentrated using a 3,000 MW
column (Sartorius) and voided of any cellular debris by centrifugation at 10,000 x g for 30
minutes. Vesicles were then pelleted at 100,000 x g for 90 minutes. To further purify the

vesicles and remove any contaminant protein, the pellet containing the vesicles was washed
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with ice-cold PBS and re-pelleted at 100,000 x g for 90 minutes. The pellets used for
electron microscopy were resuspended in 100 ul of molecular grade water. For western
blot analysis, pellets were resuspended in 100 pl of NP40 lysis buffer and sonicated for 1
minute. For isolation and purification of vesicles produced during SFTS virus infection,
the same centrifugation procedure was employed. However, the final pellet was subjected
to an immunoprecipitation step using magnetic beads coated with anti-CD63 antibody at
4°C overnight. Beads were then washed with ice-cold PBS, and re-suspension released the
CD63+ vesicles in elution buffer (100mM glycine-HCL, pH 2.8). To further ensure that
the CD63+ vesicles were free of SFTS virions not packaged into the vesicles, we carried
an immunoprecipitation (negative selection) step using magnetic beads coated with
antibodies against SFTS virus and the mix was incubated overnight. The supernatant
containing the CD63+ vesicles was then removed and incubated at 4°C for 4 hrs with SFTS
virus mouse hyperimmune serum at a 1:1 ratio. The virus-antibody complex was then
removed, and the clarified supernatant was used to infect HeLa cells as described below to
determine the capacity of the CD63+ vesicles in mediating transmission of SFTS virus. To
verify that the above procedures were effective at removing SFTS virions that were not
packaged within the extracellular vesicles, we employed the same methodology
(immunoprecipitation and incubation with antibodies against SFTS virus) using SFTS
virus stock (titer 1x108 PFU/mI). The resulting preparation was then used to infect HeLa

cells as described below.

Infection of HelLa cells with purified extracellular vesicles.
Adsorption of the purified vesicles was performed by overlaying the purified preparation

onto cells and incubated at 37°C for 1 hr. Where indicated, HelLa cells were pre-treated
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with 2ug/mL of mouse anti-CD63, mouse 1gG1, or mouse anti-SFTS virus antibodies for
1 hour before overlaying the cells with the purified vesicles or infecting them with SFTS
virus. Supernatants were collected at 0, 24, 48, and 72 hrs post-infection (hpi) and assayed

by plagque assay.

Transmission Electron Microscopy (TEM)

For ultrastructural analysis in ultrathin sections, infected cells were fixed for at least 1 hour
in a mixture of 2.5% formaldehyde prepared from paraformaldehyde powder, and 0.1%
glutaraldehyde in 0.05M cacodylate buffer pH 7.3 to which 0.03% picric acid and 0.03%
CaCl, were added. The monolayers were washed in 0.1 M cacodylate buffer; cells were
scraped off and processed further as a pellet. The pellets were post-fixed in 1% OsOg in
0.1M cacodylate buffer pH 7.3 for 1 hr, washed with distilled water and en bloc stained
with 2% aqueous uranyl acetate for 20 minutes at 60°C. The pellets were dehydrated in
ethanol, processed through propylene oxide and embedded in Poly/Bed 812 (Polysciences,
Warrington, PA). Ultrathin sections were cut on Leica EM UC7 ultramicrotome (Leica
Microsystems, Buffalo Grove, IL), stained with lead citrate and examined with a Philips
201 transmission electron microscope at 60 kV.

For immunogold labeling of thin sections, infected cells were fixed for at least 2 hrs in a
mixture of 2.5% formaldehyde prepared from paraformaldehyde powder, and 0.1%
glutaraldehyde in 0.05M cacodylate buffer pH 7.3 to which 0.03% picric acid and 0.03%
CaCl, were added. The monolayers were washed in 0.1 M cacodylate buffer; cells were
scraped off and processed further as a pellet. The pellets were en bloc stained with 2%
aqueous uranyl acetate for 20 minutes at 60°C. The pellets were dehydrated in ethanol,

processed through propylene oxide and embedded in LR White (Polysciences, Warrington,
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PA). Ultrathin sections were then cut on Leica EM UC7 ultramicrotome (Leica
Microsystems, Buffalo Grove, IL). Sections were then labeled with incubated with mouse
anti-SFTS virus NSs and rabbit anti-LC3 (1:20) or mouse anti-SFTS virus NSs and rabbit
anti-Rab5 (1:20) primary antibodies for 1 hour at room temperature and overnight at 4°C.
The sections were next washed three times with 1% BSA in TBS and incubated with
secondary antibody goat anti-rabbit labeled with 6nm colloidal gold (1:20) and goat anti-
mouse labeled with 15nm colloidal gold (1:20) for 1 hr. After washing with water, grids
were fixed with glutaraldehyde for 5 minutes, washed with water and negatively stained
with 2% aqueous uranyl acetate for 5 minutes. A final wash with water was performed
three times followed by staining with lead citrate for 30 seconds. They were examined
with a Philips CM-100 transmission electron microscope at 60 kV.

For visualization of isolated microvesicles by electron microscopy, purified
vesicles were adsorbed onto Formvar-carbon-coated nickel grids for 15 minutes, washed
three times with molecular grade water and negatively stained with 2% aq. Uranyl acetate.
For immunogold labeling, the sample was first adsorbed onto nickel grids as previously
described [62], then incubated with rabbit anti-SFTS virus NSs and mouse anti-CD63
(1:10) antibodies for 1 hr at room temperature in the wet chamber. The grids were next
washed three times with 1% BSA in TBS and incubated with secondary antibody goat anti-
mouse labeled with 6nm colloidal gold (1:20) and goat anti-rabbit labeled with 15nm
colloidal gold (1:20) for 1 hour. After washing with water, grids were fixed with
glutaraldehyde for 10 minutes, washed with water and negatively stained with 2% aqueous
uranyl acetate. They were examined with a Philips CM-100 transmission electron

microscope at 60 kV.
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Additionally, for ultrastructural analysis in ultrathin sections, purified vesicles were fixed
overnight at 4°C in a mixture of 2.5% formaldehyde prepared from paraformaldehyde
powder, and 0.1% glutaraldehyde in 0.05M cacodylate buffer. The pellets were washed in
cacodylate buffer followed by post-fixation in 1% OsO4 for 1 hour, washed and en bloc
stained with 2% aqueous uranyl acetate for 20 minutes at 60°C. The pellets were
dehydrated in ethanol, processed through propylene oxide and embedded in Poly/Bed 812
(Polysciences). For conventional TEM, SFTS virus-infected cells were fixed and processed
the same way. For immunoelectron microscopy on ultrathin sections post-fixation was
omitted, and after dehydration, in 75% ethanol the pellets were processed and embedded
in LR White resin. Ultrathin sections were cut on Leica EM UC7 ultramicrotome (Leica
Microsystems), stained with lead citrate and examined with a Philips CM-100 transmission
electron microscope at 60 kV. Grids were then processed as mentioned above for immuno-

staining.

Statistical analysis

Statistical analyses were carried out using two-way ANOVA for multiple comparisons to
determine statistical differences in virus titers by plaque assay. Results of the electron
microscopy experiments were analyzed by performing student t-tests. All analyses were
done using GraphPad Prism Version 6.05 (GraphPad Software). A value of p<0.05 was

considered significant.

RESULTS

SFTS virus infection induces the formation of cytoplasmic structures reminiscent of
early endosomes.
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We and others have recently reported that SFTS virus infection induces the
formation of cytoplasmic structures that play a critical role during SFTS virus replication
and for evasion of innate immune responses [61, 66]. Furthermore, we reported that these
structures colocalized with the early endosomal marker Rab-5 and the autophagy marker
LC3, but not with the endosomal marker Rab-4 [60]. It was also reported that formation of
these cytoplasmic structures in SFTS virus-infected cells was dependent on lipid
metabolism and that lipid droplets may play a role during SFTS virus infection [65].
Therefore, we conducted transmission electron microscopy studies to gain further insight
into the sources, morphology, and composition of these cytoplasmic structures in HelLa
cells stably expressing mCherry or SFTS virus NSs-mCherry. Electron microscopy studies
were also conducted in SFTS virus-infected or mock-infected Vero cells. Consistent with
our previous observations [60], transmission electron microscopy revealed the formation
of structures reminiscent of early endosomes in cells stably expressing SFTS virus NSs as
well as in virus-infected cells (Figure 3.1A and 3.1B, respectively). Similar structures
have also been described during UUKV infection [12]. Additionally, we conducted
immuno-gold electron microscopy on ultrathin sections of infected cells to substantiate that
these structures were of endosomal oRIG-In. In correlation with our previous findings, we
observed the colocalization of Rab5 and LC3 with the SFTS virus NSs-positive structures

(Figure 3.1C and 3.1D, respectively).

SFTS virus NSs-positive structures are released into the extracellular space.
To gain a better understanding on how these SFTS virus NSs-positive structures traffic

within the cells, we conducted live cell imaging of HeLa cells expressing SFTS virus NSs-
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Figure 3.1. SFTS virus NSs induces the formation of endosomal-like structures.

Ultrastructure analyses of SFTS virus NSs-expressing cells (A) and SFTS virus-infected
cells (B) showing cytoplasmic structures reminiscent of early endosomes (arrows) in
ultrathin sections. Immunogold staining of distinct ultrathin sections showing cytoplasmic
structures positive for SFTS virus NSs and Rab5 (C) or SFTS virus NSs and LC3B (D) are
shown. Solid red arrows indicate SFTS virus NSs in panels C and D while red triangle (in
panel C) and green triangle (in panel D) indicate the detection of Rab5 and LC3B,
respectively. Ultrathin sections of mock-infected cells were also labeled as indicated above
(not shown) to ensure specificity of the antibody. Representatives images are shown.

mCherry. This approach allows the direct observation of the SFTS virus NSs-cytoplasmic

structures due to the fluorescent signal. Cells were plated and monitored for 16 hours using

a Prairie Technologies/Nikon multimodal live cell imaging system. Interestingly, we
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observed that a portion of the SFTS virus NSs-structures was secreted into the extracellular
space and was taken up by neighboring cells (Figure 3.2). This data suggests that the
released SFTS virus NSs-cytoplasmic structures may be extracellular vesicles. The release
of extracellular vesicles has been shown to be one mechanism for intercellular
communication. These vesicles are referred to as exosomes (if they originated from
multivesicular endosome) or microvesicles (if they originate from the plasma membrane)
[73]. In light of the results described above related to the involvement of the endosomal
pathway in the formation of SFTS virus NSs-induced structures, as well as the active
transfer of secreted SFTS virus NSs-positive structures into neighboring cells, we
hypothesized that the cytoplasmic structures produced by SFTS virus NSs-expressing cells
were exosomes. To test this hypothesis, we initially purified the extracellular vesicles
produced by HeLa cells expressing mCherry and SFTS virus NSs-mCherry (as described
in Figure 3.3A) and carried out SDS-PAGE coupled with western blotting to investigate
the presence of tetraspanins such as CD63 that are known to be abundant in exosomes
[123]. Consistent with our hypothesis, the presence of CD63 was confirmed in the purified
extracellular vesicles produced by SFTS virus NSs-mCherry expressing cells as well as in

cells expressing the mCherry protein (Figure 3.3B).
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Figure 3.2. Cytoplasmic vesicles containing SFTS virus NSs-mCherry are secreted
into the extracellular space and are endocytosed by neighboring cells.

Live cell imaging (LCI) was carried out in HeLa cell line stably expressing SFTS virus
NSs-mCherry. Cells were visualized for 16 hours using a Prairie Technologies/Nikon
multimodal live cell imaging system. The arrow highlights the movement of the vesicle
from cell to cell.
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Figure 3.3. Isolation and characterization of SFTS virus NSs-positive secreted
extracellular vesicles.

(A) Schematic representation of the protocol for the isolation of secreted extracellular
vesicles by ultracentrifugation (B) Supernatant from cell lines expressing the mCherry and
SFTS virus NSs-mCherry proteins were collected, and isolation of extracellular
microvesicles was performed as indicated in Figure 3.3A. The final pellet was re-
suspended in lysis buffer, sonicated and resolved by SDS-PAGE electrophoresis,
transferred to PVDF membrane, and blotted for SFTS virus NSs, LC3B, and common
markers for microvesicles such as Rab5, B-tubulin, and CD63 (core protein: 26kDa;
glycosylated: 30-60kDa). The cell monolayer was used to generate the whole cell lysate
(WCL) and assayed for the detection of proteins indicated above.

The presence of both Rab5 and LC3-1 was also detected in the extracellular vesicles
produced by both mCherry and SFTS virus NSs-mCherry expressing cells. However, it
was evident that in the presence of SFTS virus NSs, there was an increased amount of LC3-
I protein being incorporated into the extracellular vesicles but not Rab5. The increased

detection of LC3-I also correlates with the increased amount of mCherry protein being
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detected in SFTS virus NSs-expressing cells, which may indicate that the SFTS virus NSs
induces or enhances the production of extracellular vesicles (Figure 3.3B).

Furthermore, the mCherry protein was also detected in the extracellular vesicles,
which could indicate that the mCherry protein may be mediating the incorporation of SFTS
virus NSs into these vesicles rather than the viral protein. Therefore, we proceeded to
investigate whether or not extracellular vesicles are produced during SFTS virus infection
and determine if the SFTS virus NSs protein was incorporated within these vesicles, similar
to what was found in NSs-expressing cells. The approach for the isolation and purification
of the extracellular vesicles is described in Figure 3.4A. Consistent with the results
obtained in HeLa cells expressing the viral protein NSs, Western blot analyses revealed the
presence of SFTS virus NSs, LC3-1 as well as the endosomal marker Rab5 within the
extracellular purified vesicles produced by SFTS virus-infected Vero cells (Figure 3.4B).
Furthermore, the viral nucleoprotein NP was also detected (Figure 3.4B). These data
provide evidence that SFTS virus NSs is incorporated within extracellular vesicles

produced in NSs-expressing cells as well as those generated during SFTS virus infection.

Ultrastructural analysis of purified SFTS virus NSs-positive extracellular vesicles.

Extracellular vesicles are known to be secreted by most cell types [124]. Thus, we next
explored the possibility that the majority of the extracellular vesicles released in SFTS
virus NSs-mCherry expressing cells, and SFTS virus-infected cells harbor the NSs viral

protein, which could suggest that SFTS virus directly targets the secretory multivesicular
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endosomal pathway. To evaluate this possibility, extracellular vesicles produced by HelLa
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Figure 3.4. Characterization of extracellular microvesicles secreted during SFTS
virus infection.

HeLa cells were mock infected or infected with SFTS virus for 72 hours. (A) The
supernatant was collected, and isolation of extracellular microvesicles was performed as
indicated. (B) The final pellet was re-suspended in lysis buffer, sonicated and resolved by
SDS-PAGE electrophoresis, transferred to PVDF membrane, and blotted for SFTS virus
NSs, SFTS virus NP, and LC3B, in addition to common markers for microvesicles such as
Rab5, CD63, and B-tubulin. The cell monolayer was used to generate the WCL and assayed
for the detection of proteins indicated above.

cells expressing the mCherry or SFTS virus NSs-mCherry and SFTS virus-infected or
Mock-Infected HeLa cells were purified and examined by electron microscopy and
immuno-gold electron microscopy using antibodies against the SFTS virus NSs and CDG63.

The extracellular vesicles isolated from mCherry and mock- infected cells were only
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positive for the exosomal marker CD63 and were 50-100 nm in size, which is consistent
with the normal 30-150 nm size range of exosomes [125, 126] (Figure 3.5A and 3.5B, left
panels). The extracellular vesicles isolated from SFTS virus NSs-mCherry and SFTS
virus-infected cells were positive for CD63 (Figure 3.5A and 3.5B, right bottom panels).
Interestingly, the SFTS virus NSs protein (Figure 3.5A and 3.5B, right bottom panels)
was detected in approximately 35-50% of these CD63+ vesicles produced by NSs-
expressing cells and SFTS virus-infected cells (Figure 3.5C). No significant difference in
size was observed among the extracellular vesicles whether they were positive for SFTS
virus NSs or not. These results suggest that SFTS virus efficiently targets the secretory

multivesicular endosomal pathway.

SFTS virus NSs-positive extracellular vesicles contain SFTS virions.

Several studies have implicated the role of extracellular vesicles in many cellular
processes, including tissue injury and immune responses, and for the transport of proteins,
MRNA and microRNAs (miRNAs) between cells [127]. More recently, evidence has also
been obtained for the role of extracellular vesicles in the transmission of infectious agents
as well as in the modulation of host immune responses to many pathogens [71, 75, 77, 128-
130]. With regard to SFTS virus, a recent study suggested that the SFTS virus NSs-positive
cytoplasmic structures play a role during SFTS virus replication on the basis of co-
localization with viral RNPs and double-stranded RNA [66]. In light of the results
described above and the role of SFTS virus NSs cytoplasmic structures during virus
replication, we next investigated if the extracellular vesicles released by SFTS virus-

infected cells contained infectious virions. Extracellular vesicles produced during SFTS
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virus infection were purified as shown in Figure 3.3A. Briefly, due to the possibility that
the virions and extracellular vesicles may have similar sizes and densities that our
procedure would not completely devoid the extracellular vesicles from free virions [124,
131], we carried out immune-selection step using anti-CD63 beads (Figure 3.4A) as
previously described [70], followed by a second immune-(negative) selection using
magnetic beads coated with antibodies against SFTS virus (Figure 3.4A). As a final step
and to ensure removal of contaminant SFTS virions in our sample, the purified vesicles
were incubated with SFTS virus mouse hyperimmune serum at a 1:1 ratio (Figure 3.4A).
The antibody:virus complex was then removed with magnetic beads. The resulting purified
vesicles were then used for plaque assay (Figure 3.6A) and to infect HeLa cells. Notably,
we observed that the CD63-purified extracellular vesicles that underwent only immune-
negative magnetic selection and those that were incubated with anti-SFTS virus
hyperimmune ascitic fluid after immune-negative selection were able to produce viral titers
of 4.5x10° PFU/ml and 2.5x10° PFU/ml, respectively (Figure 3.6A). In contrast, the SFTS
virus stock produced a titer of 7.5x10° PFU/ml whereas the extracellular vesicles that solely
underwent CD63 positive immunomagnetic selection produced a titer of 7.5x10* PFU/m.
This indicates that: 1) centrifugation and CD63 positive immunoselection are not sufficient
enough to void the vesicle preparation of free SFTS virions, and 2) purified extracellular
vesicles produced by SFTS virus-infected cells are capable of mediating productive
infection. We confirmed that our immune-negative selection step and further incubation
with anti-SFTS virus antibodies was successful in removing virus particles not packaged

into vesicles because our virus stock (titer 7.5x10° PFU/ml) was
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Figure 3.5. Isolated extracellular vesicles are positive for SFTS virus NSs and the
exosomal marker CDG63.

The supernatant was collected from (A) HelLa cells stably expressing mCherry or SFTS
virus NSs-mCherry, and from (B) HeLa cells mock-infected or infected with SFTS virus
and isolation of extracellular microvesicles was performed as depicted in Figure 3.3A. The
final pellet was re-suspended in molecular grade water. The sample was adsorbed onto Ni
grids and negatively stained with 2% aq. Uranyl acetate. Additional grids were incubated
with primary antibodies against SFTS virus NSs (rabbit) and CD63 (mouse), then
secondary goat anti-mouse IgG coupled to 6 nm colloidal gold and goat anti-rabbit 1gG
coupled to 15 nm colloidal gold antibodies, and negatively stained with 2% ag. Uranyl
acetate. SFTS virus NSs is indicated by red arrows and CD63 by green arrows. (C) The
number of CD63-positive and CD63/SFTS virus NSs-positive extracellular vesicles was
quantified based on immune-gold labeling observed from 10 fields of view. A total of 22
vesicles were seen in each experiment, of which an average of 14 was positive for both
SFTS virus NSs and CD63. All electron microscopy experiments were repeated three
times. Results are expressed as mean + SEM. Asterisks specify statistically significant
difference (p<0.05) between the indicated groups.
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subjected to the same procedure, and subsequently assayed by plaque assay and we were
unable to detect viral plaques (Figure 3.6A). Lastly, these data suggest that the

extracellular vesicles contribute as much as 2-logs of infectious virus particles to the total
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Figure 3.6. SFTS virus NSs-positive extracellular vesicles harbor infectious SFTS
virus virions.

(A) Extracellular vesicles were isolated as indicated in Figure 3.4A and samples were
collected at each step of the purification process for evaluation by plaque assay. The sample
resulting from the immune selection step using anti-CD63 beads is depicted in the figure
as CDG63 selected whereas those resulting from the subsequent immune-(negative)
selection step is shown as CD63/SFTSV selected. As a final step, the purified vesicles were
incubated with SFTS virus mouse hyperimmune serum at a 1:1 ratio and the antibody:virus
complex was then removed with magnetic beads. Plaque assay of the resulting purified
vesicles is shown as vesicles+anti-SFTS virus sera. Plaque assay of the virus stock
(infected cells from which the extracellular vesicles were derived) is shown as SFTS virus
stock. As a control, the stock was also subjected to the immune-negative selection step
followed by the incubation step with the SFTS virus antibody as indicated above and
plagque assay was carried out (depicted as SFTS virus+anti-SFTS virus sera). Dashed line
indicates the limit of detection. Results are expressed as mean + SEM. Asterisks specify
statistically significant difference (p<0.05) between the indicated groups. (B) Electron
micrograph of isolated extracellular vesicles reveals the presence of virus-like particles
contained within the vesicles (red arrow). The presence of free virions from broken vesicles
is also observed (green arrow).
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viral titer (compare SFTS virus stock titer to CD63/SFTS virus selected vesicles). To
further confirm that the extracellular vesicles contain infectious virions, vesicles were
purified from SFTS virus infected cells as shown in Figure 3.4A and analyzed by electron
microscopy. Astonishingly, electron microscopy studies revealed the presence of intact
virus particles within the isolated vesicles (Figure 3.6B). These data indicate that SFTS
virus hijacks the secretory multivesicular endosomal pathway to possibly mediate

transmission of the virus.

Extracellular vesicles produced during SFTS virus infection mediate receptor-
independent transmission of SFTS virus.

It has been previously shown that Hepatitis C (HCV) hijacks secreted vesicles for receptor-
independent transmission of viral RNA [70, 77]. Furthermore, hepatitis A virus (HAV) is
released cloaked in host membranes in a release mechanism resembling those of exosomes
[72, 132]. Additionally, Coxsackievirus B3 (CVB3) has been shown to target secreted
vesicles for virus dissemination [71]. We, therefore, hypothesized that extracellular
vesicles produced during SFTS virus infection might mediate transmission of SFTS virus
between cells. Extracellular vesicles were purified, subjected to immune selection using
anti-CD63 and anti-SFTS virus antibodies, and incubated with SFTS virus mouse
hyperimmune ascitic fluid as indicated above. Purified vesicles were overlaid onto
uninfected HelLa cells pre-treated with 2ug/mL of either mouse anti-CD63 (Figure 3.7C),
mouse 1gG1 (Figure 3.7B), or mouse anti-SFTS virus antibodies (Figure 3.7D). As a
control, PBS was used for the Naive group (Figure 3.7A). Supernatants were collected at
0, 24, 48, and 72 hpi and virus titer assayed by plaque assay. Consistent with our
hypothesis, the purified extracellular vesicles were able to mediate productive infection of
SFTS virus with titers at 24 hpi of 1.5x103 PFU/ml (Figure 3.7A) and 1.85x103 PFU/mI

(Figure 3.7B) in the PBS and IgG-treated HelLa cells, respectively. In contrast, we
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observed a 10-fold reduction in virus titer in cells treated with an anti-CD63 antibody that
were infected with the purified vesicles derived from SFTS virus infection (Figure 3.7C).
In correlation with virus titers observed in the naive or 1gG-treated group, we observed a
viral titer of 1.7x103 PFU/ml in cells pre-treated with mouse anti-SFTS virus antibodies
and infected with the purified vesicles (Figure 3.7D). These results differ from the viral

titers observed in cells infected with SFTS virus due to a 100-1,000 fold difference in viral
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Figure 3.7. SFTS virus NSs-positive extracellular vesicles can mediate receptor-
independent transmission of SFTS virus.

HeLa cells were pre-treated with (A) PBS, (B) IgG control, (C) anti-CD63 antibody, or (D)
anti-SFTS virus antibody before infection with the purified extracellular vesicles, SFTS
virus or the SFTS virus preparation subjected to the immune-negative selection and
antibody incubation step described in Figure 3.4A. Supernatants were harvested at 0, 24,
48, and 72 hpi and a plaque assay performed. Dashed line indicates the limit of detection
(4 PFU/mI). All experiments were repeated three times with consistent results. Results
presented are expressed as mean + SEM. Asterisks specify statistically significant
difference (p<0.05) between the indicated groups.
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replication in cells treated with anti-SFTS virus antibodies (compare Figure 3.7B and
3.7D). This data suggests that the extracellular vesicles produced during SFTS virus
infection can mediate receptor independent transmission of SFTS virus. Lastly, to further
confirm that the SFTS virus particles produced as a result of the infection with the
extracellular vesicles can mediate additional rounds of replication, supernatants collected
from cells infected with the purified, CD63 immune-selected extracellular vesicles
described in Figure 3.7A were used to infect HeLa cells. At 0, 24, 48 and 72 hours after
infection, immunofluorescence was performed in the infected cells using antibodies against
SFTS virus NP and NSs. As predicted, we were able to detect SFTS virus proteins 24 to
72 hours after infection (Figure 3.8). Altogether, our results suggest that SFTS virus
hijacks the secretory multivesicular endosomal pathway to mediate receptor-independent

transmission of the virus.

DISCUSSION

Recent studies conducted by us and others have determined that this pathogen
counteracts innate immune responses via mechanisms distinct from those described for
other bunyaviruses. Unlike any other bunyavirus nonstructural protein NSs, the SFTS virus
NSs interacts with and relocalizes multiple components of the IFN response into
cytoplasmic structures [61, 64, 65, 91]. With regard to SFTS virus replication, it has been
recently shown that these cytoplasmic structures might also play a role in virus replication
because double stranded RNA and the viral proteins NP and L that are known to be
involved in virus replication co-localize within these structures [66]. These structures were
also found to co-localize with lipid droplets. Moreover, inhibitors affecting the synthesis

of fatty acids negatively impacted the formation of these cytoplasmic structures as well as
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Figure 3.8. Virions harbored within SFTS virus NSs-positive extracellular vesicles
are capable of establishing a productive infection.

HeLa cells were mock-infected (top panels), infected with SFTS virus (A) or with
supernatants collected from cells infected with the purified, CD63 immune-selected
extracellular vesicles described in Figure 3.4A (B). Cells were fixed at 0, 24, 48, and 72
hours post infection. Immunofluorescence was performed using primary antibodies against
SFTS virus NP or NSs and AlexaFluor488 as the secondary. Nuclei were visualized with
Hoechst 33342. Representative images for the mock-infected groups are shown. (C).
Percent of cells positive for SFTS virus NP or NSs calculated by cell counts in 10 fields of
view. A total of 150 cells were counted, the percentage was calculated by dividing total
cells positive for SFTS virus NP or NSs by 150.
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virus replication. In an attempt to identify the source of these structures, we found that they
were most likely of endosomal oRIG-In because of the early endosomal marker Rab5, but
no markers associated with the Golgi apparatus, co-localized with these cytoplasmic
structures [61].

Although these initial investigations provided preliminary critical knowledge on
the source of these structures, it was still unclear whether or not these structures containing
viral RNA traffic within the cells to incorporate the glycoproteins to form infectious
virions. Thus, in order to provide further insights into the intracellular trafficking of these
structures, we initially conducted live cell imaging studies on cells expressing SFTS virus
NSs fused to the mCherry protein. Surprisingly, these investigations revealed that a portion
of the SFTS virus NSs-expressing cytoplasmic structures were released into the
extracellular space and were taken up by neighboring cells. Subsequent studies carried out
in SFTS virus-infected cells further confirmed that the SFTS virus NSs was incorporated
in extracellular vesicles produced by these cells and, more importantly, they carried virions
capable of sustaining transmission of the virus to neighboring cells. Furthermore, the
extracellular vesicles produced from cells expressing the SFTS virus NSs were not cellular
debris released from dying cells because live cell imaging studies clearly showed that these
structures were released from cells that were still alive and without noticeable damage.
Additionally, SFTS virus does not induce a cytopathic effect on infected cells and, more
importantly, these extracellular vesicles were detected in significant amount only three

days after infection.

The extracellular vesicles produced by SFTS virus NSs-expressing cells and SFTS

virus-infected cells displayed markers characteristic of exosomes, such as being positive
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for the tetraspanin CD63, a widely used exosome marker [133]. Interestingly, we also
found that the extracellular vesicles preferentially contain LC3-1 rather than LC3-1I. The
limited detection of LC3-II lipidated form, which is known to associate with membranes
upon the induction of autophagy [134, 135], and during infection with several different
viruses, including poliovirus, rhinovirus, enterovirus 71, CVB3 and foot-and-mouth
disease virus among others [136-138], suggests that these structures are not derived from
the autophagy pathway. Further, the shedding mechanism is distinct from the previously
described autophagosome-mediated exit without lysis (AWOL) model for poliovirus
release and also differs from a similar model described recently for CVB3 [71, 139]. Since
the non-lipidated form of LC3 is preferentially incorporated into the extracellular vesicles
secreted by SFTS virus-infected cells, it is likely that this represents another example of a
role for LC3 that is unrelated to autophagy. It has been previously reported that the non-
lipidated form of LC3, referred as LC3-I, is also associated with membranes of the ER-
associated degradation (ERAD) tuning vesicles (or EDEMosomes) and recent studies have
suggested that these structures may serve as a scaffold for positive-strand RNA virus
replication complexes [140, 141]. In our attempts to determine the source of the
cytoplasmic structures induced by SFTS virus, we previously explored the possibility that
they might be derived from the ERAD tuning pathway; however, we did not find any
evidence supporting this possibility [61]. In contrast, our data suggest that these structures
are derived from the multivesicular endosomal pathway and might be classified as
exosomes. Thus, our studies indicate that the non-lipidated form of LC3 is incorporated
into extracellular vesicles of endosomal RIG-In and may facilitate replication of negative
strand RNA viruses (such as SFTS virus) as well.

It has been recently shown that hepatitis C virus (HCV) hijacks exosomes to
incorporate infectious RNA into these structures that are then capable of mediating
receptor-independent transmission of the virus [70, 77]. Here, we describe another model

for subversion of exosome-like structures to mediate receptor-independent transmission
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involving the novel bunyavirus SFTS virus. Similar to the CVB3, but in contrast to HCV,
we were able to detect one to five virions harbored within the exosome-like structures that
were capable of establishing productive infection of cells that received them. These
findings are quite remarkable because there have not been prior reports describing the
localization of bunyavirus or any other arthropod-borne viruses within extracellular
vesicles to mediate receptor-independent transmission of the virus. Thus, our findings
highlight an elegant strategy by which the recently recognized SFTS virus subverts
exosome-like structures for virus dissemination. Our data also suggest that this mechanism
of infection is likely beneficial for SFTS virus because it provides a degree of protection
against neutralizing antibodies and therefore contributes to the immune evasion properties
of the virus. Future studies are needed to define the role of these “infectious exosome-like
structures” in expanding the tropism of the virus and their contribution to viral
pathogenesis. Additional studies are also needed to define exactly how these structures
deliver the virus and viral RNA into the cells and the fusion mechanisms that probably
occur between the viral and cellular vesicles membranes for infection to occur.
Furthermore, studies are needed to determine whether the infectious extracellular vesicles
are also produced during infection of the arthropod host and whether they play a significant

role during the transmission cycle involving host and vector.

72



CHAPTER4

SUBVERSION OF THE UBIQUITIN-PROTEASOMAL PATHWAY
BY SFTS VIRUS FOR INHIBITION OF INNATE IMMUNE

RESPONSES

INTRODUCTION

Pattern recognition receptors (PRRs) are used to detect or recognize pathogen-
associated molecular patterns (PAMPS), such as nucleic acids, carbohydrates, or proteins
of viruses or other invading microorganisms. PRRs such as the Toll-like receptors (TLRS)
and the C-type lectin receptors (CLRs) recognize viral DNA or RNA in the endosomal
compartment, while the RNA helicases retinoic acid-inducible gene 1 (RIG-I) like
receptors such as RIG-1 or melanoma differentiation-associated protein 5 (MDADS)
recognize 5’-triphosphate dsRNA or long higher order structure dsSRNA, respectively [142-
145]. RIG-I is comprised of a C-terminal domain, a central helicase domain, and two N-
terminal caspase recruitment domains (CARDS). The inactive form of RIG-I is maintained
through interactions between the helicase and CARD domains; however, binding of the
viral dsRNA by both the helicase and C-terminal domains results in a conformational
change that exposes the CARDs, and subsequent K63 ubiquitination by TRIM25 occurs
[146]. Activation of RIG-I leads to the subsequent activation of kinases belonging to the
inhibitor of nuclear factor Kappa-B Kinase (IKK) family. IKK kinases can be divided into

the canonical (IKKo/IKKp) or the non-canonical IKKe/TANK-binding kinase-1 (TBK-1)
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[147]. Here, we will focus on the non-canonical kinase group IKKe/TBK-1 which activate
the interferon (IFN) regulatory factors (IRF) 3 and 7.

Regulation of PRR activation is critical in order to prevent overproduction of
cytokines that can result in tissue damage, chronic inflammation, or even autoimmune
disorders. Cells regulate PRR activation by reversible post-translation modifications
(PTMs) such as ubiquitination and/or phosphorylation. Ubiquitin is a small molecule that
can be attached to lysine (K) residues on proteins in order to modulate or alter their
function. This attachment or conjugation process is mediated by a stepwise system that
involves 3 different types of proteins, E1 (activates ubiquitin), E2 (ubiquitin
acceptor/conjugator), and E3 (ubiquitin ligase) [148-150]. Through elegant interactions,
these 3 proteins carry out protein ubiquitination. E3 ligases are responsible for substrate
specificity and can be divided into 4 families, the really interesting new gene (RING),
homologous to E6-associated protein C-terminus (HECT), UFD2 homology (U-box), and
RING-in-between-RING (RBR) [151, 152].

Conjugation of ubiquitin at specific lysine residues determines the functional role
of the ubiquitinated protein. Typically, proteins can be mono-, di-, or polyubiquitinated.
To date, 7 different ubiquitin lysine residues have been identified. The K-48 and K63
ubiquitin linkages have been well characterized and play a major role in the activation and
regulation of the innate immune response [153]. K-48 ubiquitination leads to degradation
of proteins by the proteasome; while K63 ubiquitination leads to signal
transduction/activation [153]. In regard to the RIG-I signaling cascade, it is well known
that K63 linked ubiquitination of the RIG-1 2CARD domains is mediated by members of

the tripartite motif (TRIM) protein family, specifically TRIM25, at lysine residues in the
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second CARD of RIG-1 (K99, K169, K172, K181, K190, and K193) [154, 155]. Even
though TRIM25 is known to mediate K63 ubiquitination of RIG-I, two additional E3
ligases, MEX3C and RIPLET, have also been implicated as mediators of K63
ubiquitination of RIG-I [156-160].

Viral pathogens have evolved intricate mechanisms to counteract the innate
immune response. In this regard, members of the Bunyaviridae, encode proteins that
facilitate the inhibition of host cell immune responses. More specifically, the small non-
structural protein, NSs encoded by bunyaviruses such as RVFV, or LACV has been
implicated as the main inhibitor of innate immune responses. For example, RVFV NSs
shuts down host cell transcription and promotes degradation of PKR, while LACV NSs
promotes proteasomal degradation of mammalian RNA polymerase 11 subunit RPB1 [13,
14, 104]. SFTS virus has a 3-segmented genome that is composed of the L segment, M
segment, and the S segment. The latter segment encodes the nucleocapsid protein and the
small non-structural protein NSs via an ambisense coding strategy. The SFTS virus NSs
has been shown to be major virulence factor during infection. Initial studies demonstrated
that the SFTS virus NSs is a potent inhibitor of IFN-B and localizes to cytoplasmic
structures derived from the early endosomal pathway [61, 65, 66, 91]. Further studies have
revealed that inhibition of the IFN response correlates with sequestration of RIG-I,
TRIM25, TBK-1, STAT1/2, and IRF-3 into the SFTS virus NSs positive structures [61,
65, 66, 91, 107]. Additionally, our studies have determined that ubiquitin also colocalizes
with the SFTS virus NSs positive structures and spectrometry analysis of these structures
detected the presence of components of the 26S proteasome. In this chapter, we focus on

the fate of RIG-1 and its signaling molecules during SFTS virus infection. Infection of
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SFTS virus leads to a decrease in cytoplasmic protein expression of TBK-1 and a 50%
reduction in the active form of RIG-I; however, inhibition of the Ubiquitin-Proteasomal
Pathway restores the cytoplasmic concentration of these proteins. Additionally, we report
that mutation of K63 ubiquitination of RIG-1 at K172 obligates interaction and co-
localization with SFTS virus NSs. TBK-1 can be activated by K63 ubiquitination at K30
and K401 along with phosphorylation at serine 172; however, mutation of K30 and K401
to alanine impairs K63 mediated activation [161-164]. Furthermore, studies have shown
that a phosphorylation-deficient TBK-1 can still undergo K63 ubiquitination [163]. The
cellular balance of TBK-1 is maintained through K48 mediated degradation [161] Lastly,
we observed a 30% decrease in colocalization between K63 and K48 TBK-1 mutants,
indicating that ubiquitination in part plays a role in TBK-1/NSs colocalization.
Interestingly, we only observed a 4% localization between NSs and a kinase-deficient
TBK-1 mutant. Altogether, these data suggest that both ubiquitination and phosphorylation
play a major role in interaction and co-localization of SFTS virus NSs with RIG-I and

TBK-1.

MATERIALS AND METHODS

Cells, Plasmids, Reagents

Human embryonic kidney (HEK293T) cells were obtained from ATCC and maintained in
Dulbecco’'s minimal essential medium (Lonza) supplemented with L-glutamine, sodium
pyruvate, and 10% fetal bovine serum (Atlanta Biologicals). HeLa and Vero76 cells were
obtained from ATCC and maintained with Eagle minimal essential medium (Lonza)
supplemented with L-glutamine, penicillin-streptomycin, and 10% fetal bovine serum. The

plasmid carrying SFTSV NSs was constructed as previously described [61]. Plasmids
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carrying RIG-1 and TBK-1 were previously described [165, 166] or constructed following
standard cloning procedures. SFTS virus strain YL-1 was provided by the Chinese Center
for Disease Control and Prevention and passaged twice in Vero EG6 cells to generate viral
stocks for this study. The SFTS virus titers were determined by plaque assays as previously

described [122].

Transfection, immunoblotting, and immunoprecipitation.

Unless otherwise stated, all transfections were carried out by using 1ug of plasmid
DNA and the Lipofectamine 3000 reagent (Invitrogen) following the manufacturer's
recommendations. At 16 to 24 hr posttransfection, the cells were harvested and lysed with
NP-40 lysis buffer containing 1% Halt protease inhibitor cocktail (Thermo Scientific). For
separation of insoluble and soluble fractions, cells lysed in NP-lysis buffer on ice for 10
minutes and centrifuged for 5 minutes at 3,000 X g. The clarified supernatant was
considered soluble and the pellet insoluble. For immunoblotting, proteins were separated
by SDS-PAGE and subsequently transferred to a 0.2-um-pore-size polyvinylidene
difluoride (PVDF) membrane (Millipore). The PVDF membranes were blocked for 45 min
with 5% nonfat dry milk in Tris-buffered saline with 1% Tween 20 (TBST). Membranes
were incubated with primary antibodies for 16 to 18 h at 4°C. The membranes were washed
in TBST and incubated with secondary horseradish peroxidase (HRP)-conjugated
antibodies for 1 h. Blots were developed by using Western Lightning ECL substrate
(PerkinElmer) according to the manufacturer's recommendations. For protein
immunoprecipitation, lysates were incubated in the presence of anti-hemagglutinin (anti-
HA) agarose (Pierce). Eluted proteins and the corresponding lysates were separated by

SDS-PAGE, followed by immunoblotting as described above. The following primary
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antibodies were utilized for immunoblotting procedures: rabbit anti-FLAG (1:1,000;
Sigma), rabbit anti-HA (1:1,000; Sigma), rabbit anti-p-tubulin (1:10,000; Abcam), mouse
anti-RIG-1 NT (1:1000; EMD Millipore), anti-R1G-1 (1:1000; Thermo Scientific), and anti-
TBK-1 (1:1000; Thermo Scientific). The secondary antibodies utilized were donkey anti-
rabbit IgG HRP-conjugated antibody (1:5,000) and sheep anti-mouse 1gG HRP-conjugated

antibody (1:5,000) (GE Healthcare).

Immunofluorescence and confocal microscopy

HeLa cells were seeded on mouse Laminin I-treated coverslips and transfected
following standard procedures. Cells were incubated overnight at 37°C in 5% CO..
Following this incubation, cells were either fixed with 1:1 Acetone:Methanol mix or
infected with SFTSV (multiplicity of infection [MOI] = 1.0) for 24 h and then fixed and
permeabilized with a solution of phosphate-buffered saline (PBS) containing 0.1% Triton
X-100 (Sigma). Following permeabilization, the cells were washed and blocked with 10%
goat serum and 3% bovine serum albumin (BSA; Thermo Scientific) in PBS (Lonza). If
required by the experiment, cells were stained overnight with primary antibodies. Cell
nuclei were stained with Hoechst 33342 (1:1,000; Invitrogen), and the coverslips were
mounted onto glass slides by using ProLong Gold antifade reagent (Invitrogen). The
following primary antibodies were used in immunofluorescence experiments: polyclonal
rabbit anti-SFTSV NSs generated by GenScript (Piscataway, NJ) (1:500), rabbit anti-
FLAG (1:1000; Sigma), rabbit anti-TBK-1 (ThermoFisher), rabbit anti-RI1G-1 NT (1:100,
EMD Millipore). The following antibodies were used as secondary antibodies for
immunofluorescence experiments: Alexa Fluor 488-conjugated goat anti-rabbit (1:1,000;

Molecular Probes) and Alexa Fluor 594-conjugated goat anti-rabbit (1:2,000; Molecular
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Probes) antibodies. All samples were visualized in a Zeiss LSM510META laser scanning

confocal microscope or an Olympus spinning disc confocal microscope.

RESULTS

SFTS virus NSs localizes with components of the RIG-I signaling cascade. We and
others have shown that the SFTS virus NSs localizes with elements of the RIG-1 signaling
cascade RIG-I, TBK-1 [61, 66, 91], and TRIM25; however the mechanism by which NSs
localizes with these components remains to be understood. To this end, HelLa cells were
seeded on glass coverslips and mock infected or infected with SFTS virus (MOI=1). At 24
hpi, cells were fixed and stained using antibodies against human TBK-1, RIG-I, and
ubiquitin, and the SFTS virus NSs. We observed colocalization of the SFTS virus NSs with
TBK-1 and ubiquitin (Figure 4.1, A-B). Interestingly, we were not able to detect the
presence of the active form of RIG-I1 (RIG-1 NT) in cells infected with SFTS virus.
However, we observed RIG-I staining in non-infected neighboring cells (Figure 4.1 C).
SFTS virus infection leads to a decrease in RIG-1 NT and TBK-1 expression. Our
confocal data led us to investigate the fate of the proteins sequestered into SFTS virus NSs-
positive structures. To this end, HeLa cells were mock infected or infected with SFTS virus
NSs and cell lysates and RNA collected at 0, 12, and 24 hpi and resolved by SDS-PAGE,
transferred onto PVDF membrane and blotted for human RIG-1 NT (N-terminus,
recognizes the active form of RIG-1), RIG-I CT (C-terminus, recognizes the helicase
domain of RIG-1), TBK-1, SFTS virus NSs, and b-tubulin (Figure 4.2 A). Interestingly,
the expression levels of TBK-1 during SFTS virus infection began to decrease, and by 72
hpi it was not detected (Figure 4.2B). We observed no decrease in RIG-1 CT levels but

observed a 50% decrease in RIG-1 NT by 12 and 24 hpi (Figure 4.2 A, C). It is well known
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that the Rift Valley Fever virus NSs is a potent inhibitor of global cell transcription [56,
59, 105, 106]; however, SFTS virus NSs does not have a similar function. Due to our
previous observation regarding the decrease expression of the active form of RIG-I and the
inhibition of TBK-1 expression, we nevertheless explored the possibility that SFTS virus
was affecting RIG-1 and TBK-1 transcription. To this end, RNA collected at 0, 8, 12, 24,
and 48 hpi was used to perform SYBR Green qPCR using primers directed against TBK-1
or RIG-I, which revealed that SFTS virus NSs does not affect host cell transcription of
these genes (Figure 4.3). These data suggest that SFTS virus infection target components
of the RIG-I signaling cascade at the protein level, specifically the active form of RIG-I
and TBK-1.

Proteasome inhibition leads to recovery of RIG-1 signaling cascade. Mass
Spectrometry analysis of purified SFTS virus NSs-cytoplasmic structures from infected
HeLa cells identified ubiquitin, components of the 26S proteasome, and Rab GTPases
within these structures (data not shown). Our previous observation that levels of RIG-I and
TBK-1 decrease during SFTS virus infection and the detection of the 26S proteasome and
ubiquitin within these cytoplasmic structures lead us to investigate whether RIG-1 and
TBK-1 were being targeted for degradation via the Ubiquitin-Proteasomal Pathway (UPP).
To test this possibility, HeLa cells were pre-treated with PBS, DMSO (vehicle), or 10uM
of MG-132 (a potent inhibitor of the proteasome) and mock infected or infected with SFTS
virus (MOI=1). Soluble and insoluble fractions were collected at 0, 12, and 24 hours post
infection. Fractions were then resolved by SDS-PAGE, transferred onto PVDF membrane

and blotted for SFTS virus NSs, b-tubulin, TBK-1, RIG-I1 NT, and RIG-1 CT. Interestingly,

80



‘uninbign pue ‘T-Mgl1 ‘I-91Y YHM SSN SNIIA S14S JO UOIeZI|BI0]-09 aulWIdIep
01 pawuoyiad sem QTGINST Buisn sisAjeue ueds aul Bururels uieoad snousabopus syl Jo Ald119ads ayy MoyYs 01 JapJo Ul pasn Sem
adA10s1 96| uy "suisloid snousbopus [[e 10) ggiion|dexa|y pue SSN SNJIA S14S 10} Apogiue A1epuodas ayl Se pasn Sem y6Glon|4exs|y
'SSN SNJIA S14S pue ‘uninbign ‘T-Mgl1 ‘1-91Y 1sutebe saipoqnue Arewd Buisn pawlogiad sem sdusdsalonjjounwiwl| ‘pazijigeswad
pue paxiy a1am s|199 ‘idy vz v (T=10IN) SNIIA S14S YIIM paldajul 1o paldajul Yoow pue sdijsianod ssejf U0 papaas alam S||99 e1eH

‘uninbign pue T-39.1 snouabopua Ylim $az1jeao] SSN SNIIA S14S ‘Tt 94nbi4

w
o 3
i w
" .
|8 -
0 (suosci) saugsig M
Iy d
-
%
<
T
L]
g
8 2
o A
=
'a
Lo [}
2 3
Lo 7]
< s
By =
e c
L) w
c
AOLEJBI] m ml-
2r 62 ) (] {suouDiu) BoUBISIO a
et e o ' a8 =
i ~ 7 3
| L @ ; | E
i g O
| [ 2 R S
' 1
s s 0 o o
= A a A
S H F =
@S ze B
SNEPNN-T-91H-SSH STl S14S
= qN--SgN SMIASLIS - oony




MOCK SFTS virus
0 8 12 24 48 72 0 8 12 24 48 72

110- | " S W R mmm el T e N -t | R|C-| CT

110- — — T G G T — — — gy == | R|G-|NT

84- e — —— o — TBK-1

37- e gy WP | SFTS virus NSs
55- ren— N e b-tubulin

B. RIG-I NT C. TBK1

-
©n
o
)

B MOCK
SFTS virus

Bl MOCK
SFTS virus

-
o
N
g
o
1

(A.U)
&
(AU
&

Relative Protein Density
e
N

Relative Protein Density

e

o
T
o
o

Y > NE pbb‘ w AV N ® N n}‘ w N
hpi

Figure 4.2. SFTS virus infection decreases levels of TBK-1 and RIG-I NT.

HelLa cells were mock infected or infected with SFTS virus (MOI=1) and lysates collected using
Ambion® PARIS system at 0, 8, 12, 24, 48, and 72 hpi. (A) 60 ug of lysates per well was resolved
by SDS-PAGE, transferred onto PDVVF membrane and blotted for RIG-1 CT, RIG-I NT, TBK-1, SFTS
virus NSs and b-tubulin. Densitometry analysis was performed to determine the expression of (B)
RIG-I and (C)TBK-1.
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Figure 4.3. SFTS virus infection does not affect RIG-1 and TBK-ImRNA levels.

HeLa cells were mock infected or infected with SFTS virus (MOI=1) and total RNA collected using
Ambion® PARIS system at 0, 8, 12, 24, 48, and 72 hpi. mRNA levels of (A) RIG-I and (B) TBK-1
were quantified by gPCR using total RNA. gPCR was performed in triplicates by SYBR qPCR assay
using b-tubulin as the reference gene. The experiment was carried out in triplicates with consistent
results.

we observed that inhibition of the proteasome during SFTS virus infection resulted in a shift of TBK-
1 from the insoluble to soluble fraction (Figure 4.4). Additionally, we observed a 50% increase in
RIG-I NT levels in the soluble fraction of SFTS virus-infected cells treated with MG-132 compared
to the PBS-infected control, while no change in the RIG-1 CT was evident. Furthermore, RIG-1 CT
nor RIG-NT were detected in the soluble pellet as TBK-1 was. These data suggests that inhibition of
the UPP pathway disrupts the sequestration of TBK-1 and that SFTS virus NSs might be acting on
the active form of RIG-I.

Ubiquitination in part mediates interaction/colocalization between SFTS virus NSs and RIG-I
or TBK-1. It is well known that TRIM25 along with MEX3C and RIPLET mediate K63
ubiquitination of RIG-I [156-160]. In particular, the ubiquitination of the 2CARD domain at K172 of
RIG-1 by TRIM25 has been shown to be essential in initiating the RIG-1 signaling cascade for
induction of IFN [154]. We have previously shown that SFTS virus NSs interacts and co-localizes

with TRIM25 [61], additionally, we have observed that ubiquitin also localizes to NSs-positive

cytoplasmic structures. This along with the above-mentioned data regarding that inhibition of the
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UPP restores TBK-1 and RIG-I NT levels, led us to investigate whether the interaction of TBK-1 or
RIG-I with SFTS virus NSs was mediated through ubiquitination. Studies have shown that K63
ubiquitination of TBK-1 occurs at K30 and K401, and that mutation of both of these residues
obligates K63 ubiquitination, while K48 ubiquitination of TBK-1 occurs at K670. Since our
observations suggest that SFTS NSs acts on the active form of RIG-1, we also investigated whether
SFTS virus NSs would interact with a kinase-deficient TBK-1. To this end, HEK 293T cells were
transfected with plasmids encoding FLAG-tagged RIG-1 WT, RIG-I1 K172R, TBK-1 WT, TBK-1
K401A, TBK-1 K30A, TBK-1 K63 (K30/K401A), TBK-1 K48 (K670A), or TBK-1 K38M alone or
in the presence of SFTS virus NSs-HA. Mutation of TBK-1 at K38M inhibits the kinase activity of

TBK-1. At 18 hours post transfection, whole cell lysates (WCL) were harvested and
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Figure 4.4. Inhibition of the Ubiquitin-Proteasomal Pathway restores TBK-1 and RIG-1 NT
levels.

HelLa cells were mock infected or infected with SFTS virus (MOI=1) 1 hour after treatment with
PBS, DMSO, or 10 uM MG-132. Soluble and insoluble fractions were collected at 0, 12, and 24
hpi. 30ug of each fraction per well was resolved by SDS-PAGE, transferred onto PDVF membrane
and blotted for RIG-I NT, RIG-1 CT, TBK-1, SFTS virus NSs and b-tubulin.
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subjected to immunoprecipitation (IP) with anti-HA agarose beads. After 4 hours, beads were
washed, and proteins eluted, resolved by SDS-PAGE, transferred onto PDVF membrane and blotted
for FLAG or HA tags. Interestingly, mutation of RIG-I at K172 prevented the interaction with SFTS
virus NSs (Figure 4.5, compare lanes 16 and 17 top panel). In contrast, mutation of TBK-1 at K48
or K63 ubiquitination sites did not impede the relocation of TBK-1 to the pellet fraction in the
presence of SFTS virus NSs (Figure 4.5, compare lanes 10 with 13 and 14 bottom panel).
Additionally, mutation (K38M) of the kinase activity of TBK-1 did not prevent the relocation of
TBK-1 into the pellet in the presence of SFTS virus NSs either. Eventhough most of the WT and
mutant forms of TBK-1 were shuttled into the pellet in the presence of SFTS virus NSs, we observed
a minute amount of mutant TBK-1 in the soluble (input) (Figure 4.5, compare lane 10 with lanes
11-15, third and fifth panels).

Concurrently, we performed confocal microscopy to determine if our immunoprecipitation
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Figure 4.5. Ubiquitination in part mediates interaction between SFTS virus NSs and RIG-1 or
TBK-1.

HEK 293TN cells were transfected with expression plasmids encoding FLAG-tagged RIG-1 WT,
RIG-1 K172R, TBK-1 WT, TBK-1 K30A, TBK-1 K401A, TBK-1 K63, TBK-1 K48, or TBK-1
K38M in the with or without HA-tagged SFTS virus NSs. At 18 hours post transfection, cell lysate
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was subject to immunoprecipitation using anti-HA agarose. Protein elutes, 10% input, and insoluble
fraction were resolved by SDS-PAGE, transferred onto PDVF membrane and blotted for FLAG and
HA tags.

data correlated with co-localization of TBK-1 or RIG-1 with SFTS virus NSs. HeLa cells were
transfected as stated above and immunofluorescence performed. In regard to RIG-1, we did not
observe any co- localization of RIG-1 K172R with SFTS virus NSs (Figure 4.6B), which correlates
with our IP data (Figure 4.5). For TBK-1 and its respective ubiquitin mutants, we observed a 30%
decrease in colocalization events (Figure 4.7A). In contrast, only 4% of TBK-1 K38M and SFTS
virus NSs localization events were observed (Figure 4.7B). This data suggests that SFTS virus NSs

acts upon the active form of RIG-I. However, the mechanism for the interaction with TBK-1 still

needs to be deciphered.
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DISCUSSION

The innate immune response is the first line of defense against invading pathogens. Activation
of the innate immune response begins by recognition of pathogen-associated molecular patterns
(PAMPS), by cytosolic pattern recognition receptors, PRRs [147, 167-170]. PRRs such as the RNA
helicases retinoic acid-inducible gene 1 (RIG-1) or melanoma differentiation-associated protein 5
(MDAD5) recognize 5’-triphosphate dsRNA or long higher order structure dsRNA, respectively [142-
145]. RIG-1 is comprised of a C-terminal domain, a central helicase domain, and two N-terminal
caspase recruitment domains (CARDS). Interactions between the helicase and CARD domains of
RIG-I maintain RIG-1 in its inactive form; however, binding of the viral dSRNA by both the helicase
and C-terminal domains results in a conformational change that exposes the CARDs [146]. This, in
turn, allows K63 ubiquitination by TRIM25 at K172 of the RIG-1 N-terminus (NT), which results in
a signaling cascade to induce activation of IFN related genes [154, 166, 167, 171, 172].

Ubiquitin is one of the most significant post-translation modifications (PTMs) that determines
the fate of the modified protein, activation or degradation. It has been shown that K63 ubiquitination
mainly results in activation, while K48 leads to proteasomal degradation [152, 153, 170, 173]. As
previously mentioned, TRIM25 mediates K63 ubiquitination of RIG-1 at K172; however, RIPLET
and MEX3C can also ubiquitinate RIG-I at other lysine residues [156-158, 160]. In contrast, TBK-1
undergoes both K63 (at residues K30 and K401) and K48 (at K670 residue) ubiquitination [162].
Furthermore, TBK-1 also possesses kinase activity, and studies have shown that mutation at K38
inactivates kinase activity of TBK-1 but does not prevent autophosphorylation in trans at serine 172.

In this study, we aimed to determine the mechanism by which the SFTS virus NSs targeted
RIG-I and TBK-1 into cytoplasmic structures, which correlates with inhibition of immune responses.
As previously stated, TRIM25 and ubiquitin play a major role in the activation of the innate immune

response [154]. This in addition to both TRIM25 and ubiquitin also targeted into SFTS virus NSs-
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positive cytoplasmic structures suggest that NSs inhibits the RIG-1 signaling cascade through the use
of ubiquitin. We have shown that during SFTS virus infection, TBK-1 is removed from the cytoplasm
and shuttled into the insoluble cellular fraction—most likely this is the TBK-1 that is sequestered into
the cytoplasmic structures. In contrast, when using antibodies directed against the active N-terminus
of RIG-I1, we were unable to observe RIG-I in the insoluble fraction by western blot nor in infected
cells by indirect immunofluorescence. However, in overexpression experiments, we have noted that
FLAG-tagged RIG-I levels decrease by 50% in the presence of SFTS virus NSs and is detected in the
insoluble fraction. Interestingly, when detecting RIG-1 with an antibody directed at the C-terminus,
we see no change in protein expression—this could further indicate that SFTS virus NSs targets only
the active form of RIG-I. To further elucidate the role that these NSs-positive structures play in
inhibition of the RIG-I signaling cascade, Mass Spectrometry Analysis was performed on purified
NSs-positive cytoplasmic structures from infected Hela cells. This analysis revealed that
components of the 26S proteasome were harbored within these structures, suggesting that these
structures could function as sites of protein degradation.

In light of our findings, we inhibited the Ubiquitin-Proteasomal Pathway with MG132 during
SFTS virus infection and were to recover levels of the active form of RIG-1 and surprisingly observed
a shift of TBK-1 from the insoluble to soluble fraction. These results lead us to investigate the linkage-
specific ubiquitination of RIG-1 and TBK-1 by overexpressing ubiquitin mutant forms of each
signaling protein. We identified that in regard to RIG-I, abolishing the K63 site at K172 completely
prevented interaction and co-localization of RIG-I with NSs. This further suggests that the active
form is targeted by NSs. Removal of TBK-1 ubiquitination sites and kinase activity, however, had
minimal, ~30%, reduction in interaction and co-localization with SFTS virus NSs, suggesting that
the mechanism of TBK-1/SFTS virus NSs interaction is much more complex, and may require a

linker protein that mediates the interaction between NSs and TBK-1. Since the activation of TBK-1
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can be carried out through ubiquitination and or phosphorylation, a detailed study looking into each
activator of TBK-1 would be required in order to grasp a better understanding of how NSs is targeting
TBK-1.

This study has given insight into the use of ubiquitination as means to target components of
the RIG-I signaling cascade into cytoplasmic structures by the SFTS virus NSs. Our data suggests
that NSs targets the activated RIG-I for degradation via the UPP, however, in regard to TBK-1, further
studies using an entirely inactive mutant (both ubiquitin and kinase-deficient) of TBK-1 are required

to decipher the mechanism by which TBK-1 is targeted by SFTS virus NSs.
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SUMMARY

In this study, we have gained insights into the molecular pathogenesis of the emerging tick-
borne phlebovirus SFTS virus. We have observed that the cytoplasmic structures induced by SFTS
virus NSs traffic within and out the cell, suggesting that these structures may play different roles
during infection. Further characterization of the intracellular structures identified that they localize
with compartments associated with endosomal recycling or degradation and that they contain an
acidic environment with a pH below 5. One of the most significant findings of this study is that the
SFTS virus NSs-positive secreted structures harbor infectious virus-like particles that are able to
maintain SFTS virus infection in the presence of neutralizing antibodies. This novel mechanism for
receptor-independent transmission of SFTS virus challenges the current dogma of bunyavirus
dissemination. Furthermore, we have gained insight into the innate immune antagonistic activity of
SFTS virus NSs. We have shown that SFTS virus NSs may utilize ubiquitin as means to remove RIG-
I and other signaling molecules such as TBK-1 from the RIG-I signaling cascade—preventing the
induction of interferon beta related genes. Lastly, we have observed that by inhibiting the Ubiquitin-
Proteasomal Pathway, we are able to recover RIG-1 and TBK-1 protein levels, suggesting that these
molecules are targeted for degradation. Altogether our data suggests novel and complex mechanisms
employed by SFTS virus to circumvent host innate immune responses and aid in replication and

dissemination.
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