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Summary

Phleboviruses (order Bunyavirales, family Phenuiviridae) are arthropod-borne viruses that are emerging
globally due to the geographic expansion of long-known members and the identification of numerous novel
ones. They span a wide spectrum of virulence, comprising clinically inapparent infection, febrile disease,
encephalitis, up to severe haemorrhagic fever and multiorgan failure — with novel isolates including both
highly virulent members and abundant others with as yet unknown disease potential. Rift Valley fever virus
(RVFV), a long-known member, is highly pathogenic for humans and livestock. Thus, RVFV has been
subject to extensive molecular characterization, which established the phleboviral non-structural protein
NSs as antagonist of the antiviral interferon (IFN) system and main virulence factor in the mammalian host.
Sandfly fever Sicilian virus (SFSV), on the other hand, was identified as causative agent of ‘sandfly fever’,
a self-limited febrile disease, during World War II. Nowadays, SFSV is one of the geographically most
widespread phleboviruses, causing disease mainly in immunologically naive military troops and travellers.
Although SFSV has been thoroughly characterized with regard to its clinical picture, its interaction with
the mammalian host remained almost entirely elusive on the molecular level.

In this work, we thus elucidated the molecular mechanisms with which the NSs protein of SFSV counteracts
the interferon system. We identified that SFSV NSs dampened the induction of both type I and III
interferons by specifically masking the DNA-binding domain of the transcription factor interferon-
regulatory factor 3 (IRF3). Despite IRF3 inhibition, however, SFSV did not fully abrogate IFN induction,
leading to IFN-dependent upregulation of related transcription factor IRF7, which was not affected by
SFSV NSs and fostered IFN induction. Additionally, SFSV NSs completely failed to impede IFN
signalling, resulting in substantial expression of anti-phleboviral IFN-stimulated genes (ISGs). Thus, SFSV
NSs appears to be a modulator rather than a full-blown antagonist of the IFN system.

Further, protein kinase R (PKR) possesses a strong restrictive activity towards phleboviruses due to the
phosphorylation of its substrate eukaryotic elongation factor 2a (elF2a) and the ensuing block of protein
synthesis. Surprisingly, we found that the NSs protein of SFSV conferred PKR resistance and boosted
translation without affecting the activation of PKR or the phosphorylation state of elF2a. Instead, SFSV
NSs targeted elF2B, the central regulatory hub of the integrated stress response (ISR), further downstream.
Of note, as previously characterized viral PKR antagonists all act at the levels of PKR activation and elF2a
phosphorylation, targeting of e[F2B by SFSV NSs represented a novel viral evasion strategy.
Interestingly, a common theme emerged during our studies: Highly virulent RVFV, on the one hand, utilizes
its NSs to induce the degradation of target host factors via the proteasome, thereby acting in a catalytic
mode. Furthermore, it establishes a global block of host gene expression to evade the IFN system. The NSs
of mildly virulent SFSV, on the other hand, does not affect the expression levels of its host targets, but
rather acts in a very specific and stoichiometric manner for both the inhibition of IFN induction and PKR
evasion. Given its importance as exclusive phleboviral IFN antagonist, the NSs protein has been speculated
to constitute a correlate of virulence. Our data on SFSV NSs support this hypothesis and argue for the
characterization of the NSs proteins of novel phleboviruses with respect to their capacity to inhibit IFN

induction, IFN signalling, and PKR activity in order to better estimate their potential to induce disease.




Zusammenfassung

Phleboviren (Ordnung Bunyavirales, Familie Phenuiviridae) sind Arboviren, die aufgrund der geographi-
schen Expansion bekannter und der Identifizierung zahlreicher neuer Mitglieder global vermehrt auftreten.
Sie umfassen ein breites Spektrum an Virulenz, darunter klinisch inapparente Infektionen, fiebrige
Erkrankungen, Enzephalitis, bis hin zu hdmorrhagischem Fieber und Multiorganversagen — wobei neue
Isolate sowohl hochpathogene Mitglieder als auch zahllose andere mit soweit unbekanntem Krankheits-
potential beinhalten. Das Rifttalfieber-Virus (RVFV), ein lange bekanntes Mitglied, ist hochpathogen fiir
Mensch und Vieh. Daher wurde RVFV ausgiebig molekular charakterisiert, was das Nichtstrukturprotein
NSs als Antagonist des antiviralen Interferon (IFN)-Systems und Hauptvirulenzfaktor im S&ugetierwirt
etabliert hat. Das sizilianische Sandfliegenfieber-Virus (SFSV) dagegen wurde wihrend des Zweiten
Weltkriegs als Erreger des ,,Sandfliegenfiebers”, einer selbstlimitierten fiebrigen Erkrankung, identifiziert.
Heute ist es bekannt als eines der Phleboviren mit der weitesten geographischen Verbreitung und verursacht
Symptome hauptsichlich in immunologisch naiven Soldaten und Reisenden. Obwohl SFSV im Hinblick
auf das klinische Bild ausfiihrlich charakterisiert wurde, ist seine Interaktion mit dem Sdugetierwirt auf der
molekularen Ebene fast komplett unbekannt.

In dieser Arbeit haben wir daher die molekularen Mechanismen aufgeklért, mit denen das NSs-Protein von
SFSV dem IFN-System entgegenwirkt. Wir konnten zeigen, dass SFSV NSs die Induktion von Typ-I- und
IIT IFN dampft, indem es gezielt die DNA-Bindedoméne des Transkriptionsfaktors IRF3 verdeckt. Trotz
der Inhibition von IRF3 unterband SFSV die IFN-Induktion dennoch nicht vollstindig, was zu einer IFN-
abhingigen Hochregulation des Transkriptionsfaktors IRF7 fiihrt, der nicht von SFSV NSs beeintrachtigt
wird und die IFN-Induktion fordert. Zusétzlich versagte SFSV NSs darin, die IFN-Signaltransduktion zu
behindern, woraus eine erhebliche Expression anti-phleboviraler IFN-stimulierter Gene (ISGs) resultierte.
Folglich scheint SFSV NSs eher ein Modulator als ein starker Antagonist des [FN-Systems zu sein.
Daneben besitzt die Proteinkinase R (PKR) aufgrund der Phosphorylierung des eukaryotischen Initiations-
faktors 2a (elF2a), und der resultierenden Blockade der Proteinbiosynthese eine stark restriktive Aktivitét
gegeniiber Phleboviren. Uberraschenderweise fanden wir, dass das SFSV NSs eine PKR-Resistenz
vermittelt und die Translation steigert, ohne jedoch die PKR-Aktivierung oder die elF2a-Phosphorylierung
zu beeintrachtigen. Vielmehr wirkt SFSV NSs auf den nachgeschalteten elF2B-Komplex, den
regulatorischen Knotenpunkt der integrierten Stressantwort. Bemerkenswerterweise hemmen alle bisher
charakterisierten viralen PKR-Antagonisten die PKR-Aktivierung oder die elF2a-Phosphorylierung,
sodass die Manipulation von elF2B durch SFSV NSs eine neue virale Evasionsstrategie darstellt.
Interessanterweise zeichnete sich bei unseren Untersuchungen ein gemeinsames Muster ab: Das
hochvirulente RVFV setzt sein NSs-Protein fiir den proteasomalen Abbau seiner Zielfaktoren ein, agiert
also sozusagen katalytisch. Daneben verursacht es eine globale Blockade der Genexpresssion des Wirtes,
um dem IFN-System zu entgehen. Das NSs des weniger virulenten SFSV dagegen beeintrachtigt nicht die
Expressionslevel von Zielfaktoren, sondern scheint sowohl die Hemmung der IFN-Induktion als auch die
PKR-Evasion auf stochiometrische Weise zu vermitteln. In Anbetracht seiner Bedeutung als alleiniger
phleboviraler IFN-Antagonist wurde spekuliert, dass das NSs-Protein ein Korrelat fiir die Virulenz darstellt.
Unsere Daten zu SFSV NSs unterstiitzen diese Hypothese und sprechen fiir die Charakterisierung der NSs-
Proteine neuartiger Phleboviren beziiglich ihrer Féhigkeit, die IFN-Induktion, die IFN-Signaltransduktion

und die PKR-Aktivitit zu hemmen, um ihr Krankheitspotential besser einzuschitzen.
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1 Introduction

1.1 Phleboviruses and phenuiviruses

Phleboviruses are globally emerging arthropod-borne viruses of significant public health impact and
economic interest. While long-known members with characterized clinical symptoms (such as Rift Valley
fever virus (RVFV), Toscana virus (TOSV), and sandfly fever Sicilian virus (SFSV)) are expanding
geographically, numerous novel ones are identified continuously. The latter comprise both highly virulent
members identified due to clinically apparent patients, but for the most part abundant others found in vector
species and with yet unknown disease potential. Therefore, taxonomy is subject to frequent revisions [1, 2,
17, 24, 231]. Most recently, the order Bunyavirales (realm Riboviria, kingdom Orthornavirae, phylum
Negarnaviricota, subphylum Polyploviricotina, class Ellioviricetes) was created and the members of the
previous genus Phlebovirus reorganized into multiple distinct genera within the family Phenuiviridae,
including, amongst others, the dipteran-borne phleboviruses and the tick-borne bandaviruses. Due to the
cumulative nature of this thesis, both phlebo- and bandaviruses, as well as one uukuvirus will be discussed
(collectively referred to as phenuiviruses) and the old nomenclature for individual virus species will be
used.

Both phlebo- and bandaviruses cover a wide spectrum of virulence (manuscript 1 and ref. 7, 55). Among
dipteran-borne, that is to say sandfly- or mosquito-transmitted phleboviruses [212], RVFV is highly
pathogenic in humans, causing mainly flu-like symptoms, but in some patients progresses to acute hepatitis,
retinitis with persistent visual damage, delayed-onset encephalitis, or haemorrhagic fever [6, 84, 85]. Higher
virulence is observed in ruminants, resulting in so-called abortion storms and high fatality in newborns [23,
46]. Due to the ensuing impact on public health and economic loss, as well as its spread throughout Africa
and to the Arabian Peninsula [136], RVFV has been rated both as natural threat and potential bioterrorism
agent [34, 44, 182, 188] and thus been subject to extensive research. TOSV, on the other hand, is endemic
across the Mediterranean and causes fevers that can be complicated by meningitis or encephalitis [32].
SFSV was isolated from infected soldiers in Italy during the Second World War, due to an outbreak of so-
called 'sandfly fever', 'three-day fever', 'Pappataci fever', or 'dog disease’, a self-limited but nonetheless
incapacitating febrile disease with headaches, myalgia, and general malaise [19, 101, 184, 185]. Of note,
SFSV is now one of the most widespread phleboviruses, with high seroprevalence levels in humans and
domestic animals (up to 50% and almost 80%, respectively) reported from a geographic area ranging from
Portugal to Bangladesh and the Northern Mediterranean to Somalia, affecting predominantly
immunologically naive soldiers and travellers [10, 11, 14, 20, 52-54, 56, 58, 64, 74, 115, 154, 155, 186,
187, 211, 227]. Further fever-inducing phleboviruses have been isolated also from sick patients in Central
and Southern America, including Punta Toro (PTV), Chagres (CHGV), and Alenquer virus (ALEV) [76,
164,208, 213]. In contrast, Drin, Hedi, Ntepes, and Wuxiang virus [22, 210, 218, 233] are only a few recent
examples of novel phleboviruses with as-yet unknown disease potential.

Among tick-borne bandaviruses, severe fever with thrombocytopenia syndrome virus (SFTSV, previously
also Henan or Hubei fever virus, recently reclassified and renamed as Dabie bandavirus) has been identified
in rural China in 2009 due to cases of fever with thrombocytopenia, leukocytopenia, and multiple organ
failure with a high fatality rate, and since been found also in other Asian countries [55, 181, 230, 240]. At
the same time, similar symptoms led to the identification of Heartland virus (HRTV, now Heartland

bandavirus) in Northern America [26, 141, 193], whereas closely related Guertu bandavirus (GTV) was
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isolated from ticks only recently and its clinical picture remains elusive [203]. Furthermore, members of
the Bhanja virus (BHAV) serogroup (now Bhanja bandavirus) are associated with febrile disease, and
Uukuniemi virus (UUKV, now genus Uukuvirus) is considered to be apathogenic [50, 138, 163].
Molecularly, phenuiviruses viruses are spherical, enveloped particles of approximately 100 nm diameter
that carry the tri-segmented negative- and ambisense single-stranded RNA genome (manuscript 1, fig. 1).
The viral particle is covered by the transmembrane glycoproteins Gn and Gc, which are encoded on the
medium (M) genome segment as precursor polyprotein that is co-translationally processed. The genomic
RNA segments are encapsidated by the nucleoprotein N and associated with the viral RNA-dependent RNA
polymerase L, which are coded on the small (S) and large (L) segments, respectively.

Following receptor-mediated endocytosis and the release of viral ribonucleoproteins (VRNPs) [83, 117,
134], viral replication occurs entirely in the cytoplasm of the infected host cell. There, the viral polymerase
directly initiates primary transcription, using a cap-snatching mechanism to produce viral mRNA from
incoming genomic segments [4, 61, 96, 123]. The synthesis of viral proteins then depends on the canonical
host translation machinery. A subsequent switch to secondary transcription leads to primer-independent
synthesis of full-length complementary antigenomic RNA and, subsequently, amplification of the genomic
segments. Finally, assembly and budding take place at the Golgi apparatus [139].

In addition to the structural proteins described above, phleboviruses encode multiple non-structural
accessory proteins, that are not required for replication per se, namely the NSm and 78-kDa proteins on the
M [65,225] and NSs on the S segment [68, 95, 215]. While NSm appears to be of importance predominantly
in the dipteran vector of phleboviruses and is even absent in tick-borne bandaviruses, NSs is firmly
established as the major virulence factor in the mammalian host of both phlebo- and bandaviruses

(manuscript 1 and ref. 42, 55, 135).

1.2 The type I and type III IFN systems in RNA virus infection

The interferon (IFN) system provides a potent and essential first host response to viral infection. Type I and
IIT TFNs are rapidly secreted from most infected cell types to induce a transcriptional programme that
culminates in the expression of hundreds of [FN-stimulated genes (ISGs). These establish an antiviral state
that limits viral spread during the early stages of infection, thus allowing sufficient time for the generation
of an adequate adaptive immune response that then, ideally, eliminates the virus.

Type I IFNs comprise a number of IFN-a subtypes, IFN-B, and other additional members [142, 145]. The
main sensors of viral RNA in the cytoplasm for the induction of type I IFNs are the helicases RIG-I and
MDAS and their adaptor MAVS [94, 110, 111, 146, 194, 200, 232, 235, 239]. Additionally, endosomal
double-stranded RNA can activate TLR3 and downstream adaptor TRIF [5, 234]. Both merge on the
activation of the kinases TBK1 or IKKe, which in turn phosphorylate the transcription factor IRF3 [62,
201]. The latter then triggers the induction of IFNs and further genes together with NF-xB, AP-1, as well
as transcriptional co-activators CBP and p300 [94, 219]. Activated IRF3 induces a first wave of IFN
(comprising mostly IFN-p) that triggers the transcriptional and translational upregulation of IRF7 which is
normally expressed in only low amounts or absent in most cell types [156]. IRF7 is then activated like IRF3
and induces a second, amplified wave of IFN that also includes a broad range of IFN-a subtypes [137, 191].
Besides, endosomal viral single-stranded RNA can activate TLR7/8, their adapter MyDS88, and IRF7,

resulting in the release of massive amounts of [FNs from plasmacytoid dendritic cells (pDCs), specialized
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IFN-producers [39, 49, 88, 156, 206], and other specialized immune cells. Once secreted, type I IFNs signal
in an auto- and paracrine manner through a ubiquitously expressed heterodimeric receptor, consisting of
the IFNAR1 and IFNAR?2 chains, and the kinases JAK1 and TYK2 which phosphorylate the transcription
factors STAT1 and STAT2. Together with IRF9, the latter form the IFN-stimulated gene factor 3 (ISGF3)
which then induces ISG expression. In addition, IFN signalling drives the induction of additional genes via
other STAT combinations, and positively regulates MAPK and PI3K-mTOR signalling [142, 145].

Type III IFNs, on the other hand, comprise IFN-A1 (also IL-29), IFN-A2 (IL-28B), IFN-A3 (IL-28A), and
less understood IFN-A4 [237]. They are induced in a similar manner as the type I IFNs, with /FNLI being
expressed with similar kinetics as /FNB1, whereas /FNL2 is more dependent on IRF7 and thus resembles
IFNA genes [161, 162]. However, type III IFNs activate a distinct receptor consisting of the IFN-AR1 and
IL10R2 chains. They also induce ISGs via ISGF3 and activate MAP kinases and PI3K, but receptor
expression is restricted to a limited number of cell types, such as epithelial cells within mucosal barrier
tissues and human hepatocytes [216, 237, 244].

ISGs exert their antiviral activity by interfering at multiple levels of the viral replication cycle, such as entry
(IFITMs), viral transcription (MxA), and translation (PKR, IFITs) [195]. In addition, many pathogen
sensors and transcription factors, such as RIG-I, IRF7 and STATI, are themselves ISGs and engage in
amplification loops [145]. Yet other ISGs mediate antiproliferative and immunomodulatory functions,
thereby shaping the adaptive immune response.

Viruses, on the other hand, need to replicate considerably to ensure transmission to the next susceptible
host and thus evolved diverse strategies to counteract the IFN system early on [81]. To this end, viral IFN
antagonists are either expressed very early or already packaged into viral particles. They typically are
multifunctional proteins that target several host functions within the infected cell, with molecular
mechanisms ranging from a broad shutoff of gene expression to very precise targeting of specific host

factors.

1.3 Phleboviruses and the type I and III IFN systems

The interaction of phenuiviruses and the IFN I and III systems has already been reviewed in manuscript 1
and will thus be described only in an abbreviated form complemented by more recent advances.

The elevated susceptibility of IFN-signalling deficient mice, the protective effect of prophylactic or early
therapeutic application of IFN or IFN inducers, as well as the association of an early onset of IFN production
with survival in rodent and non-human primate models all demonstrate the importance of the IFN system
during phleboviral infection [25, 51, 79, 112, 133, 144, 149, 150, 169, 205]. SFSV replication in particular
can also be substantially reduced by the addition of ectopic [FN-a [43]. While a systematic analysis of ISGs
for anti-phleboviral activity has not been reported yet, a few RVFV-restricting ISGs have been identified
on occasion (manuscript 1, table 1), including IFITM-2 and -3 [151], MxA, which also restricts SFSV
[63, 80, 189], and PKR [79, 97]. In addition, also IFITs, ISG15, OASL, and PARP12L appear to affect
RVEFV titres [13, 51, 172].

Both the genomic and antigenomic viral RNA segments contain 5’-triphosphorylated complementary ends
that form short double-stranded pandhandle’ structures, which represent an optimal ligand for RIG-I [68,
77, 194, 222], such that already incoming vRNPs trigger RIG-I activation [221]. In agreement with this,
the RIG-I-MAVS axis has been reported to constitute the predominant IFN-induction pathway for RVFV
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in the mouse model, without detectable contribution from TLR7/8-MyD88 or TLR3-TRIF signalling [59].
Given the segmented genome structure and the resulting multiplication of RIG-I ligands, phenuiviruses

thus require a potent IFN antagonist [222].

1.4 The NSs protein — a highly diverse viral IFN antagonist

The NSs protein is fascinating for several reasons: not only is NSs the sole phenuiviral gene encoded in
ambisense orientation (manuscript 1, fig. 1b), but NSs proteins also display a high diversity with amino
acid sequence identities in the range of only 7.5-28.6% amongst phleboviruses [68, 231]. More importantly,
this diversity is reflected in distinct NSs sizes, subcellular localization patterns, targeted host factors, and
molecular mechanisms to evade the IFN system (manuscript 1, fig. 2 and table 2, 3).

In brief, the NSs protein of RVFV allows for full RIG-I signalling up to the binding of transcription factors
to their cognate promoter sites, but then blocks the induction of IFNs and other host-cell responses by
establishing a general block of host cell transcription and mRNA export, and additionally recruits a
transcriptional suppressor to the /JFNB1 promoter [21, 40, 103, 105, 125, 126]. Of note, RVFV NSs initiates
the proteasomal degradation of both general transcription factor TFIIH subunit p62 and PKR by recruiting
host E3 ubquitin ligases [103, 104, 152], implying that it acts rapidly and efficiently in a catalytic manner.
Similarly, TOSV NSs employs proteasomal degradation of RIG-I and PKR but contains intrinsic E3
ubiquitin ligase activity and appears to be degraded along with its host targets [70-73, 107]. PTV NSs also
seems to affect host-cell transcription to evade IFN induction but its potential to evade PKR remained
unknown [127, 171].

Furthermore, highly pathogenic SFTSV (now Dabie bandavirus) spatially isolates several components of
RIG-I signalling into granular NSs aggregates, while related HRTV and GTV NSs act on TBK1 [147, 156,
176, 180, 190, 228]. In contrast, apathogenic UUKV only weakly antagonizes IFN induction [179].
Strikingly, SFTSV, HRTV, and GTV NSs additionally affect IFN signalling by sequestering STAT2 (and
STATTI) [33, 158, 180], implying that simultaneous inhibition of both IFN induction and signalling might
be a common characteristic of highly virulent phenuiviruses.

In summary, the study of RVFV and a limited set of other family members indicated that the evasion of the
IFN system is a common hallmark of human pathogenic phenuiviruses (manuscript 1 and ref. 135).
Curiously, distinct NSs proteins, however, display remarkably diverse strategies, both in terms of host
targets and molecular mechanism, tempting speculation that the function of a given NSs protein might

correlate with the virulence of the respective phlebovirus (manuscript 1, 2 and ref. 179, 180).
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1.5 Objectives of the present thesis

Despite detailed characterization of its clinical picture [19, 185], the molecular effects of SFSV infection
have remained completely elusive for a long time. Renewed interest in SFSV, or more precisely its NSs
protein, sparked upon the realization that the highly diverse NSs proteins might all act as [FN antagonists -
but all by strikingly different mechanisms [220]. On the other hand, the still ongoing quest for a save and
efficient RVFV vaccine led to the evaluation of recombinant RVFV viruses [128]. The study of chimeric
viruses, in which the NSs gene of RVFV was substituted by the one of SFSV via reverse genetics, showed
that the introduction of SFSV NSs rescued the IFN-antagonistic activity that was lost in NSs-deficient
RVFV mutants [79, 127]. Notably, among a panel of chimeric viruses containing heterologous NSs genes,
only the ones carrying SFSV NSs allowed enough viral replication for the induction of a protective adaptive
immune response and simultaneously displayed sufficient attenuation in the mouse model [127, 159]. In
line with this, SFSV NSs neither destroyed PKR, nor did it affect general host transcription [79, 107, 127],
suggesting that SFSV NSs acts in a manner different from RVFV NSs and probably also by targeting
different host factors. Indeed, determination of the interactomes of RVFV and SFSV NSs identified distinct,
non-overlapping sets of candidate host interactors [173].

The objectives of this thesis therefore were to characterize the molecular function of SFSV NSs in the
mammalian host cell, guided by the candidate host targets obtained from the aforementioned interactome
dataset and with a focus on its interplay with the IFN system. First, it was to be tested whether the inhibitory
activity observed with the recombinant chimeric viruses held true for parental SFSV. Then, the molecular
mechanism used by SFSV NSs was to be determined. Second, SFSV and its NSs protein were to be tested
for their ability to affect IFN signalling and ISG expression. Finally, it was to be investigated whether SFSV
NSs also conferred resistance to the IFN-inducible restriction factor PKR, maintained translation, and how
this was achieved.

To these ends, SFSV NSs was to be expressed either ectopically by transient transfection or studied under
infection with the parental SFSV Sabin prototype strain or the abovementioned recombinant virus, that is
to say a viral RVFV backbone containing the SFSV NSs gene [79]. Finally, the attenuated RVFV strains
MP12 and partially NSs-deleted clone 13 [29, 98, 153] were to be used alongside parental SFSV, and the
recombinant wild-type and NSs-deletion mutant of RVFV strain ZH548 [78, 79] alongside the recombinant
chimeric virus, in order to derive conclusions for a possible correlation between NSs function and virulence

of SFSV as compared to RVFV.
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2  Results

2.1 SFSV NSs targets IRF3 for inhibition of IFN induction

Although SFSV NSs clearly inhibits IFN induction when expressed from a recombinant RVFV backbone
[79, 127], it was not clear whether this was also the case for parental SFSV. Furthermore, while SFSV NSs
acts in a way different from RVFV NSs, namely does not induce a general block of host gene expression
[127], the molecular mechanism employed by SFSV NSs remained elusive.

Hence, we first infected A549 cells, a human lung carcinoma cell line that mounts a strong IFN response
under RNA virus infection and is readily infected by phleboviruses. As expected, the MP12 and the NSs-
deficient clone 13 strains of RVFV either faintly or strongly induced the expression of the /FNBI gene,
respectively (manuscript 2, fig. 1A). In comparison, SFSV induced only low levels of IFNBI (manuscript
2, fig. 1A). Neither a natural NSs-deficient strain nor a reverse genetic system is available for SFSV yet.
To mimic NSs deficiency under SFSV infection, we thus designed a pool of small interfering RNAs
(siRNA), which we validated by concomitant transfection with an expression construct for SFSV NSs
(manuscript 2, fig. 1B). siRNA treatment also significantly reduced the levels of NSs-containing RNA
species and at the same time enhanced /FNBI induction under infection with SFSV, but not MP12, clone
13, highly related SFTV, or TOSV; neither did it possess an intrinsic IFN-inducing activity (manuscript
2, fig. 1C, D and data not shown). Of note, the knockdown of NSs also resulted in lower levels of the viral
L segment (manuscript 2, fig. 1E), which is not targeted by the siRNA pool and thus serves as proxy for
viral replication. In contrast to IFN-competent A549 cells, such a reduction was not observed in IFN-
incompetent Vero B4 cells (data not shown). Taken together, the loss of NSs resulted in simultaneous
attenuation of IFN antagonism and viral replication in IFN-competent cells, reminiscent of the behaviour
of NSs-deleted phleboviruses [21, 25, 27, 95, 153, 171].

As both RVFV and TOSV use the host ubiquitin-proteasome system to deplete target host factors [73, 79,
97, 103, 104], we wondered whether SFSV NSs used a similar strategy. However, neither a chimeric SFSV
NSs-expressing virus nor parental SFSV reduced the levels of RIG-I, MAVS, TBK1, IRF3, or RVFV
targets PKR or p62 (manuscript 2, fig. 2).

To narrow down the molecular mechanism of SFSV NSs, we performed reporter assays with ectopically
expressed NSs. In agreement with our infection experiments, SFSV NSs inhibited /fnb! reporter activity
induced by viral RNA or overexpression of MAVS in a dose-dependent manner (manuscript 2, fig. 3A
and data not shown). Next, we dissected the contribution of different /fnb/ promoter elements, the so-called
positive regulatory domains (PRDs) [94]. SFSV NSs reduced the activity of the IRF-responsive PRDI
reporter with similar strength as the full /fnb! promoter, whereas the NF-kB-activated PRDII reporter was
only weakly affected (manuscript 2, fig. 3B, C). Moreover, SFSV NSs also diminished both /fnb/ and
PRDI reporter activity when TBK1 or TRIF overexpression was used as stimulus (data not shown). In
conclusion, SFSV NSs inhibited IFN induction via the TBK1-IRF3 axis.

Compatibly, IRF3 was among the candidate host targets of SFSV NSs in the previously conducted
interactome study [173]. We extensively confirmed the interaction by co-immunoprecipitation
(manuscript 2, fig. 4 and data not shown). As also IRF7 plays a major role in IFN induction [92, 137, 156,
191] and other IRFs have been implicated in one way or other in the regulation of IFN induction or

signalling [93], we thus tested whether SFSV NSs displayed a more promiscuous IRF-binding activity.
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However, it interacted neither with most closely related IRF7, nor with IRF2, IRFS5, or IRF9 (manuscript
2, fig. 5A, B) but exclusively targeted IRF3.

IRF3 resides predominantly in the cytoplasm due to a strong nuclear export sequence (NES) [122]. Upon
viral infection, IRF3 activation comprises the following steps: phosphorylation by TBK1 or IKKe at the
surface of adapters MAVS, TRIF, or STING, dimerization, and finally accumulation in the nucleus, where
it binds to responsive promoter elements and engages the transcriptional co-factors CBP and p300 [129,
219, 238]. Ectopically expressed NSs, on the other hand, localized to both the cytoplasm and nucleoplasm
in several cell lines (data not shown) and could thus interfere at any step of IRF3 activation and function.
The recruitment of IRF3 to upstream adaptors MAVS, TRIF, and STING depends both on a conserved
pLxIS motif within the adaptor (in which p denotes a hydrophilic residue, L leucine, x any amino acid, I
isoleucine, and S serine) and the phosphorylation of the final serine residue upon immune activation [132].
Curiously, SFSV NSs possesses a similar, pL.xIS-like motif (RLGLS, aa 176-180), suggestive of molecular
mimicry. To test whether the latter played a role in IRF3 targeting, we generated the corresponding
phosphomimetic and phosphodeficient NSs mutants. While both were identical to wild-type NSs in
expression and subcellular localization, the phosphodeficient S180A mutant lost the ability to bind IRF3
and inhibit Ifnb1 reporter activity (data not shown). We further generated chimeric mutants of SFSV and
PTV-B NSs, in which the RLGLS motif of SFSV and the corresponding amino acid stretch of PTV-B NSs
were swapped. However, neither did the loss of the RLGLS motif abrogate IRF3-binding by SFSV NSs,
nor did its acquisition confer the ability to bind IRF3 to PTV-B NSs (data not shown). Thus, IRF3 binding
was not mediated by the RLGLS motif and, while phosphorylation of S180 appeared to be required, it might
have a structural and/or regulatory role rather than directly contribute to the binding interface.
Surprisingly, when we then assessed the classical hallmarks of IRF3 activation — that is phosphorylation,
dimerization, and nuclear accumulation — under SFSV infection, we found none of them affected
(manuscript 2, fig. 6). In accordance, SFSV NSs also bound the constitutively active phosphomimetic
mutant IRF3(5D) and inhibited Ifnb! and PRDI reporter activity induced by IRF3(5D) overexpression,
whereas it did not affect the latter's dimerization state (manuscript 2, fig. 7A-C and data not shown).
Similarly, SFSV NSs interacted with dimerization-deficient mutant IRF3(2A) and further derivatives with
additional mutations within the dimerization interface (manuscript 2, fig. 7D and data not shown). Thus,
the IRF3-NSs interaction neither depended on nor affected the dimerization state of IRF3, indicating that
SFSV NSs exerted its inhibitory function downstream of IRF3 activation and targeted a region of IRF3 that
is accessible independent of its activation state.

IRF3 can be subdivided into distinct domains, comprising an N-terminal DNA-binding domain (DBD, aa
1-113) that also harbours a bipartite nuclear localization sequence (NLS, K77/R78 and R86/K87), a nuclear
export sequence (NES, aa 139-150), a proline-rich domain (aa 150-190), an IRF-association domain (aa
190-384), and, finally, a serine-rich domain (aa 384-427) that is phosphorylated during IRF3 activation [60,
122, 130, 238, 245] (manuscript 2, fig. 8A). Domain mapping of IRF3 revealed that the isolated DBD of
IRF3 was sufficient for binding, whereas the one of IRF7 was not bound (manuscript 2, fig. 8B, C and
data not shown). While further truncation of the DBD according to secondary structure elements was
unfortunately inconclusive, a truncated IRF3 mutant lacking the far N-terminus (aa 1-57) interacted with
SFSV NSs as efficiently as full-length IRF3 (data not shown). Together, this indicated that the binding

interface on IRF3 is located within amino acids 58-113.
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Intriguingly, this very region contains secondary structure elements that intimately interact with the /JFNB/
promoter [60, 166, 167]. It therefore suggested itself that NSs might interfere with the promoter-binding
activity of IRF3. To test this hypothesis, we set up a promoter-binding assay, in which the /FNBI promoter
was used to pull down activated IRF3. Indeed, SFSV NSs dose-dependently decreased the association of
activated IRF3 with the /FNBI promoter without binding to the promoter itself (manuscript 2, fig. 9).
Thus, in summary, SFSV NSs allows for IRF3 activation but then highly specifically obstructs the latter’s
DBD and thus inhibits /FNB promoter binding and transactivation.

2.2 SFSV NSs fails to abrogate IFN signalling and ISG expression

While the previous study elucidated that SFSV NSs can mask the DNA-binding domain of IRF3 and thus
negatively regulate IRF3-dependent IFN induction, it did not fully assess the efficiency of this evasion
mechanism, nor did it address whether SFSV was capable of interfering with IFN signalling, ISG induction,
and thus the establishment of an antiviral state.

Actually, when we analysed the expression levels of selected host factors under infection (manuscript 2,
fig. 2), we did observe an upregulation of [FN-inducible RIG-I not only under infection with NSs-deleted
viruses, but also under infection with the recombinant SFSV NSs-expressing virus and parental SFSV. We
thus wondered whether this was specific to RIG-I or also the case for other ISGs. We selected IRF3- and
IFN-inducible ISG15 as well as strictly IFN-dependent MX] (MxA) for further analysis as these ISGs
display anti-phleboviral activity [63, 75, 80, 91, 189]. Indeed, besides DDX58 (RIG-I) also ISG15 and MX1
were induced by SFSV infection on the transcript and protein levels, although /FNBI levels were only
mildly elevated compared to positive control clone 13 across a range of MOIs (manuscript 3, fig. 1 and
data not shown). Simultaneously, both STATI and STAT2 were phosphorylated (manuscript 3, fig. 1a,
S1b), indicative of active IFN signalling under SFSV infection. Furthermore, also STAT1 and STAT2, both
ISGs as well [195], were elevated on the protein and mRNA levels (manuscript 3, fig. 1a, S1 and data not
shown). Interestingly, treatment of cells with IFN-a prior to infection did not significantly enhance STAT
phosphorylation or ISG expression (manuscript 3, fig. S2 and data not shown), suggesting that SFSV
infection on its own triggers maximal ISG expression.

To exclude that IFN signalling and ISG induction was due to the presence of IFNs in viral stocks (as
observed for certain hantaviruses [175]), we performed virus inactivation experiments. When virus was
inactivated with B-propiolactone, neither viral replication nor IFN signalling and ISG induction were
observed (manuscript 3, fig. S3). In contrast, ultrafiltration of the virus stocks (expected to remove IFNs
from virus particles), did not alter IFN signalling (data not shown), suggesting that SFSV infection itself
stimulates IFN signalling and ISG expression despite modulation of IFN induction.

We therefore compared the ability of ectopically expressed SFSV NSs to counteract IFN induction and [FN
signalling. As before, SFSV NSs strongly inhibited IFN induction (manuscript 3, fig. 2a). In contrast,
indirect IFN signalling (IFN-dependent MX1 induction in response to overexpression of MAVS as IFN-
inducing stimulus) was only weakly reduced, and direct IFN signalling (MX/ induction upon stimulation
with IFN-B) remained entirely unaffected (manuscript 3, fig. 2b, ¢ and data not shown). Taken together
with the observed STAT phosphorylation, the inability of SFSV NSs to bind STAT1 and STAT2 (data not
shown), and the absence of IFN signalling factors from the NSs interactome (manuscript 4, fig. S3 and

ref. 173), SFSV NSs is not able to counteract IFN signalling or the induction of antiviral ISGs.

17



Similar to /FNB1 also type III IFNs /FNLI and I[FNL2/3 were induced only weakly due to the action of
SFSV NSs and the amounts of secreted IFN-A1/3 lower in response to infection with SFSV as compared to
clone 13 (manuscript 3, fig. 3), suggesting that low amounts of type I and type III IFNs secreted from
SFSV-infected cells are already sufficient to induce maximal ISG levels.

In fact, given the stoichiometric and highly specific evasion strategy of SFSV NSs, we had already
speculated that it was a mild modulator rather than a strong antagonist of IFN induction. To establish
whether IFN induction was due to incomplete inhibition of IRF3 by SFSV NSs, its inability to target IRF7,
or a combination thereof, we performed knockdown experiments targeting /RF3, IRF7, or both
simultaneously (manuscript 3, fig. 4). First, the single knockdown of /RF3 resulted in a partial reduction
of all analysed IFN subtypes under infection with SFSV, indicative of incomplete IRF3 inhibition by SFSV
NSs. Second, the single knockdown of /RF7, although less efficient than the knockdown of /RF3, had an
even stronger reducing effect across all IFN subtypes for SFSV but not the positive control virus clone 13.
Thus, IFN induction appears to rely more strongly on IRF7 under SFSV infection. Finally, the double
knockdown of IRF3 and IRF7 further reduced the transcript levels of all tested IFNs. In contrast,
knockdown of IRF'5 alone or in combination with other IRF's did not further affect IFN induction under
SFSV infection (data not shown). In short, IFN induction under SFSV infection appeared to be partially
due to incomplete inhibition of IRF3 by NSs, but predominantly driven by IRF7.

IRF7 is expressed only at very low levels or absent in most cell types and needs to be upregulated by IFNs
before it can contribute to IFN induction [137, 156, 191]. To dissect whether IFN induction was due to this
IFN-dependent amplification loop, we repeated the infection under treatment with JAK inhibitor ruxolitinib
(manuscript 3, fig. 5 and data not shown). While ruxolitinib did not affect /RF’3 levels, it abrogated the
upregulation of both /RF'7 and strictly IFN-dependent MX1, as expected. Similarly, ruxolitinib dramatically
reduced (but did not completely blunt) the induction of all tested IFN subtypes under SFSV infection,
confirming the IRF7-mediated positive feedback loop as essential and dominant driver of IFN and ISG
induction under SFSV infection.

In summary, this suggests that SFSV NSs is not able to sufficiently sequester IRF3 — probably due to an
excess of IRF3 over SFSV NSs early in infection — resulting in the secretion of low amounts of IFNs.
Unaffected by NSs, these then induce the upregulation of IRF7 which, not being targeted by NSs either,
drives the induction of second-wave IFNs and ISGs even if by now sufficient NSs has been produced to
sequester the entire cellular IRF3 pool. All taken together, we observed that SFSV NSs is a modulator rather

than a potent antagonist of IFN induction, resulting in IFN signalling and extensive ISG induction.

2.3 SFSV NSs evades the PKR-mediated integrated stress response by targeting eIF2B

All viruses depend on the host translation machinery for the synthesis of their proteins [209]. The restrictive
power of the IFN-upregulated serine-threonine kinase PKR therefore lies in its ability to rapidly shut off
host translation in response to viral RNA [140]. Phleboviruses are highly susceptible to restriction by this
PKR-mediated translation block (manuscript 1, 4 and ref. 106, 135). Thus, they must efficiently counteract
PKR signalling to allow for the synthesis of viral proteins. RVFV and TOSV NSs utilize the ubiquitin-
proteasome system of the host to destroy PKR and thereby maintain translation (manuscript 4, fig. 7b and
ref. 104, 107, 152). In contrast, recombinant chimeric viruses in which the NSs gene of RVFV was

substituted by the ones of SFSV or PTV failed to degrade PKR [79, 127].
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To first explore the potential of SFVS and PTV NSs to evade restriction by PKR, recombinant chimeric
viruses carrying SFSV, PTV-A, or PTV-B NSs were screened for their replicative capacity under PKR
knockdown and inducible PKR overexpression (manuscript 4, fig. 1a). In line with previous studies, the
recombinant RVFV wild-type replicated to equal titres in all cell lines, while NSs-deleted viruses were
attenuated in PKR-overexpressing cells and their titres rescued by PKR knockdown (manuscript 4, fig.
1b, ¢). Interestingly, also the chimeric viruses containing SFSV and PTV-A NSs replicated to similar titres
under PKR knockdown and overexpression, indicating that SFSV and PTV-A NSs conferred PKR
resistance.

Double-stranded RNA sensing by PKR results in its auto-phosphorylation and activation. PKR then
phosphorylates downstream substrates, most prominently the eukaryotic initiation factor eIF2 on serine 51
of its o subunit (manuscript 4, fig. 7a). Normally, elF2 forms a ternary complex together with GTP and
the starter methionine-tRNA (tRNAi-Met), providing the latter for translation initiation [99, 168, 207].
After start codon recognition and GTP consumption, eIF2-GDP is released and recycled to eIF2-GTP by
its guanine-nucleotide exchange factor e[F2B. Upon phosphorylation of elF2a by kinases of the integrated
stress response (ISR) such as PKR, however, its binding mode to eIF2B is dramatically altered, leading to
tight, non-productive binding and thereby allosteric inhibition of elF2B [3, 69, 108, 113, 120, 165, 168].
Consequently, the cellular pool of active elF2 and thus translation initiation declines (manuscript 4, fig.
7a). Furthermore, elF2 is expressed in excess over elF2B, such that already partial phosphorylation of the
cellular elF2 pool is sufficient to fully sequester elF2B and induce a general shutoff of translation [209].
Unsurprisingly, known viral PKR antagonists affect PKR levels, PKR activation, or eI[F2a phosphorylation
(manuscript 4, fig. 7b and ref. 28, 31, 47, 66, 86, 100, 197, 209). However, the chimeric viruses containing
SFSV or PTV-A NSs, as well as parental SFSV induced strong PKR activation and elF2a phosphorylation
(manuscript 4, fig. 2, S1). Hence, SFSV and PTV-A NSs both confer PKR resistance but - in contrast to
the other viral PKR antagonists - affected neither PKR activation nor e[F2a phosphorylation.

Using a bicistronic reporter transcript, we found that SFSV NSs specifically boosted canonical elF2-
dependent translation, whereas elF2-independent translation driven by an internal ribosomal entry site
(IRES) [224] remained unaffected (manuscript 4, fig. 3a, b). Similarly, mRNA translation was maintained
under SFSV infection, whereas it was blunted by the PKR-restricted control virus clone 13 (manuscript 4,
fig. 3d). Finally, activation of the ISR by PKR and other elF2a kinases not only results in a block of general
translation but also simultaneously favours the production of activating transcription factor 4 (ATF4),
which then acts as transcription factor for ISR target genes, such as DDIT3 (coding for CHOP) and
PPPIR154 (GADD34) [165]. Both DDIT3 and PPPIR15A4 were induced in a PKR-dependent manner in
cells infected with positive control clone 13, but not by SFSV (data not shown). Thus, while SFSV NSs
allowed PKR activation and eIF2a phosphorylation, it nonetheless maintained mRNA translation and viral
replication. In other words, it decoupled the activating arm of the ISR (elF2a phosphorylation) from its
effector arm (translational control).

Strikingly, the interactome of SFSV NSs contained all five subunits of e[F2B (elF2Ba-¢), the elF2 recycling
factor and central hub of the ISR, as highest scoring interactors (manuscript 4, fig. S3 and ref. 173). We
validated this interaction by co-immunoprecipitation of all five eIF2B subunits with SFSV NSs for both
overexpressed and endogenous elF2B (manuscript 4, fig. 4a, b and S4a). Curiously, both elF2B binding

and the amplification of cap-dependent translation were lost when SFSV NSs was equipped with an N-
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terminal tag (manuscript 4, fig. 3a, b and 4c, d), although IFN suppression was unaffected (manuscript
4, S2). This strongly indicated that the effect of SFSV NSs on elF2-dependent host translation was mediated
by its interaction with elF2B.

Besides the fact that it is inhibited by phosphorylated elF2, the regulation of elF2B is only partially
understood and currently a highly dynamic research field [41, 168]. eIF2B is known for some time though
to be upregulated in certain cancer types to satisfy their increased demand for protein synthesis [16]. The
phosphorylation of S539 of the catalytic eIF2B¢ subunit, in contrast, reduces its activity [226]. Finally,
elF2B has recently been reported to possess higher activity when forming a decamer, a configuration that
is stabilized by the synthetic small molecule ISRIB [199, 204, 214, 247]. However, neither ectopic NSs
expression, nor virus infection affected elF2B expression, elF2Bg(S539) phosphorylation, or elF2B
decamerisation (manuscript 4, fig. 5 and data not shown).

Determination of the elF2B subunit(s) targeted by SFSV NSs proved to be difficult: as eIF2B is highly
conserved among eukaryotic organisms, direct binding assays need to be performed with highly purified
proteins or in a prokaryotic expression system. Unfortunately, SFSV NSs lost its e[F2B-binding activity
when produced in E. coli (data not shown), precluding binding studies with dual combinations of bacterially
expressed elF2B subunits. Subsequent analysis by Far Western blotting [229], using lysates of NSs-
expressing cells as bait and bacterially expressed single e[F2B subunits as prey, yielded no binding (data
not shown), suggesting that SFSV NSs, like elF2, may be using a composite binding site. In fact, recent
structural data revealed that elF2 even uses two different binding sites on elF2B - depending on the
phosphorylation state of elF2a [3, 69, 108, 113]. Non-phosphorylated elF2 contacts e[F2B in a way that is
optimal for its enzymatic activity (productive binding). In contrast, phosphorylation induces a
conformational change in elF2a that forces the association at another site on elF2B (non-productive
binding). SFSV NSs could be envisioned to use the same or a similar, overlapping binding site as
phosphorylated elF2, thereby blocking non-productive binding and shielding e[F2B from phosphorylated
elF2. However, phosphorylated elF2a specifically co-precipitated with eIF2B, unperturbed by the presence
of SFSV NSs and, vice versa, equal amounts of SFSV NSs co-precipitated with e[F2B, unaffected by the
presence of phosphorylated elF2a (manuscript 4, fig. 6b). Similarly, phosphorylated elF2a was recovered
by specific pulldown of the NSs-eIF2B complex (manuscript 4, fig. 6¢). Finally, phosphorylated elF2a
co-sedimented exclusively with endogenous eIF2B rather than shifting to e[F2B-free fractions even under
extensive overexpression of SFSV NSs (manuscript 4, fig. 6a and S5). Thus, SFSV NSs does not compete
with phosphorylated elF2a from a common binding site on e[F2B in our cellular assays.

All taken together, SFSV NSs conferred PKR resistance - that is to say facilitated ongoing protein synthesis
and viral replication even under PKR overexpression and activation. In contrast to previously characterized
PKR antagonists, however, SFSV NSs did so not by affecting PKR activation or eIF2a phosphorylation,
but instead uncoupled the activating arm from the effector arm of the ISR by binding remarkably strongly
to elF2B, the central hub of the ISR, and rendered it resistant to the inhibitory effect of phosphorylated

elF2a by a yet-to-be elucidated mechanism (manuscript 4, fig. 7¢).
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3  Discussion

3.1 SFSV and SFSV-like phleboviruses — emerging human pathogens

SFSV is one of the most widespread phenuiviruses and, as the geographic range of sandfly-borne
phleboviruses is closely linked to the distribution of its respective phlebotomine vector [212], further
expansion of both the vector habitat and the virus are expected due to climate change [143, 148]. Originally
identified as pathogen of military importance in the 1940s, SFSV continues to cause outbreaks among
deployed military personnel and additionally gained relevance in travel medicine. Similarly, several novel
SFSV-like viruses have been described recently, including sandfly fever Turkey (SFTV), Dashli (DASHV)
and Toros (TORV) viruses, with SFTV displaying increased virulence and causing seasonal strain on the
public health system in endemic areas [8, 9, 30, 57]. Additionally, the recent Syrian refugee crisis has been
accompanied by a large outbreak of leishmaniasis, an infectious disease transmitted by the same insect
vector [148], suggesting that SFSV might also be relevant in the context of economically or politically
motivated population movements. Furthermore, sandfly-borne phleboviruses might be delivered to the host
together with leishmania parasites. In fact, recent studies even reported an exacerbation of leishamiasis
under co-infection with mildly pathogenic phleboviruses, including SFSV, TOSV, and Icoaraci virus
(ICOV) [89, 178, 183]. While IFN induction and PKR activation might play a causative role, the mutual
modulation within this ménage a trois of phlebovirus, leishmania parasite, and host remains to be

characterized in more detail.

3.2 SFSV NSs, IRF3, and the interferon system

Similar to its activity when expressed from a recombinant RVFV backbone [79, 127], the NSs protein of
SFSV also interferes with IFN induction in the parental virus context or when expressed ectopically. Like
RVFV NSs, SFSV NSs allows for the activation of IRF3, namely phosphorylation, dimerization, and
nuclear accumulation, but then specifically inhibits IRF3-driven gene expression instead of general host
transcription.

SFSV NSs binds IRF3 independent of its activation state by targeting its DNA-binding domain (DBD),
thus interfering with promoter binding and trans-activation. The DBD of IRF3 itself possesses a conserved
architecture consisting of three alpha helices (a1-a3), four beta sheets (f1-p4), and three loops (L1-L3)
[167]. Although our attempts to further narrow down the binding interface on IRF3 to secondary structure
elements experimentally remained inconclusive, an educated guess can be made: since SFSV NSs
interacted with IRF3 but not other IRF family members, it probably targets IRF3 residues within aa 58-113
that are in contact with DNA but are not conserved in other IRFs. Prime candidates include R78 and R86
but these are also part of the NLS and, as nuclear import was not affected, less likely targets. This leaves
strands 3 and 4, as well as loops L.2 and L3 as the most probable candidate regions. Determination of the
binding interface on SFSV NSs by truncation analysis was unfortunately inconclusive. This is not
surprising, though, as even small deletions within RVFV NSs result in misfolding, mislocalisation, and loss
of function, implying that the structural conformation of NSs proteins rather than linear sequence motifs
contribute to the binding of host interactors [87]. Structural analysis of the complex of SFSV NSs and the
IRF3 DBD is currently ongoing to characterize the binding interface in more detail.

Constitutively expressed IRF3 is crucial for the induction of first wave IFNGs, as illustrated by the increased

susceptibility of /rf3-deficient mice to viral infection [192, 236]. Besides, several viral IFN antagonists
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across taxonomically distinct RNA and DNA viruses target IRF3, affecting IRF3 phosphorylation,
dimerization, nuclear accumulation, or inducing its degradation [18, 198, 202]. Bovine viral diarrhoea virus
(BVDV) NPro has been reported to inhibit IRF3 promoter binding prior to its degradation, but a direct
interaction between NPro and IRF3 could not be demonstrated [15, 90]. Kaposi’s sarcoma-associated
herpes virus (KSHV) K-bZIP and LANA-1 also interfere with the promoter binding of IRF3, but do so by
sequestering the promoter from activated IRF3, not the other way round [38, 124]. Only the DNA viruses
human bocavirus and herpes simplex virus 2 (HSV-2) use a mechanism similar to SFSV NSs [242, 243].
Hence, to our knowledge, SFSV NSs is the only known IFN antagonist from an RNA virus that directly
interferes with the promoter-binding activity of IRF3. A possible explanation might be the limited
efficiency of this evasion strategy: although SFSV NSs can target IRF3 regardless of its activation state,
masking an interaction interface requires high levels of NSs to bind off the cellular pool of IRF3. Given
that NSs is thought to be absent from viral particles and thus needs to be freshly produced upon infection,
it is probably outnumbered by constitutively expressed IRF3 during the early phase. Furthermore, SFSV
NSs fails to target IRF7, the ‘master regulator of innate immunity’ [92], and thus IFN induction in cells
with high levels of IRF7, obtained either due to high basic levels (as observed in specialized cell types such
as monocytes and pDCs [156]) or previous stimulation by IFN. In other words, the stoichiometric and IRF3-
limited strategy of SFSV NSs makes it a modulator rather than a full-blown antagonist of IFN induction.
In line with this, we observed significant expression of the anti-phleboviral ISGs ISG15 and MX1, DDX58
(RIG-I) and STAT! despite simultaneous modulatory activity of SFSV NSs on type I and IIT IFN induction.
While both IRF3 and IRF7 were involved in the induction of type I and III IFNs, IRF7 and the IFN-
dependent positive feedback loop appeared to be the main drivers of IFN induction. Finally, neither SFSV
infection nor ectopically expressed NSs inhibited type I IFN signalling, resulting in additional upregulation
of RIG-I, STATI1, and STAT?2, which can contribute to further amplification of the IFN response.

In summary, we propose the following model for IFN induction and signalling under SFSV infection: given
the stoichiometric nature of IRF3 inhibition, the need to freshly synthesize NSs, and the activation of RIG-
I by incoming viral ribonucleoproteins, the race between IRF3 activation and NSs accumulation within the
infected host cell will determine whether IFN is produced in the early stage of infection. Consequently, two
scenarios can be envisioned for SFSV-infected cells: if IRF3 activation outruns NSs-mediated inhibition,
already small amounts of secreted first-wave IFN can signal back in an autocrine manner — unhindered by
NSs — and IRF7 production is active before NSs has reached sufficient levels to control IRF3. IRF7 can
then take over and induce an amplified second wave of IFNs, leaving NSs powerless to IFN induction and
IFN signalling. This is even more facilitated in cells with constitutively high IRF7 expression. In contrast,
cell types in which NSs production successfully outruns IRF3 activation do not secrete IFNs themselves
but can be activated in a paracrine manner to commit to full ISG upregulation. In the end, both scenarios
result in a strong IFN and ISG response and we speculate that the self-limited nature of SFSV infection is,
at least partially, due to its failure to sufficiently interfere with the IFN system and the ensuing rapid

establishment of a systemic antiviral state, in line with its sensitivity to [FN-mediated restriction [43].

3.3 SFSV NSs, host gene expression, and the integrated stress response
PKR represents an especially powerful anti-phleboviral ISG due its ability to shut down cap-dependent
translation. While RVFV and TOSV directly blunt PKR activity by rapidly inducing its degradation, SFSV
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and PTV NSs did not show such a destructive activity, nor did they affect PKR activation or elF2a
phosphorylation. In contrast, both SFSV NSs and PTV-A NSs (data not shown) targeted elF2B further
downstream, thereby rescuing cap-dependent translation and viral replication.

elF2B stands out from guanine-nucleotide exchange factors due to its remarkably complex architecture
and, despite tremendous recent progress, the intricacies of its regulation are still only partially understood
[41, 168]. While we robustly confirmed the interaction between SFSV NSs and elF2B, none of the
mechanism of upregulating e[F2B activity described at the time of our study (elevated expression levels,
elF2Bg(5539) de-phosphorylation, and increased elF2B decamerisation) appeared applicable to SFSV NSs.
Additionally, we did not find evidence for binding competition of SFSV NSs with phosphorylated elF20.
We thus speculated that SFSV NSs might induce structural changes within the complex of elF2B with
phosphorylated elF2 such that a second, non-phosphorylated elF2 moiety can be recycled, or nucleotide
exchange would be facilitated on phosphorylated e[F2a itself. Further, numerous residues of eIF2B subunits
besides e[F2Bg(S539) are subject to post-translational modifications and might have been involved in NSs-
mediated regulation of eIF2B activity. Finally, while its binding sites for e[F2 and GDP/ GTP have been
identified, additional surface area on elF2B remains uncharacterized and offers potential for the interaction
with as-yet elusive regulatory host factors [214, 247]. SFSV NSs could act as adapter to facilitate the
recruitment of such factors. Exploration of these possibilities depended on advanced structural approaches
(due to the complexity of eI[F2B) or further progress in the characterization of e[F2B regulation.

In fact, more recent studies on elF2B regulation [196, 248] indicate that the binding of phosphorylated elF2
switches elF2B from a catalytically active conformation (‘A state’) into an inactive, inhibited conformation
(I state’) that displays altered substrate-binding interfaces and reduced enzymatic activity. Two follow-up
studies on SFSV NSs (manuscript 5 and ref. 109) now confirm tight eIF2B binding and ISR evasion by
SFSV NSs, demonstrate a rescue of enzymatic elF2B activity in the presence of phosphorylated elF2, and
finally reveal the molecular mechanism employed by SFSV NSs. Using cryo-EM, both studies agree on
direct binding competition of SFSV NSs with phosphorylated e[F2a within the cleft between the elF2Ba
and 0 subunits. However, in contrast to phosphorylated elF2a, SFSV NSs does not induce the inhibitory 7
state’ but maintains elF2B in the productive ‘4 state’ by contacting elF2B in a manner distinct to
phosphorylated e[F2a. More precisely, five aromatic residues (or ‘aromatic fingers’) within the N-terminus
of SFSV NSs (comprising Y5, F7, F33, Y79, and F80) tightly grab helices a3 and a4 of elF2Ba, aided by
additional contact between NSs H36 and D37 and elF2B&. This mode of binding explains some of our
previous observations, including the lack of NSs binding to isolated elF2B subunits, the tight binding to
the fully assembled eIF2B complex even under high-salt conditions, and the loss of eIF2B binding by N-
terminally tagged NSs. However, an obvious disagreement exists with regard to the binding competition
between SFSV NSs and phosphorylated elF2a. Then again, different experimental systems were used:
while in vitro binding assays with purified proteins allow for the determination of binding kinetics and
saturating protein concentrations, our previous experiments relied on transient transfection or infection.
Consequently, it is conceivable that NSs levels in our cellular assays might have simply been insufficient
to fully compete out phosphorylated elF2 from both binding sites on the elF2B decamer and observe
binding competition in co-immunoprecipitation and co-sedimentation assays.

By successfully uncoupling the ISR at the level of elF2B, SFSV can evade also the PERK-elF?2 axis of ER

stress (manuscript 5 and ref. 109). Further experiments are required to determine whether ER stress is
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activated by phleboviruses and/or plays a restrictive role. Nonetheless, given the identification of eIF2B as
viral target for the NSs proteins of SFSV and PTV-A, that is to say both an Old World and a New World
phlebovirus, we suggest that targeting el[F2B is a more common viral strategy of ISR evasion that has been
underappreciated so far. Indeed, Rabouw et al. recently reported that also accessory protein AcP10 of
beluga whale coronavirus SW10 and AiVL protein of Aichivirus evade the ISR by targeting elF2B and
competing with p-elF2a for e[F2B binding [177].

On the other hand, translation under viral infection is a double-edged sword: while viruses require access
to the host translation machinery for the synthesis of viral proteins, they simultaneously need to prevent the
production of antiviral effector proteins such as IFNs, ISGs, and other immune mediators. One efficient
strategy is to shut off canonical host translation (for example by allowing or fostering elF2a
phosphorylation) and produce viral proteins via alternative mechanisms (such as the recruitment of
translation factors by IRESs) [209]. Vice versa, some lytic viruses, such as RVFV maintain canonical
translation and instead cut off the supply of host mRNA by blocking transcription and/or nuclear export. In
both cases, the production of antiviral effectors by the host is abrogated, while the virus gains unhindered
access to translation factors, tRNA, and ribosomes. Given the lack of a negative effect on mRNA synthesis
[127], readily observable co-expression of reporter genes or tagged host factors driven by diverse promoters
(including SV40, CMV, and NF-kB-responsive PRDII), and its failure to efficiently prevent the
upregulation of ISGs, it can be assumed that SFSV does not interfere with the synthesis or nuclear export
of host mRNA. Thus, the maintenance of cap-dependent translation comes at an additional cost for SFSV:
while it ensures viral protein production, it also promotes the expression of IFNs, ISGs and other immune
mediators, which then counteract viral replication and contribute to limiting viral infection. Hence, the PKR
evasion strategy of SFSV NSs might finally contribute to its failure of sufficiently antagonizing the [FN

system and overcoming the host immune response.

3.4 Other candidate host interactors of SFSV NSs

Besides IRF3 and elF2B, another candidate host interactor of SFSV NSs attracted our attention: TRAF6 is
involved in numerous host processes, including multiple signalling pathways of the innate immune
response, and is targeted by virulence factors of both RNA and DNA viruses [217]. Although ectopically
expressed SFSV NSs readily and robustly bound endogenous TRAF6, we could not observe any inhibitory
effect of SFSV NSs in MAVS-mediated NF-kB activation (manuscript 2, fig. 3C), most probably due to
the redundancy of TRAF6 with TRAF2 and TRAFS in this pathway [131]. In contrast, SFSV NSs dose-
dependently decreased NF-kB-dependent luciferase reporter activity in response to IL-1f, the TLR7 ligand
R848, and overexpression of the adapter MyD88, but not downstream kinase IKKa (data not shown),
consistent with interference at the level of TRAF6. However, SFSV infection did not affect the upregulation
of IL-1P target genes upon cytokine super-stimulation (data not shown). Thus, a possible role of TRAF6
targeting by SFSV NSs in MyD88-dependent IL-1 and/or TLR signalling awaits further clarification.

3.5 PTV NSs combines inhibition of host transcription with targeting eIF2B
Similar to SFSV, also Punta Toro virus (PTV) is a long-known agent of febrile disease [76, 164] but remains
only rudimentarily characterized on the molecular level. Of note, two strains of PTV with different degrees

of virulence in the rodent model have been isolated, namely the highly pathogenic Adames (PTV-A) and
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weakly pathogenic Balliet (PTV-B) strains [12], which possess NSs proteins that are strong or weak [FN
antagonists, respectively [171].

We included both NSs proteins in our experiments and, in agreement with other studies [127], found that,
like RVFV NSs, PTV-A NSs interfered with gene expression independently of the promoter used in our
reporter assays (manuscript 2, fig. 3, 7A, B and data not shown), whereas PTV-B NSs had only negligible
effects. In contrast to RVFV NSs, neither PTV-A nor PTV-B NSs induced the degradation of PKR
(manuscript 2, fig. 2A and data not shown). Rather, like SFSV NSs, PTV-A NSs also conferred PKR
resistance without affecting PKR activation and elF2a phosphorylation, but targeted eIF2B instead
(manuscript 4, fig. 1, 2a and data not shown). Taken together, PTV-A NSs appears to blunt the antiviral
IFN response by a general block of host transcription (like RVFV NSs) and maintains host translation to
allow for viral protein production (like SFSV NSs). This combination of activities is potentially more potent

at suppressing the IFN and ISG response than the strategy employed by SFSV NSs.

3.6 Correlation of NSs function and phenuivirus virulence?

Dipteran-borne phleboviruses and tick-borne bandaviruses can be ranked from high to low virulence levels
in humans, resulting in the rankings RVFV > TOSV > PTV-A > SFSV and SFTSV > HRTV > BHAYV,
respectively. Given its status as predominant virulence factor of these viruses and its high diversity in
sequence, localization, and host interactome, the NSs protein, or rather its mode of action, has been
suggested to correlate with the virulence of the respective phenuivirus (manuscripts 1-3 and ref. 179, 180).
So, what are commonalities and differences between the NSs proteins of these phenuiviruses and how can
their molecular functions explain distinct degrees of virulence?

Highly pathogenic RVFV NSs and intermediately pathogenic TOSV NSs both make use of the ubiquitin-
proteasome system of the host [71-73, 79, 97, 103-107], thus entirely eliminating host factors and signalling

Virulence levels and NSs functions of currently characterized phenuiviruses | Virus species are grouped into dipteran-borne
phleboviruses (top) and tick-borne banda- and uukuviruses (bottom). Colour scale indicates virulence spectra from high (red) to
apathogenic (green), or unknown virulence for GTV (grey).

NSs activity

Virus Virulence IFN induction and signalling antagonism PKR evasion References

RVFV General transcription and mRNA export block ~ PKR degradation 21,40,79,97, 103-
(degradation and sequestration of host factors) 106, 125-126, 152

TOSV Inhibits IFN induction by RIG-I degradation, PKR degradation 70-73, 107
antagonism of IFN signalling unclear

PTV-A General transcription block elF2B binding 127,171,

manuscripts 2,4

SFSV Modulates IFN induction by binding IRF3, elF2B binding manuscripts 2-5
no antagonism of IFN signalling

PTV-B No effective antagonism Negligible activity 171, manuscripts 2,4

SFTSV Sequestration of multiple RIG-I signalling Unknown 33,157-158, 176, 180,
factors and STAT?2 into viral inclusion bodies 190, 228

HRTV Inhibits IFN induction and signalling by Unknown 180
targeting TBK1 and STAT2

BHAV Unclear Unknown

UUKV No effective antagonism Unknown 179-180

GTV Inhibits IFN induction and signalling by Unknown 147

targeting TBK1 and STAT2
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pathway activation in a catalytic manner. However, TOSV NSs appears to get degraded along with at least
one of its target factors [72, 73], thus somewhat reducing its efficiency. Besides, RVFV NSs abrogates host
gene expression as a whole to evade IFN induction, whereas TOSV NSs only blunts RIG-I-dependent
expression programs [21, 40, 71-73, 103-106, 125]. Thus, host target degradation would appear to be
common to highly pathogenic phleboviruses, whereas the limited range of TOSV NSs-targeted
transcriptional programs coincides with its decreased virulence as compared to RVFV. However,
proteasomal degradation of host factors is not observed in highly virulent tick-borne bandaviruses, such as
SFTSV (now Dabie bandavirus) [114, 241]. Instead, the latter sequesters numerous target host factors into
NSs aggregates, with slightly less virulent HRTV sequestering an overlapping set of host factors, but
without their spatial re-distribution. More importantly, SFTSV, HRTV, and GTV NSs specifically address
also IFN type I and III signalling by sequestering STAT2. While it is currently unknown whether TOSV
also interferes with IFN signalling and ISG expression, this is self-evident for RVFV NSs (as it causes a
pronounced host-cell shutoff) and, taken together with bandavirus NSs activities, suggests that an effective

evasion of the IFN response at both the induction and signalling levels is required for high virulence.
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Interference of NSs proteins with IFN induction and PKR signalling | RNA from incoming phenuivirus particles
and replication activates both RIG-I-driven type I and III IFN induction via the transcription factor IRF3, as well as
PKR-mediated phosphorylation of elF2a and, consequently, suppression of cap-dependent translation and inhibition of
viral protein production (middle panel). These host responses are counteracted by the highly diverse NSs proteins of
phlebo- and bandaviruses at multiple levels and via multiple distinct mechanisms, including proteasomal degradation,
sequestration, binding competition, or other means of inhibition (outer panels). NSs proteins are coloured according to
the virulence of the corresponding phenuivirus with virulence ranging from high (dark red) to mild (green).

How does SFSV fit in this picture? By exclusively targeting IRF3, it obviously exhibits both the weakest
and most limited strategy for hampering with IFN induction so far. Similarly, SFSV NSs specifically
compensates for the translation-regulatory arm of PKR by targeting eIF2B, thus potentially leaving further
PKR functions such as the regulation of NF-kB and apoptosis [66] unaffected. Furthermore, the underlying
stoichiometric nature requires higher levels of NSs to accumulate within an infected cell. Given that NSs
is thought not to be packaged into viral particles, this puts it at a more pronounced kinetic disadvantage in

the race between NSs synthesis, on the one hand, and IFN induction and ISR activation, on the other hand,
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the race between NSs synthesis, on the one hand, and IFN induction and ISR activation, on the other hand,
as compared to other 'catalytically’ functioning NSs proteins. Finally, it completely fails to counteract IFN
signalling and the transcriptional upregulation of ISGs — and may even boost IFN and ISG production at
the translational level, thus probably resulting overall in a strong IFN response. Thus, while SFSV NSs may
modulate the IFN response to a certain degree, the latter rapidly takes over and restricts the number of cells
susceptible to replication, paving the way for rapid clearance of infection by the adaptive immune response.
This actually fits quite well with the self-limited course of disease: after a short incubation period, febrile
and other flu-like symptoms set on suddenly with a slight delay compared to viremia, last only for a short
duration (typically 2-4 days), and are followed by long-term immunity [19, 185]. Furthermore, while SFSV
does not induce apparent symptoms in rodents or non-human primates [185], a RVFV chimera containing
SFSV NSs is dramatically attenuated in outbred mouse models [159]. Hence, the mild and limited host
antagonism of SFSV NSs coupled with its comparatively low virulence supports the aforementioned
correlation hypothesis.

Eventually, the outcome of infection is highly dependent on the initial race between viral propagation, on
the one hand, and mounting a strong antiviral immune response, on the other hand. Besides its ability to
delay the IFN and adaptive immune responses, further virus-inherent characteristics (such as replication
efficiency and tissue tropism) come into play and require to be taken into consideration. One example is
the curious case of PTV-A: while it is capable of blunting host transcription and evading PKR, it has been
associated only with febrile disease in humans. In contrast, both PTV-A and chimeric viruses containing
PTV-A NSs are highly lethal in rodents, suggesting that species-specific differences in pro- or antiviral host
components, such as host factors required for attachment or entry, could play a decisive role in this case.
Moreover, external factors, such as vector-mediated manipulation of the inflammatory milieu at the bite
site during the blood meal, can modulate the capacity of the transmitted pathogen for propagation and
spread [48, 170, 174].

Nonetheless, a common picture remains, in which the efficiency of inhibition of both branches of the IFN
system (induction and signalling) exhibited by a given NSs protein significantly contributes to the virulence
of the respective phenuivirus. Directly, a number of obvious questions are coming up for future research,
such as: is TOSV NSs able to counteract IFN signalling? What are the host factors targeted by PTV NSs
for IFN antagonism and how does PTV NSs operate? What are determinants of species-specific differences
in PTV-mediated virulence? What is the full repertoire of anti-phleboviral and anti-bandaviral ISGs? Do
bandaviruses evade PKR and, if yes, how? And finally, does the molecular characterization of further as-
yet uncharacterized NSs proteins support a correlation between NSs function and virulence?

Of note, striking similarities exist between phenuiviruses and influenza A viruses with regards to the
activation and evasion of the innate immune response: influenza A viruses also possess a segmented
negative-strand RNA genome that forms RIG-I-activating ‘panhandle’ structures, initiate viral mRNA
synthesis by cap snatching, and, consequently, are in principle susceptible to restriction by PKR [45, 119,
222]. In the case of influenza viruses, innate immune evasion is predominantly (but not exclusively)
mediated by the non-structural NS1 protein which uses a multitude of mechanisms to interfere with the
recognition of viral RNA, subsequent IFN induction and signalling, as well as PKR activation [82, 121,
160]. More importantly, although the virulence of influenza A viruses is considered a multigenic trait and

multiple other viral proteins contribute to immune evasion [223], correlations between the efficiency of
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immune evasion by NS1 and virulence of the corresponding virus have been described for multiple
influenza virus strains. For example, the presence of a serine residue at position 42 of the NS1 proteins of
avian H5N1 influenza viruses has been linked to both increased IFN antagonism and lethality in a mouse
model [102]. Similarly, also the NS1 protein of the particularly virulent 1918 pandemic HINI1 strain
displays enhanced suppression of the IFN and ISG responses [67, 116, 118].

All taken together, we suggest to include the systematic analysis of the I[FN-antagonistic function of the

NSs protein into the characterization of novel phenuiviruses in order to estimate their virulence potential.

3.7 Concluding remarks and future perspectives

Phenuiviruses are globally emerging viruses that affect human health — directly or also indirectly by
exacerbating the pathogenesis of simultaneous parasite infection — and impose significant economic burden.
While some novel phenuiviruses are identified in clinically apparent cases, the major share of novel isolates
is discovered by surveillance of vector species and their potential to cause disease unknown. The
phenuiviral NSs protein is firmly established as dominant virulence factor in the mammalian host and
antagonist of the IFN system, supported by the characterization of a growing number of NSs proteins of
distinct phenuiviruses. So far, the characterization of NSs proteins has often been limited to whether and
how they affect the induction of type I IFN. Only with the identification of SFTSV and HRTV (now Dabie
and Heartland bandavirus) was the analysis expanded to also include IFN signalling [33, 158, 180]. In the
light of the data on intermediately virulent SFSV presented here, we propose to systematically analyse NSs
proteins for their inhibitory capacity towards both IFN induction and signalling. Likewise, it appears
imperative for even mildly virulent phenuiviruses to override the translation-inhibitory effect of PKR. Thus,
PKR sensitivity and/or PKR antagonistic activity should also feature in such a systematic analysis.
Furthermore, in addition to its [FN-antagonistic activities, the NSs of SFTSV (now Dabie bandavirus)
actively triggers both the expression of the anti-inflammatory cytokine IL-10 (ref. 35 and manuscript 6)
and immune-regulatory Nrf2 signalling [36], besides other emerging activities [114]. It might thus be time
to consider NSs proteins as truly multifunctional (immune) regulatory proteins and explore other,
unsuspected functions beyond IFN-antagonism. This endeavour will certainly be benefited by the rapid
progress of unbiased -omics techniques and eventually expand our understanding of the diversity of NSs
proteins and their contribution to virulence, provide novel targets for the development of host-directed
antiviral therapy, and inform the design of novel attenuated and/or chimeric vaccine candidates.

Finally, solving the structure of the e[F2B-NSs complex and thus the molecular mechanism of ISR evasion
by SFSV NSs not only informed the intricacies of this virus-host interaction, but additionally revealed a
novel regulatory interaction site on eIlF2B that is potentially druggable. Given the promising results of
allosteric modulation of eIF2B by the small molecule ISRIB and its derivatives in models of traumatic brain
injury, Down syndrome, and other brain dysfunctions [37, 41, 246] and the high efficiency of NSs over
ISRIB in enzymatic activity assays, targeting the NSs interaction site on elF2B might lead to improved
therapeutic approaches for neuropathologic conditions. Thus, the comprehensive study of NSs functions
holds the promise of not only identifying further as-yet elusive virulence mechanisms, but may also provide

novel targets for rational drug design and targeted therapeutic interventions beyond infectious diseases.
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Abstract: The genus Phlebovirus of the family Bunyaviridae contains a number of emerging virus
species which pose a threat to both human and animal health. Most prominent members include
Rift Valley fever virus (RVFV), sandfly fever Naples virus (SFNV), sandfly fever Sicilian virus
(SFSV), Toscana virus (TOSV), Punta Toro virus (PTV), and the two new members severe fever with
thrombocytopenia syndrome virus (SFTSV) and Heartland virus (HRTV). The nonstructural protein
NSs is well established as the main phleboviral virulence factor in the mammalian host. NSs acts as
antagonist of the antiviral type I interferon (IFN) system. Recent progress in the elucidation of the
molecular functions of a growing list of NSs proteins highlights the astonishing variety of strategies
employed by phleboviruses to evade the IFN system.
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1. Introduction

The family Bunyaviridae contains five genera, among which the Orthobunyavirus, Phlebovirus,
Nairovirus, and Hantavirus all contain species that are pathogenic to humans and animals, while the
genus Tospovirus contains plant-infecting viruses [1]. According to the International Committee on
Taxonomy of Viruses (ICTV), the genus Phlebovirus comprises more than 70 accepted members that
are grouped into ten species complexes, namely Bujaru virus (BUJV), Candiru virus (CDUV), Chilibre
virus (CHIV), Frijoles virus (FRIV), Punta Toro virus (PTV), Rift Valley fever virus (RVFV), Salehabad
virus (SALV), sandfly fever Naples virus (SFNV), severe fever with thrombocytopenia syndrome
virus (SFTSV), and Uukuniemi virus (UUKYV), as well as unassigned viruses [2]. Phleboviruses were
traditionally classified by serologic methods, but recently extensive efforts were undertaken to refine
phlebovirus taxonomy by genome sequencing [3-21].

Phleboviruses can cause a wide spectrum of symptoms, ranging from mild febrile disease up to
hemorrhagic fever and death [22,23]. RVFYV, for example, causes disease in cattle, sheep, and other
ruminants, with symptoms including hepatitis, hemorrhage, and abortion [24]. Humans exposed
to RVFV can present febrile illness, but in 1% to 2% of the cases it can progress to retinitis with
persisting visual impairment, meningoencephalitis or hemorrhagic fever, resulting in mortality of
up to 20% in hospitalized patients [25]. Since its original description during an outbreak of RVFV
in ruminants in Kenya in 1931 [26], periodic outbreaks have been observed throughout the African
continent, accompanied by so-called ‘abortion storms” in livestock populations and simultaneously
occurring illness in humans. Notably, RVFV has spread to the Arabian Peninsula in 2000 [27].

Sandfly fever Sicilian virus (SFSV) and SENV were isolated from foreign soldiers stationed in Italy
during 1943 and 1944. In spite of a full recovery after the so-called ‘three-day’ or ‘Pappataci fever’,
the febrile illness provoked by SFSV and SFNV can be incapacitating due to headaches, myalgia, and
general malaise [22]. The strongly neurotropic Toscana virus (TOSV) was also isolated in Italy first. It is
the predominant cause of meningitis or meningoencephalitis during the summer season in countries
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bordering the Mediterranean Sea [28]. Similarly to SEFSV and SFNV, several phleboviruses in Central
America have been isolated from febrile soldiers or patients, such as PTV, Chagres virus (CHGV), and
Alenquer virus (ALEV) [17,29,30].

Despite their obvious capacity for causing human and veterinary disease, as well as potential
associated economic losses, only few phleboviruses are adequately characterized in terms of their
interaction with the mammalian host organism. In this review, we will attempt to provide an overview
spanning both the current knowledge about the activation of the type I interferon (IFN) system by
phleboviruses, as well as the broadening spectrum of their IFN-antagonistic strategies.

2. Phleboviruses—An Emerging Group of Arthropod-Transmitted Pathogens

Phleboviruses are arboviruses that are taxonomically divided into dipteran- and tick-borne
viruses. Dipteran-borne phleboviruses are generally found in eponymous Phlebotomus sandflies [22,31],
with RVFV representing an outlier that is associated with Aedes and Culex mosquitoes, and more
promiscuous in its vector range. The specific vector species are thought to be predominantly responsible
for the maintenance of the viruses by vertical (transovarial) transmission, the geographic distribution
of the virus and the spatial and temporal occurrence of the specific disease. Given the increasing
spread of competent vector species, concerns have been raised about the potential introduction of
RVEFV into new areas with both susceptible vectors and hosts, and potential consequences for the
human population and massive economic loss caused among affected livestock [32,33].

The epidemiological potential of the phleboviruses has been underscored by the recent
identification of two new members as the causative agents of severe human disease [23]. In rural regions
of China, cumulative cases of a febrile illness accompanied by thrombocytopenia, leukocytopenia,
multiple organ dysfunction, and a high case-fatality rate led to the discovery of a novel phlebovirus,
SFTSV, transmitted by Haemaphysalis longicornis ticks [34-38]. Since its discovery, SFTSV and
associated cases have also been reported from Japan and Korea [39-41]. In North America,
nearly simultaneously-occurring cases of a similar set of symptoms were shown to be caused by
a related, tick-transmitted phlebovirus termed Heartland virus (HRTV) [42,43]. Thus, while tick-borne
phleboviruses were long thought to be negligible with respect to public health, the emergence of SFTSV
and HRTV suggested that this perception needed reevaluation. As one result, the genome sequences of
members of the Bhanja virus (BHAV) serogroup, which has been associated with febrile illness, were
determined and re-classified into the tick-borne phlebovirus group [10,44].

Accumulating reports indicate novel associations of diseases with phleboviruses in the
Mediterranean area, such as sandfly fever Turkey virus (SFTV) [45-47] and Adria virus (ADRV) [48],
or describe still more novel phleboviruses, such as Granada virus (GRV) [49], Adana virus (ADAV) [3]
and Medjerda Valley virus (MVV) [7], to name only a few examples.

3. Viral Replication in the Mammalian Host

Phleboviruses have spherical particles of approximately 100 nm diameter [23,50,51]. They are
enveloped by a host-derived lipid membrane with the two viral glycoproteins Gn and Gc decorating
the surface of the virus particle, and contain three distinct single-stranded RNA genome segments
which are packaged into ribonucleoprotein particles (RNPs) by the nucleocapsid protein N and
associated with the RNA-dependent RNA polymerase (RdRp) L (Figure 1A). The tripartite genome
consists of the large (L), medium (M), and small (S) segments. The L and M segments are of
negative polarity and code for the polymerase L and a polyprotein precursor spanning the two
glycoproteins and the nonstructural protein NSm, respectively (Figure 1B). The S segment uses an
ambisense coding strategy, i.e., it contains two genes with opposite polarities. The nucleocapsid
protein N is thereby translated from a mRNA that is directly transcribed from the genomic S segment,
whereas the nonstructural protein NSs mRNA is transcribed from the antigenomic S segment. Gene
expression from the ambisense segments is regulated by an intergenic region (IGR), a sequence
stretch that is proposed to form an irregular double-stranded RNA (dsRNA) structure [24], and
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by pentanucleotide transcription termination motifs [52-54]. The genome segments further contain
conserved complementary oligonucleotide sequences at their 5'- and 3’-ends, allowing the formation
of “panhandle” structures and the pseudocircularization of the RNPs [55].

A B
4 en 3 [ L [
QQ‘ - 'p ﬁ/ Gc

@0\“ 3 InNsm| @&n | Gc [ s

& N L @
'*y b y N S s
é a ® )

e,
@=:

Figure 1. Prototypic phlebovirus virion and genome organization. (A) Virus particles contain the
pseudocircularized tripartite single-stranded RNA genome, packaged into virus-sense RNPs (VRINPs)
by nucleocapsid protein N and associated with the viral RNA-dependent RNA polymerase (RdRp) L,
within a lipid envelope covered by heterodimers of glycoproteins Gn and Gc; and (B) the three viral
genome segments large (L), medium (M) (both being purely negative-sense), and small (S) (ambisense)
code for the structural proteins L, the Gn and Gc, and N, respectively. Viral mRNAs contain a 5'-cap
(dot) and short heterogenous host-derived sequences. mRNAs transcribed from genomic RNAs are
shown as grey arrows. The nonstructural protein NSs mRNA (green arrow) is synthesized from
antigenomic RNA (two-colored arrow). Dipteran-borne phleboviruses also encode a nonstructural
protein on the M segment (NSm).

Viral replication occurs entirely in the cytoplasm of infected mammalian host cells. Central
features of the transmission from vector to host and the entry of phlebo- and other bunyaviruses
has recently been reviewed elsewhere [56]. In short, after attachment of virus particles, uncoating is
mediated by the fusion of the viral envelope with host membranes in the acidified compartments of the
endocytic system [57,58]. Incoming RNPs then first serve as templates for primary transcription. To this
end, the endonuclease domain [59,60] within the L protein cleaves host mRNAs 10-20 nucleotides
downstream of the 5’-cap to use the resulting short fragments as primers for the synthesis of viral
transcripts (cap snatching). Primary transcription is terminated prior to the segment termini via a
specific sequence motif [52-54]. Phleboviral transcripts thus contain a 5’-cap and a short stretch of a
heterogenous, host-derived sequence, but no poly(A) tail. Translation of viral proteins in the cytoplasm
and at the endoplasmic reticulum (ER) is accompanied by cleavage of the polyprotein encoded by
the M segment into Gn and Gc (and depending on the virus species, some other proteins e.g., NSm),
heterodimerization of Gn and Gc, and their transport to the Golgi apparatus. For replication of the viral
genome, the viral polymerase switches to primer-independent synthesis of full-length antigenomic
RNA, which then, in turn, serves as a template for the synthesis of progeny genomic RNA. In a process
called secondary transcription, these newly-generated genomes then produce even more viral mRNAs.
Both the genomic and antigenomic RNA segments carry a 5'-triphosphate moiety and are packaged
into RNPs. Assembly and budding finally take places at membranes of the Golgi apparatus, followed
by release of virions via the secretory pathway.

The nonstructural proteins NSm and NSs are dispensable for viral replication [61-64].
sandfly-borne phleboviruses encode an NSm protein which may have a role in the regulation of
apoptosis (as shown for RVFV [65]). The NSs protein is remarkable in its low conservation across
the Phlebovirus genus compared to other viral proteins, with sequence similarities ranging only from
approximately 10% to 30% [7,37]. As will be outlined below, the NSs protein is an important virulence
determinant, acting as an inhibitor of the antiviral type I IFN system of the mammalian host [24,66,67].

4. The Type I Interferon System in RNA Virus Infection

Type I1FNSs are cytokines that are produced by virus-infected cells [68]. In humans, there are thirteen
IFN-o subtypes, a single IFN-f3, and the less well-characterized IFN-¢, -7, -, -w, -6, which activate the
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transcription of hundreds of IFN-stimulated genes (ISGs) [68,69]. Characterization of an ever-increasing
number of ISGs shows that many of their products not only exert antiviral activity at every step of the
viral replication cycle, but also possess antiproliferative and immunomodulatory functions.

The production of type I IFN is induced in response to conserved pathogen-associated molecular
patterns (PAMPs), which are sensed by germline-encoded, so-called pattern-recognition receptors
(PRRs). As PRRs of the cytoplasm, the RNA helicases retinoic acid-inducible gene 1 (RIG-I)
and melanoma differentiation-associated protein 5 (MDADS) react to infection by distinct sets of
RNA viruses [70]. RIG-I and MDAS5 primarily recognize short 5'-triphosphate dsRNA, or long
(preferentially of higher-order structure) dsRNA and its analogue polyinosinic:polycytidylic acid
(poly(I:C)), respectively [71-73]. The prototypical RIG-I possesses two N-terminal caspase recruitment
domains (CARDs), a central helicase domain and a C-terminal domain, and is kept in an auto-inhibited
conformation by intramolecular interactions involving the CARDs and the helicase domains. Ligand
binding by the helicase and C-terminal domains induces both ATP-dependent RIG-I oligomerization
and a conformational switch, resulting in the exposure of the CARDs [73,74]. The latter then engage
in K63-polyubiquitin-mediated homotypic CARD-CARD interaction with the adaptor mitochondrial
antiviral signaling (MAVS) which in turn assembles prion-like fibrillary aggregates that are sufficient
and necessary for the recruitment of tumor necrosis factor (TNF) receptor associated factor (TRAF) 2, 5,
and 6 for downstream signaling [75,76]. The kinases TRAF family member-associated nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-kB) activator (TANK)-binding kinase 1 (TBK1) and
inhibitor of kappa B kinase epsilon (IKKe) subsequently activate the transcription factor IFN regulatory
factor 3 (IRF3) by phosphorylation, followed by its dimerization and nuclear accumulation, where it
activates the production of type I IFN expression together with the transcription factors nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-«kB) and activator protein (AP-1) [73].

Within the endosomal compartments, Toll-like receptor 3 (TLR3) recognizes viral dsRNA
and poly(I:C), and signals via the adaptor Toll-interleukin 1 receptor (TIR) domain-containing
adapter-inducing IFN-f (TRIF) to activate IRF3, NF-«B, and AP-1, and consequently induce
the production of type I IFNs as well as inflammatory cytokines [77]. Further, recognition of
single-stranded RNA by TLR7/8 and subsequent signaling via the adaptor myeloid differentiation
primary response gene 88 (MyD88) results in the secretion of IFN-«, particularly by specialized
plasmacytoid dendritic cells [78].

IEN-o/§ bind to a common heterodimeric receptor, consisting of the subunits interferon-«/ 3
receptor IENAR1 and IFNAR?2, on both infected and uninfected bystander cells. Signaling via the
receptor-associated tyrosine kinases Janus kinase 1 (JAK1) and tyrosine kinase 2 (TYK2) leads to
phosphorylation of Signal Transducer and Activator of Transcription 1 (STAT1) and STAT2, which
then undergo heterodimerization and translocation to the nucleus. There, in a complex with IRF9,
they bind to IFN-stimulated response elements (ISRE) within ISG promoters, finally resulting in the
transcription of ISGs [68,69].

As the functions of the well characterized ISGs have been reviewed extensively elsewhere [68,79],
only a few examples of antiviral ISGs will be described here. IFN-inducible transmembrane (IFITM)
proteins interfere with fusion of the viral envelope at the plasma membrane (IFITM1) or in the
endosomal pathway (IFITM2, 3) and, thus, the release of viral RNPs into the cytoplasm of infected
cells [80]. The family of dynamin-like Mx GTPases are capable of restricting a wide range of viruses,
presumably via trapping and missorting of incoming viral RNPs [81]. In contrast to other ISGs, Mx
proteins are not expressed at low constitutive levels or in response to virus infection, but depend
entirely on IFN signaling, rendering the abrogation of IFN induction and signaling an effective means
of evading Mx activity. Protein kinase R (PKR) is expressed at low levels in an inactive form [82].
Binding of dsRNA results in PKR activation, leading to phosphorylation of its target eukaryotic
initiation factor 2« (elF2«) and, in consequence, the inhibition of the translation of both viral and
cellular mRNA. PKR has also been implicated in NF-«B activation and the induction of apoptosis [83].
Interferon-induced protein with tetratricopeptide repeats (IFIT) proteins IFIT1, 2 and 3 are involved in
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translation inhibition and innate recognition of RNAs that lack proper 2/-O methylation or contain a
5 ppp end [80,84].

Expression of the transcription factor IRF7 is also enhanced by IFN signaling. While the
aforementioned activation of IRF3 leads to an initial wave of type I IFN secretion, including IFN-f
and (in mice) IFN-o4, enhanced IRF7 expression and activation generates a second wave of type I IFN
production which involves additional IFN-« subtypes [85].

In addition to direct antiviral effects of ISGs and the positive feedback loop via IRF7, type I IFN
signaling also induces the production of a range of cytokines and chemokines, pro- and antiapoptotic
factors, and affects multiple other signaling pathways. Through modulation of the differentiation and
function of dendritic cells, T cells, natural killer (NK) cells, and B cells, type I IFNs shape the antiviral
immune response beyond the initial innate immune response [68,79,86].

5. Activation of the Interferon System by Phleboviruses

Like other negative-strand RNA viruses, phleboviruses do not produce substantial amounts
of dsRNA during infection [87,88]. As shown for RVFV, their naked virion RNA is, nonetheless, a
strong activator of RIG-I due to the presence of the 5'-triphosphorylated dsRNA panhandle formed
by the genome ends [89]. Moreover, also when packaged into RNPs, the RNA of RVFV particles can
activate the RIG-I signaling pathway [90]. In fact, incoming RNPs already trigger RIG-I conformational
switching and oligomerization, as well as IRF3 activation. Additionally, in vivo, the cytoplasmic
RNA helicase/MAVS axis was demonstrated to be the primary IFN induction pathway for RVFV [91].
The in vivo role of TLRs, by contrast, is less clear. While Ermler et al. found for RVFV that neither the
TLR7/8-MyD88 nor the TLR3-TRIF pathway play a significant role in IFN induction [91], Gowen et al.
showed for PTV that TLR3 was activated and contributed to increased liver damage and mortality [92].
It remains to future studies to reveal whether these discrepancies are due to different experimental
conditions or a differential ability of distinct phleboviruses to activate or inhibit TLR3.

Studies in a range of animal models suggested a protective effect of type I IFN in phleboviral
infection. Treatment with synthetic type I IFN inducers, such as poly(I:C) or polyinosinic-polycytidylic
acid, poly-L-lysine and carboxymethylcellulose (poly(ICLC)) in a prophylactic or therapeutic regimen
was reported to protect mice and hamsters from lethal RVFV infection [93-95]. Similarly, administration
of poly(I:C), poly(ICLC), or of IFN itself protect against PTV-induced liver damage and mortality
in a mouse model [96-98], whereas treatment with IFN-neutralizing antibodies rendered otherwise
resistant mice susceptible to PTV-associated death [99]. Several in vivo studies correlated the onset
of type I IFEN synthesis with increased survival after lethal RVFV challenge [100,101]. Lastly, mice
deficient in IFN signaling are more prone to infections with RVFV and PTV [102,103]. Thus, induction
of sufficient amounts of type I IFNs at an early point during infection is crucial for protective effects.

It is known that different viruses are targeted by distinct sets of ISGs [104,105]. Additionally,
for phleboviruses, a number of inhibitory ISG products have been described (Table 1). Mx proteins
drastically inhibit the replication of several phleboviruses, including RVFV, TOSV, and SFSV [106,107].
For human MXxA it was shown that it sequesters RVFV N into large perinuclear complexes, thereby
inhibiting primary and secondary transcription [108,109]. Replication of RVFV is also affected by
IFITM2 and IFITM3, but not IFITM1, in accordance with their localization in the endocytic pathway
and at the plasma membrane, respectively [110]. PKR is activated during phleboviral infection and
can act as potent restriction factor [93,111]. Therefore, it is not surprising that PKR is targeted by
different phleboviruses, as discussed below. Furthermore, IFIT proteins (mostly IFIT1 and IFIT2),
long isoform of poly(ADP-ribose) polymerase 12 (PARP12L), 2'-5' oligoadenylate synthetase-like 2
(OASL2), and ISG15 influence the replication of RVFV [100,112,113]. The latter two ISGs are not
upregulated in embryonic fibroblasts derived from a mouse strain with increased susceptibility to
RVFV (MBT/Pas) and a generally decreased and delayed ISG response, compared to BALB/cBy]J,
C57BL/6] and 129/5v/Pas mice. Small interfering RNA (siRNA)-mediated reduction of Oasl2 and
ISG15, however, resulted in only slightly increased titers of recombinant NSs-deficient RVFV [100].
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Table 1. Interferon (IFN)-induced proteins acting as restriction factors for phleboviruses.

6 of 17

ISG Affected Step in Replication Affected Phleboviruses (Strains) References
IFITM2,3  uncoating RVFV (ZH501, MP12) [110]

Mx frfa‘:;zg’pif(‘i secondary RVFV (MP12, Clone 13), TOSV, SFSV [106-108]
OASL2 ? RVFV (rZH548ANSs) [100]

PKR viral protein translation NSs-deficient RVFV mutants (e.g., Clone 13) [93,111]
IFIT1-3 viral protein translation RVFV (Clone 13) [113]
mPARP12  ? RVFV (MP12) [112]
ISG15 ? RVFV (rZH548ANSs) [100]

ISG: IFN-stimulated genes; IFITM: IFN-inducible transmembrane; OASL2: 2/-5 oligoadenylate synthetase-like
2; PKR: protein kinase R; IFIT: interferon-induced protein with tetratricopeptide repeats; mPARP12: murine
poly(ADP-ribose) polymerase 12; RVFV: Rift Valley fever virus; TOSV: Toscana virus; SFSV: sandfly fever
Sicilian virus.

6. Viral Countermeasures

As described above, phleboviruses are sensitive to IFN and an early induction of type I IFN
seems to be a determinant of disease outcome in animal models. Furthermore, given the segmented
nature of their genome, phleboviruses carry at least three RIG-I-activating moieties (5'ppp-dsRNA
panhandle) per virus particle. Thus, in order to compensate for their stimulatory potential and to
prevent or sufficiently delay a type I IFN response, they require highly efficient counterstrategies
(Figure 2, Tables 2 and 3).
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Figure 2. Known host targets of phleboviral NSs proteins in retinoic acid-inducible gene 1 (RIG-I)
signaling and type I IFN induction. Incoming phleboviral RNPs are sensed by RIG-I, potentially

leading to interferon induction via mitochondrial antiviral signaling (MAVS)-mediated activation of the

transcription factors interferon regulatory factor 3 (IRF3) and nuclear factor kappa-light-chain-enhancer

of activated B cells (NF-«B). NSs proteins, however, mediate the escape from the induction and the
antiviral effects of the IFN system. Rift Valley fever virus (RVFV) NSs acts in the nucleus, where it
blocks both the transcription and the export of host mRNAs. Toscana virus (TOSV) NSs localizes to
the cytoplasm, where it interacts with and induces proteasomal degradation of RIG-I. Characteristic

cytoplasmic structures are formed by severe fever with thrombocytopenia syndrome virus (SFTSV)

NSs and serve as site of sequestration for several signaling factors of the RIG-I pathway. Punta Toro
virus (PTV) NSs also inhibits host transcription.
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The NSs protein of RVFV was the first to be identified as an IFN antagonist and still
remains the most extensively studied phleboviral virulence factor. Comparative studies using the
naturally-attenuated strain Clone 13 and the virulent RVFV isolate ZH548, as well as reassortants
between these two viruses, showed that the S segment carries the determinant for attenuation and
interference with IFN-o/3 production in a murine model [102,114]. Since the S segment encodes
the NSs and Clone 13 is a natural NSs deletion mutant, it was concluded that NSs confers an
anti-IFN activity.

Although phleboviruses replicate exclusively in the cytoplasm, RVFV NSs is localized in the
nucleus, forming characteristic filaments [115,116]. In contrast, Clone 13 contains a large in-frame
deletion within the NSs open reading frame, resulting in a loss of 69% of the ORF [117]. Hence, Clone
13 NSs does not form nuclear filaments but instead is rapidly degraded [114]. The NSs of the RVFV
wild-type strain ZH548 alone was then shown to almost completely block IFN-3 promoter activation in
response to poly(I:C), while Clone 13 NSs had no inhibitory effect [118]. Further, ZH548 did not affect
IRF3 dimerization or nuclear accumulation, yet impaired IFN-3, NF-«B-driven, AP-1-driven, and even
SV40 promoter activity, suggesting that RVFV NSs broadly inhibits both inducible and constitutive host
cell transcription. Indeed, RVFV NSs targets the host mRNA synthesis machinery to induce a general
cellular shutoff, including sequestration of general transcription factor Il H (TFIIH) subunit p44 and,
thus, prevention of TFIIH assembly [119]. In addition, NSs triggers the rapid proteasomal degradation
of the TFIIH subunit p62 early in infection [120]. Proteomic analyses led to the identification of the
F-box protein FBXO3 as host cell interactor of RVFV NSs [121]. F-box proteins are the substrate
recognition component of modular E3 ubiquitin ligases of the Skp1, Cullinl, F-box (SCF) protein
type [122], and FBXO3 was shown to be recruited by NSs to achieve TFIIH-p62 degradation [123].
The interaction with TFIIH-p62 thereby depends on a ()XaV motif (where (): aromatic, X: any, a: acidic,
V: valine) located in the C-terminal region of RVFV NSs [124]. Moreover, a nuclear mRNA export
block was observed in RVFV NSs-expressing cells [125]. In contrast to these broadly-acting host cell
shutoff mechanisms, RVFV NSs was also reported to specifically inhibit IFN induction by recruiting
a transcriptional suppressor complex containing Sin3A associated protein 30 (SAP30) to the IFN-f3
promoter [126].

If not counteracted by viral measures, PKR has a strong restrictive effect on the replication of
phleboviruses [93,111]. RVFV solves this problem by proteasomal degradation of PKR, thereby
avoiding elF2o phosphorylation and inhibition of translation [93,111]. Recent studies revealed
that RVFV NSs recruits the F-box proteins FBXW11 and FBXW1 (also called beta-transducin
repeat containing protein 1 (3-TRCP1)) as specific adaptors to mediate PKR degradation [127,128].
NSs thereby directly interacts with FBXW11/3-TRCP1 through a “degron” sequence [128]. Remarkably,
this degron motif (DDGFVE) overlaps with the aforementioned (2XaV motif (FVEV) necessary for
TFIIH-p62 degradation, suggesting that RVFV NSs utilizes the very C-terminal part of the protein for
the degradation of multiple host target factors, each time recruiting specific F-box proteins.

Infection of hamsters and mice with the PTV strain Adames is lethal, whereas PTV strain Balliet
produces beneficial outcomes [103,129]. Reassortants between these two strains again identified the
S segment genotype and NSs expression as correlates for lethality and suppression of type I IFN
production [130]. Similar to RVFV, the NSs of PTV Adames has also been found to inhibit host
transcription [131]. In contrast to RVFV NSs, however, PTV NSs does not form nuclear filaments or
share the C-terminal )XaV motif of RVFV NSs [124]. A further difference between RVFV and PTV
NSs is that the latter does not affect the levels of PKR [131,132].

In contrast to RVFV NSs, TOSV NSs localizes exclusively to the cytoplasm and does not affect
cellular transcription [132,133], but inhibits IFN induction [134]. Instead, it has been shown to
interact with RIG-I and trigger its proteasomal degradation [135]. Interestingly, binding of RIG-I
and proteasomal degradation appear to be mediated by different regions of the NSs protein [136].
Also contrary to RVFV NSs, levels of TOSV NSs were found to be increased under MG132
treatment [132,135]. In line with this, C-terminally-truncated TOSV NSs mutants that were incapable
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of degrading RIG-I, but still able to bind RIG-I, were also detected at higher levels than the full-length
protein [136], allowing speculations that TOSV NSs might be degraded along with its host target.

Peculiarly, while TOSV NSs efficiently inhibited IRF3 activation and IFN induction when
expressed via transfection or from a recombinant RVFV, infection with the parental Italian TOSV
isolate resulted in IRF3 activation, IFN-f induction and Mx expression [134]. A Spanish isolate, by
contrast, was a potent IFN suppressor as expected from NSs action [137]. This discrepancy might be
attributable to strain-specific differences in the kinetics of NSs accumulation.

Like RVEFV NSs, TOSV NSs has also been observed to induce degradation of PKR in a
proteasome-dependent manner [131,132].

Additionally, the NSs protein of the intermediately-pathogenic sandfly-borne SFSV possesses
the capacity for inhibiting type I IFN induction [93,131]. The levels of PKR, however, are not
affected [93,131,132].

The recent identification of tick-borne SFTSV as human pathogenic phlebovirus was quickly
followed by a number of reports concerning the anti-IFN mechanism employed by its NSs protein.
Type I IFN and ISGs were only moderately induced in SFTSV-infected cells, as observed by microarray
analysis [138]. Indeed, SFTSV NSs was identified by several groups as inhibitor of IFN-3 promoter
activity, presumably acting at the level of TBK1 and IKKe [138-141].

SFTSV NSs neither forms nuclear filaments, nor is it diffusely distributed in the cytoplasm
as described for the NSs proteins of sandfly-borne phleboviruses. Instead, it is concentrated in
unprecedented cytoplasmic structures of granular appearance after both infection and transfection of a
wide range of cell lines. Although these ‘viral inclusion bodies” or ‘viroplasm-like structures’ seem to
be subject to dynamic fission and fusion [139] and were found to be positive for the autophagosome
marker microtubule-associated protein 1A /1B-light chain 3 (LC3), their formation was independent
of autophagy-related protein 7 (Atg7), suggesting that they are not classical autophagosomes [140].
The early endosome RAS-associated protein Rab5 showed co-localization, but neither its presence nor
canonical function were required for the formation of NSs inclusion bodies. Further analysis ruled
out an association with ER, Golgi, mitochondria, peroxisomes, EDEMosomes, lysosomes and late
endosomes, as well as aggresomes [139,140]. Furthermore, the inclusion bodies appeared to co-localize
with lipid droplets and their formation associated with fatty acid synthesis [142].

Despite the open questions concerning biochemical composition and compartmental identity of
the SFTSV NSs inclusions, it has become clear that they represent a site of sequestration and spatial
isolation of multiple components of the RIG-I signaling pathway [139-141]. While all studies agree on
TBK1 (and IKKe, where tested) as host interactors of SFTSV NSs, individual studies reported additional
interactions with tripartite motif-containing protein 25 (TRIM25) (an E3 ubiquitin ligase involved
in RIG-I signaling [143]), RIG-I [140], and IRF3 [139,141]. Remarkably, SFTSV NSs also sequesters
transcription factors STAT1 and STAT2 into the inclusion bodies and inhibits STAT2 phosphorylation,
thus interfering with their nuclear translocation, the stimulation of the interferon-stimulated response
element (ISRE) promoter and, consequently, the induction of ISGs [144].

The non-pathogenic UUKYV is the prototype of tick-borne phleboviruses. Its NSs is distributed
throughout the cytoplasm [145] and has only a weak IFN-antagonistic effect [146]. Currently, there are
no reports concerning the IFN-inhibitory capacity or action of the NSs proteins of HRTV and BHAYV,
despite their association with human illness.

Given the ambisense coding strategy of the S segment, the NSs would be expected to be
expressed only late, after production of viral antigenomic RNA. This would represent a considerable
disadvantage for the virus and is contradictory to the NSs-mediated effects that occur early after
infection. This contradiction is resolved by the observation that antigenomic RNA segments are
packaged into virions in both dipteran-borne RVFV and tick-borne UUKYV [145,147,148]. Thus, the
respective NSs proteins are directly produced during primary transcription, despite being encoded on
the antigenomic RNA.
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Table 2. IFN-related host pathways targeted by diptera-borne phleboviruses.

Phlebovirus Host Target Mechanism References
RVFV TFIIH p44, XPB sequestration [119]
TFIIH p62 proteasomal degradation by recruitment of [120,123,124]

a SKP1-FBXO3 E3-ubiquitin ligase complex

recruitment of suppressors to the IFN

SAP30 promoter [126]
mRNA export unknown [125]
PKR proteasomal degradation by recruitment of  [93,111,127,
a SKP1-CUL1-FBXW11 E3 ligase complex ~ 128]

TOSV RIG-T proteasomal degradation [134-136]
PKR proteasomal degradation [132]

PTV IFN induction unknown [131]

SFSV IFN induction unknown [93,131]

PTV: Punta Toro virus; TFIIH: transcription factor II H; XPB: xeroderma pigmentosum type B; SAP30: Sin3A
associated protein 30; RIG-I: retinoic acid-inducible gene 1.

Table 3. IFN-related host pathways targeted by tick-borne phleboviruses.

Phlebovirus Host Target Mechanism References
SFTSV RIG-I, TRIM25, sequestration into cytoplasmic inclusion bodies  [138-141]
TBK1/IKKe, IRF3
STAT1, STAT2 sequestration into cytoplasmic inclusion bodies  [144]
UUKV unknown unknown [146]

SFTSV: severe fever with thrombocytopenia syndrome virus; UUKV: Uukuniemi virus; TRIM: tripartite
motif-containing protein; TBK1: (TANK)-binding kinase 1; IKKe: inhibitor of kappa B kinase epsilon; STAT:
Signal Transducer and Activator of Transcription.

7. Conclusions and Future Directions

Phleboviruses are emerging arboviruses, causing human diseases ranging from mild febrile
illness to severe cases of hemorrhagic fever or multiple organ dysfunction and death. Further, RVFV is
associated with livestock epidemics and substantial economic losses. Within the genus Phlebovirus, the
NSs protein is only weakly conserved in terms of its amino acid sequences or subcellular localization.
Nevertheless, NSs proteins are highly conserved in their function as IFN antagonist, with their
variety in sequence and localization being mirrored by a plethora of different molecular strategies.
The diversity of IFN-antagonistic mechanisms of distinct phleboviruses tempts one to speculate
whether a correlation between the NSs action and the degree of virulence exists.

Among sandfly-borne viruses, a common strategy of the more pathogenic members, such as
RVFV and TOSV, seems the proteasomal degradation of host target factors that are involved in IFN
induction or antiviral effector functions. Interestingly, while the NSs of the highly-virulent RVFV is
not negatively affected, the NSs of intermediately pathogenic TOSV NSs seems to be susceptible to the
proteasomal degradation machinery as well. For the highly pathogenic tick-borne virus SFTSV, the
NSs protein sequesters a major fraction of the host factors involved in the RIG-I signaling pathway,
as well as IFN signaling factors, into characteristic granular structures in the cytoplasm. This might
suggest that broader action on multiple host cell functions, such as the general transcription block
caused by RVFV or the deactivation of entire signaling chains, as seen for SFTSV, might be a correlate
of increased phleboviral virulence.

Much of our current understanding of the functioning of the NSs protein has been achieved
employing reverse genetics, such as the rMP12 and rZH548 rescue systems for the dipteran-borne
RVEFV [63,149-151], allowing the study of NSs-deficient mutants or chimeric viruses. Recently, reverse
genetic systems were also established for the tick-borne phleboviruses UUKV and SFTSV [146,147].
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It remains to future studies to further expand and specify the molecular characterization of the NSs
proteins of both familiar and newly-emerging phleboviruses.
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ABSTRACT Sandfly fever Sicilian virus (SFSV) is one of the most widespread and
frequently identified members of the genus Phlebovirus (order Bunyavirales, family
Phenuiviridae) infecting humans. Being transmitted by Phlebotomus sandflies, SFSV
causes a self-limiting, acute, often incapacitating febrile disease (“sandfly fever,”
“Pappataci fever,” or “dog disease”) that has been known since at least the begin-
ning of the 20th century. We show that, similarly to other pathogenic phleboviruses,
SFSV suppresses the induction of the antiviral type | interferon (IFN) system in an
NSs-dependent manner. SFSV NSs interfered with the TBK1-interferon regulatory fac-
tor 3 (IRF3) branch of the RIG-I signaling pathway but not with NF-«B activation.
Consistently, we identified IRF3 as a host interactor of SFSV NSs. In contrast to IRF3,
neither the IFN master regulator IRF7 nor any of the related transcription factors
IRF2, IRF5, and IRF9 were bound by SFSV NSs. In spite of this specificity for IRF3, NSs
did not inhibit its phosphorylation, dimerization, or nuclear accumulation, and the
interaction was independent of the IRF3 activation or multimerization state. In fur-
ther studies, we identified the DNA-binding domain of IRF3 (amino acids 1 to 113)
as sufficient for NSs binding and found that SFSV NSs prevented the association of
activated IRF3 with the IFN-B promoter. Thus, unlike highly virulent phleboviruses,
which either destroy antiviral host factors or sequester whole signaling chains into
inactive aggregates, SFSV modulates type | IFN induction by directly masking the
DNA-binding domain of IRF3.

IMPORTANCE Phleboviruses are receiving increased attention due to the constant
discovery of new species and the ongoing spread of long-known members of the
genus. Outbreaks of sandfly fever were reported in the 19th century, during World
War |, and during World War II. Currently, SFSV is recognized as one of the most
widespread phleboviruses, exhibiting high seroprevalence rates in humans and do-
mestic animals and causing a self-limiting but incapacitating disease predominantly
in immunologically naive troops and travelers. We show how the nonstructural NSs
protein of SFSV counteracts the upregulation of the antiviral interferon (IFN) system.
SFSV NSs specifically inhibits promoter binding by IFN transcription factor 3 (IRF3), a
molecular strategy which is unique among phleboviruses and, to our knowledge,
among human pathogenic RNA viruses in general. This IRF3-specific and stoichio-
metric mechanism, greatly distinct from the ones exhibited by the highly virulent
phleboviruses, correlates with the intermediate level of pathogenicity of SFSV.
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embers of the genus phlebovirus (order Bunyavirales, family Phenuiviridae) are

present worldwide and gain increasing attention as vector-borne agents of
disease (1). In addition to prominent, recently emerged phleboviruses such as severe
fever with thrombocytopenia syndrome virus (SFTSV) in Asia and Heartland virus (HRTV)
in North America (2), there are long-known members, such as Rift Valley fever virus
(RVFV), Punta Toro virus (PTV), Toscana virus (TOSV), and sandfly fever Sicilian virus
(SFSV), that are often reemerging or spreading into new geographical areas (3). In
addition to these highly virulent (SFTSV, HRTV, and RVFV) and intermediately virulent
(TOSV and SFSV) human pathogens, rapid progress in high-throughput sequencing
enabled the identification of novel phleboviruses for which the disease potential is
either recognized (e.g., sandfly fever Turkey virus [4] and Adria virus [5]) or not yet
clarified (e.g., Massilia virus [6], Aguacate virus [7], and Dashli virus [8]).

Infection by SFSV and related sandfly fever viruses, all transmitted by phlebotomine
sandflies, typically presents as an acute febrile disease with abrupt onset, often devel-
oping into incapacitating myalgia, headaches, malaise, leukocytopenia, or ocular or
gastrointestinal symptoms (9, 10). An outbreak of this so-called “sandfly fever,” “Pap-
pataci fever,” or “dog disease” during the Sicilian campaign of World War Il in 1943
enabled Albert Sabin to isolate SFSV from infected soldiers (11). SFSV later proved to be
one of the most widespread phleboviruses; it is present across the entire Mediterranean
basin, in Portugal, in the Middle East inclusive of the Arabian peninsula, in Sudan, in
Ethiopia, and in Somalia and in locations as distant as India and Bangladesh (12-18). In
regions of endemicity, seroprevalence can reach levels of up to 50% in humans and
close to 80% in dogs and other domestic animals, including cattle (12, 14, 19, 20).
Hence, sandfly fever viruses are recognized as a significant public health threat,
predominantly for immunologically naive groups such as soldiers or travelers (21-24).
Nonetheless, little is known about the molecular interplay of SFSV and SFSV-like viruses
with the host organism.

Like all phleboviruses, SFSV contains a tripartite single-stranded RNA genome (1, 3).
While the large (L) genome segment and the medium (M) genome segment encode the
viral polymerase (Pol) L and the glycoproteins, respectively, in a negative orientation,
the small (S) segment codes for the nucleocapsid protein N and the nonstructural
protein NSs in an ambisense manner. The genomic RNA segments are packaged into
ribonucleoproteins (RNPs) by the nucleocapsid N protein and the L polymerase and are
transcribed and replicated in the cytoplasm (25).

Due to complementarity of the 5" and 3’ termini, the three RNP-packaged genome
segments have the capacity to anneal to a so-called “panhandle.” This RNA structure,
with its short double-stranded region and 5'-triphosphate moiety, is an activator of the
cytoplasmic RNA helicase RIG-l, an important virus sensor of the antiviral type |
interferon (IFN) system (26). Ligand-bound RIG-I signals via the adaptor mitochondrial
antiviral-signaling protein (MAVS) and the kinases TBK1/IkB kinase & (IKKe) to eventually
activate the ubiquitously expressed transcription factor interferon regulatory factor 3
(IRF3) (27). The latter thereby becomes phosphorylated, dimerizes, and accumulates in
the nucleus, where, together with NF-kB and ATF-2/c-Jun, it transactivates the IFN-
promoter to kick off a first wave of IFN secretion (28). Autocrine and paracrine action
of IFN-B then triggers the upregulation of IRF7, which amplifies and diversifies the
initial IRF3-driven IFN response by inducing both the IFNB gene and multiple /FNA
genes (29-31). Simultaneously, it induces the transcription of IFN-stimulated genes
(ISGs), several of them with demonstrated antiphleboviral activity (3).

Phleboviruses counteract the induction of the IFN response by means of their NSs
protein (3, 32). The best-characterized NSs, namely, that of RVFV, allows the full RIG-I
signaling cascade to reach the point of IRF3 binding to the IFN-B promoter but then
abrogates host gene expression by targeted sequestration and deletion of general
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transcription factors, as well as by the recruitment of corepressors and induction of an
mMRNA export block (33-38). In the case of TOSV, in contrast, the NSs protein causes
proteasomal degradation of RIG-I (39), and for SFTSV, the NSs sequesters multiple
factors of the signaling cascade into cytoplasmic aggregates (40-43). For many phle-
boviruses, including the sandfly-borne SFSV, however, the mechanism of NSs action is
unclear.

We and others previously found that the NSs of SFSV, expressed by a recombinant
RVFV, was able to block transcription of the IFNB gene (44, 45). Here, we investigated
the molecular mechanism and identified IRF3 as a functional target.

RESULTS

SFSV NSs inhibits IFN induction. SFSV NSs expressed by recombinant RVFV was
previously shown to inhibit the upregulation of the IFNB gene (44, 45). Accordingly,
infection with parental SFSV strain Sabin resulted in only limited upregulation of IFN-
MRNA, as measured by reverse transcriptase quantitative PCR (RT-qPCR) (Fig. 1A). As
controls, we used RVFV strain MP12 (expressing a functional RVFV NSs) and clone 13
(expressing an internally deleted RVFV NSs) in parallel (33), which suppressed and
activated IFN induction, respectively, in the expected manner.

Unlike RVFV, neither a natural nor a recombinant NSs-deficient strain is available for
SFSV. In order to abort NSs function, we designed a pool of four small interfering RNAs
(siRNAs) that specifically target the NSs gene sequence. The efficiency of the siRNAs was
tested by cotransfection of an expression plasmid for 3XFLAG-tagged SFSV NSs and
either the NSs-targeting siRNA pool or a control siRNA. The specific siRNAs caused a
significant reduction of SFSV NSs RNA levels in RT-PCR and a complete loss of the FLAG
signal in immunoblot analysis, while the control siRNA had no effect (Fig. 1B). In
contrast, RNA and protein levels of the 3XFLAG-tagged NSs of PTV-A were not affected,
confirming the specificity of the siRNA pool for SFSV NSs.

We then combined transfection of the NSs-specific siRNA pool with infection by
either SFSV or RVFV MP-12, followed by RT-qPCR analysis. Of note, in infected cells the
siRNA pool as well as the PCR primers can target not only the NSs transcript but also
the entire S genome segment. Therefore, we could not determine whether only the NSs
mRNA was affected by the siRNAs or whether the viral genome was also affected.
However, due to encapsidation of the genome, we expect a certain level of protection,
which in turn would result in an underestimation of siRNA effects on NSs transcripts. In
any case, a substantial depletion of NSs sequence-containing RNA species (fold reduc-
tion, 3.3 = 0.3) was observed (Fig. 1C). Moreover, in the presence of the NSs-specific
siRNAs, SFSV infection upregulated the amounts of IFN-B transcripts (fold increase,
5.1 = 2.6) (Fig. 1D), despite the fact that virus replication (measured via analysis of L
segment levels) was diminished (fold reduction, 2.0 + 0.42) (Fig. 1E). For RVFV MP12, in
contrast, the SFSV NSs-specific siRNAs affected neither the IFN-B mRNA levels (Fig. 1C)
nor the accumulation of its S segment (Fig. 1F). The same applied to clone 13, TOSV,
and the closely related sandfly fever Turkey virus (data not shown), demonstrating both
the specificity of the siRNA pool and its effect on the induction of IFN-B by SFSV.
Furthermore, no intrinsic IFN-stimulatory activity of the siRNA pool was observed in the
mock samples (Fig. 1C). Taking into consideration the opposing effects of the siRNA on
IFNB induction and on SFSV replication, a normalized fold induction of 9.8 = 3.7 was
calculated for IFNB, compared to 1.0 = 0.4 for RVFV (Fig. 1G, right column).

Of note, the impairment of SFSV replication by the NSs-specific SIRNA was far less
pronounced in IFN-incompetent Vero B4 cells (data now shown), indicating that it was
largely mediated by the antiviral IFN system rather than by interference with the
integrity of the genomic S segment. In summary, siRNA knockdown of SFSV NSs
resulted in simultaneous upregulation of IFN induction and downregulation of SFSV
replication in IFN-competent cells, reminiscent of the behavior of NSs-deficient phle-
boviruses. Together with the data from recombinant NSs-expressing RVFV (44, 45), this
validates the identification of SFSV NSs as an IFN induction antagonist.
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FIG 1 SFSV NSs and IFNB induction. (A) A549 cells were infected with SFSV, RVFV MP12, or clone 13 (Cl13) at an MOI of 1, harvested 12
hpi, and analyzed by RT-qPCR analysis for IFNB (n = 4; mean * SD). (B) A549 cells were cotransfected with expression constructs for
3XFLAG-tagged SFSV or PTV-A NSs and nontargeting control siRNA or SFSV NSs-specific siRNA. Samples were subjected to RT-PCR analysis
(upper panels) and immunoblotting using anti-FLAG and anti-tubulin antibodies (lower panel) 24 h after transfection. To exclude
amplification of NSs sequences from plasmid DNA, a duplicate set of reactions was performed without the reverse transcription step (no
RT). (C to F) A549 cells were pretransfected with control or SFSV NSs-targeting siRNA and infected with SFSV or RVFV MP12 at an MOI of
1. RNA was isolated 12 hpi for RT-qPCR analysis for NSs-containing RNA (C), IFNB (D), the L segment of SFSV (E), and the S segment of
RVFV MP12 (n = 3; means * SD) (F). (G) Summary of the relative fold induction data depicted in panels C to F, normalized to the mock
sample pretreated with control siRNA as well as the fold induction of IFNB in siNSs-treated cells over siCTRL-treated cells that occurred

in @ manner independent of the viral burden (means * SD). n.a., not applicable.

SFSV NSs acts in a nondegradative manner. Many pathogenic phleboviruses are
known to counteract the IFN response by diminishing the levels of key host factors (3).
The NSs of RVFV induces proteasomal degradation of cellular proteins such as TFIIH-p62
(to block IFN induction) and protein kinase R (PKR) (to prevent the antiviral action of
IFN) (35, 44, 46-48). The NSs of TOSV was also shown to cause PKR degradation and to
block IFN induction by decreasing RIG-I levels (39, 49). We investigated whether the NSs
protein of SFSV might execute a similar form of degradative activity on host proteins.
As controls, we employed TOSV NSs and RVFV NSs, and we also included the so far
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FIG 2 Effect of selected NSs proteins on phlebovirus host targets and central RIG-I signaling components.
(A) A549 cells were infected at an MOI of 1 with recombinant RVFV expressing the NSs of RVFV, TOSV,
SFSV, PTV-A, or PTV-B or entirely lacking an NSs-coding sequence. Cells were harvested 8 hpi for
immunoblot analysis. (B) A549 cells were infected with SFSV or RVFV MP12 at an MOI of 1 and harvested
12 hpi for SDS-PAGE and Western blot analysis.

little-investigated PTV NSs, which is known to inhibit host cell transcription (45). For
PTV, there are two distinct strains, namely, Adames (PTV-A) and Balliett (PTV-B), which
strongly and weakly suppress IFN induction, respectively (45, 50). To directly compare
the degradative capacities of the NSs proteins of RVFV, TOSV, SFSV, PTV-A, and PTV-B,
we infected A549 cells with recombinant RVFV encoding the respective NSs genes and
monitored the intracellular levels of the known phleboviral targets TFIIH-p62, PKR, and
RIG-1, as well as of the central RIG-I signaling factors MAVS, TBK1, and IRF3. As shown
in Fig 2A, levels of TFIIH-p62 were reduced only by RVFV NSs. Moreover, and in
agreement with previous studies (44, 45, 49), PKR levels were decreased upon expres-
sion of the NSs of RVFV and TOSV but not by those of SFSV and PTV. RIG-I levels were
left unchanged by the NSs of RVFV or PTV-A, strongly decreased by the NSs of TOSV,
and upregulated after infection with the recombinant RVFV expressing NSs of SFSV
(weakly) or PTV-B (strongly). In fact, in the presence of PTV-B NSs the upregulation of
RIG-I was indistinguishable from the level seen with the NSs-deficient control virus
rZHANSs. The levels of MAVS, TBK1, and IRF3 were not affected by any of the NSs
proteins. These results were confirmed in cells infected with the parental SFSV strain
Sabin (Fig. 2B). Thus, the NSs proteins of SFSV and PTV do not degrade the host targets
of other phleboviruses.

SFSV NSs inhibits the IRF branch of IFN induction. For our further investigations,
we focused on the NSs of SFSV but also included those of RVFV (as a well-characterized
control) and PTV. To interrogate their activity on IFN induction, we performed luciferase
reporter assays. Human HEK293 cells were transfected with increasing amounts of
expression plasmids encoding the respective NSs proteins, along with a reporter
construct harboring the firefly luciferase (FF-Luc) gene under the control of the IFN-3
promoter and a constitutively expressing Renilla luciferase (R-Luc) plasmid for normal-
ization. Activation of the IFN-B promoter was stimulated by cotransfection of a MAVS
cDNA plasmid. As expected, overexpression of MAVS strongly activated the IFN-3
promoter, which was undisturbed by increasing doses of the N terminus of the human
MxA protein (AMx [35]) which was used as a negative control (Fig. 3A). Expression of the
NSs proteins of RVFV, SFSV, and PTV-A, in contrast, suppressed the promoter in a
dose-dependent manner. PTV-B NSs showed only a partial effect in response to large
plasmid amounts, in line with previous observations (50).
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FIG 3 Influence of phlebovirus NSs proteins on IFNB promoter elements. HEK293 cells were transfected with expression plasmids for
MAVS; NSs of RVFV, SFSV, PTV-A, or PTV-B; or inactive control AMx (0.1 ng, 1ng, or 10ng), as well as stimulation-dependent firefly
luciferase (FF-Luc) and constitutively active Renilla luciferase reporters. Firefly luciferase was under the control of (A) the entire IFN-3
promoter (n = 3; means = SD), (B) IRF-driven PRDI (n = 3; means =SD), or (C) NF-kB-driven PRDII (n = 3; means = SD). Cell lysates were
harvested 24 h after transfection for dual-luciferase assays. Firefly reporter activities were normalized to the Renilla reporter activities, and
the positive controls were set to 100% prior to calculating means and SD across biological replicates.

The IFN-B promoter contains several positive regulatory domains (PRDs), among
which PRDI binds transcription factors of the interferon regulatory factor (IRF) family
and PRDII binds NF-kB (51, 52). Reporter assays showed that the inhibitory effect of
SFSV NSs on the PRDI promoter element was comparable to that seen with the full
IFN-B promoter but that PRDII activity was inhibited only weakly (Fig. 3B and C). This
is in contrast to the NSs of PTV-A, which, like the RVFV NSs, inhibited the two PRD
reporters indiscriminately. As similar results were obtained when TBK1 was used for
stimulation instead of MAVS (data not shown), we concluded that SFSV NSs specifically
targets the IRF branch of IFN induction at the level of TBK1 or further downstream,
whereas PTV-A NSs blocks IFN induction in a broad manner, as shown previously (45).

SFSV NSs interacts with IRF3 in a highly specific manner. Previously, we took part
in a large proteomics screen to identify host cell interactors of viral IFN antagonists that
included SFSV NSs (53). The SFSV NSs cDNA, equipped with the sequence for a
C-terminal tandem affinity purification (TAP) tag, was inserted into recombinant RVFV
to replace the RVFV NSs gene (rRVFVANSs:NSs¢,,~CTAP). 293T cells were infected with
this recombinant virus, tandem affinity purification was performed, and protein com-
plexes were analyzed by liquid chromatography-mass spectrometry (LC-MS). Strikingly,
IRF3 was among the host cell interactors of SFSV NSs, which is compatible with the
results of our reporter assays. In order to test the data obtained by mass spectrometry,
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FIG 4 Coimmunoprecipitation of NSs proteins with eGFP-IRF3. Selected 3XFLAG-tagged NSs proteins
were coexpressed with eGFP-IRF3 in HEK293 cells. eGFP and AMx served as negative controls for
eGFP-IRF3 and the NSs proteins, respectively. Cell lysates were subjected to immunoprecipitation via a
GFP-binding nanobody immobilized on the bottom of a 96-well plate. Input samples and bound proteins
were analyzed via immunoblotting (n = 3).

we performed pulldown analyses. An enhanced green fluorescent protein (eGFP)-IRF3
fusion protein was coexpressed with the recombinant 3XFLAG-tagged NSs of SFSV,
RVFV, PTV-A, or PTV-B or with the negative-control AMx. Cell lysates were then
subjected to immunoprecipitation using a plate coated with a nanobody directed
against GFP. The NSs proteins of RVFV and PTV-A negatively affected the coexpression
of eGFP-IRF3 (Fig. 4 and data not shown), but eGFP-IRF3 was enriched in all GFP
precipitates nonetheless. SFSV NSs clearly coprecipitated with eGFP-IRF3 but not with
eGFP alone. In contrast, neither of the other phleboviral NSs proteins interacted with
eGFP-IRF3. Similar results were also observed in an inverse setting; i.e.,, SFSV NSs was
able to pull down eGFP-IRF3 (or hemagglutinin-IRF3 [HA-IRF3]), while PTV-A and AMx
were not (data not shown). This confirms our earlier mass spectrometry data (53) and
demonstrates that SFSV NSs is unique among the tested phleboviral proteins in its
interaction with IRF3.

We extended our assays to include other members of the IRF family. IRF7 is the
family member most closely related to IRF3 in both sequence and function (31).
However, SFSV NSs did not coprecipitate with eGFP-IRF7 (Fig. 5A). Likewise, eGFP-IRF2,
eGFP-IRF5, and eGFP-IRF9 did not interact with SFSV NSs (Fig. 5B). Hence, we conclude
that SFSV NSs selectively targets the immediate early-acting IFN transcription factor
IRF3.

SFSV NSs does not inhibit IRF3 activation. In uninfected cells, IRF3 localizes
predominantly to the cytoplasm. Upon activation, IRF3 becomes phosphorylated by
TBK1/IKKe, dimerizes, and accumulates in the nucleus, where it associates with the
transcriptional cofactors CBP and p300 (52, 54-57). Transiently expressed SFSV NSs, on
the other hand, localized diffusely to both the cytoplasm and the nucleoplasm (data
not shown), suggesting that it could interfere with IRF3 activation or function at any
level. We thus simultaneously investigated the three classic hallmarks of IRF3 activation
in SFSV-infected cells. First, immunoblot analysis showed that IRF3 phosphorylation was
affected neither in SFSV-infected cells (Fig. 6A) nor in cells infected with a recombinant
RVFV expressing SFSV NSs (Fig. 6B). The latter experiment also demonstrated that PTV
NSs was acting downstream of IRF3 phosphorylation. Also, IRF3 dimerization (Fig. 6C)
and virus-triggered accumulation in the nucleus (Fig. 6D) were not impaired by SFSV
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FIG 5 Coimmunoprecipitation of SFSV NSs with IRF proteins. 3XFLAG-tagged SFSV NSs plasmids were transfected into HEK293 cells
together with eGFP-fused IRF7 (A) or IRF2, IRF5, or IRF9 (B). eGFP-IRF3 and eGFP were included as positive and negative controls,
respectively. Cells were lysed, immunoprecipitation (IP) was performed via the use of GFP, and input lysates and immunoprecipitates were

subjected to immunoblotting.

infection. Thus, SFSV—Ilike RVFV, which was used as a control (33)—was not preventing
phosphorylation, dimerization, or nuclear localization of IRF3.

We tested the impact of SFSV NSs on specific IRF3 mutants. IRF3(5D) is constitutively
active and dimerized due to phosphomimetic aspartate residues that replace five serine
and threonine phosphorylation sites in the region from amino acid (aa) 395 to aa 407
(54, 55). SFSV NSs was able to inhibit both IFN induction and PRD I activation by
IRF3(5D) (Fig. 7A and B), just like the NSs of PTV-A, which was used in parallel. SFSV NSs,
however, was additionally able to pull down IRF3(5D) (Fig. 7C). SFSV NSs also interacted
with IRF3 mutants that are deficient in dimerization, namely, IRF3(S385A/S386A) (58)
(Fig. 7D) as well as IRF3(5385A/S386A-R211A/R213A) and IRF3(S385A/S386A-R285A/
H288A/H290A), further derivatives with additional mutations of essential arginine and
histidine residues within the dimerization interface (data not shown).

In summary, these experiments demonstrated that SFSV NSs inhibits a molecular
step that takes place after the nuclear importation of activated IRF3 but prior to
IRF3-driven transcription and that the interaction interface on IRF3 is accessible in both
the inactive and the active states.

SFSV NSs interacts with the DNA-binding domain of IRF3. IRF3 possesses an
N-terminal DNA-binding domain (DBD; aa 1 to 113) (59) which also contains the
bipartite nuclear localization signal (NLS; K77/R78 and R86/K87) (60, 61), followed by an
activation domain comprising the nuclear export signal (NES; aa 139 to 150) (52, 60), a
proline-rich domain (Pro; aa 150 to 190), an IRF association domain (IAD; aa 190 to 384)
(62), and a serine-rich domain (SR; aa 384 to 427) that is phosphorylated upon
activation (63) (Fig. 8A). Crystal structures of the C-terminal portion of IRF3 (aa 173/175
to 427) indicate that IRF3 phosphorylation induces a marked conformational change in
the IAD, resulting in the exposure of residues that facilitate dimerization and the
interaction with CBP/p300 (58, 64, 65). We employed systematic deletion analysis to
map the IRF3 domain that is bound by SFSV NSs. As a first step, we cut GFP-tagged IRF3
into two halves at position 190. As shown in Fig. 8B, only the N-terminal part, ranging
from aa 1 to 190, was able to pull down NSs. We then removed the remaining domains
from this fragment one by one in the C- to N-terminal direction. In this way, we found
that the N-terminal DBD alone (aa 1 to 113) was sufficient for binding SFSV NSs (Fig. 8C).
Unfortunately, fine mapping by further C-terminal deletions was inconclusive, as were
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FIG 6 Markers of IRF3 activation under conditions of SFSV infection. (A to C) IRF3 phosphorylation and dimerization. A549 cells were
infected with the indicated viruses at an MOI of 1, harvested 12 hpi (A) and 8 hpi (B), and analyzed by immunoblotting for IRF3
phosphorylation and viral nucleocapsid proteins. (C) Samples from the experiment described for panel A were additionally subjected
to native PAGE, followed by immunoblotting. (D) Nuclear importation of IRF3. A549 cells seeded onto glass coverslips were infected
at an MOI of 1, fixed 12 hpi with paraformaldehyde, and subsequently stained for IRF3 and the SFSV nucleocapsid protein N.

our attempts to map the corresponding IRF3-interacting region within SFSV NSs (data
not shown).

SFSV NSs prevents IRF3 from binding to the IFN promoter. We hypothesized
that SFSV NSs might interfere with the promoter-binding activity of IRF3. To investigate
this, we established an assay in which we used biotinylated IFN-B promoter oligonu-
cleotides to pull down MAVS-activated IRF3 via the use of streptavidin-coated magnetic
beads. eGFP-IRF3 and MAVS were coexpressed in HEK293 cells either on their own or
together with increasing doses of 3XFLAG-tagged SFSV NSs or the negative-control
AMx. As observable in the input samples, overexpressed MAVS induced the phosphor-
ylation and dimerization of eGFP-IRF3, as expected (Fig. 9, left panels, and data not
shown). The presence of SFSV NSs did not affect IRF3 activation, confirming our
observations of SFSV-infected cells. Analyzing the precipitated proteins (Fig. 9, right
panels), we detected activated eGFP-IRF3 but not eGFP, indicating specific binding to
the IFN-B promoter oligonucleotide. Furthermore, no protein precipitation was ob-
served when empty beads without the biotinylated oligonucleotide were used (data
not shown). The sequence specificity of eGFP-IRF3 binding was confirmed by the
addition of an excess of nonbiotinylated IFN-B promoter oligonucleotide, which
strongly diminished eGFP-IRF3 binding, whereas a scrambled control oligonucleotide
had no such effect. Importantly, coexpression of SFSV NSs reduced the amount of
promoter-bound eGFP-IRF3 in a dose-dependent manner, but the control protein AMx
had no influence. Of note, SFSV NSs did not coprecipitate with the promoter oligonu-
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cleotide, indicating the absence of intrinsic or indirect DNA-binding activity. Thus, we
conclude that SFSV NSs stoichiometrically impairs the binding of IRF3 to the IFN-B
promoter by covering essential amino acid residues within the DBD.

DISCUSSION

SFSV, first isolated in 1943 (11), is one of the geographically most widespread
members of the genus phlebovirus, with high seroprevalence rates in regions of
endemicity (12-20). Despite the long-standing association with an acute incapacitating
disease, little is known about the interaction of SFSV with the host cell. Also, there is no
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FIG 8 FIG 8 Domain mapping of binding region within IRF3. (A) Schematic representation of the IRF3 domain structure. IRF3 contains
a DNA-binding domain (DBD, aa 1 to 113) with an embedded bipartite nuclear localization signal(s) (NLS; K77/R78 and R86/K87), a
nuclear export signal (NES; aa 139 to 150), and a proline-rich region (Pro;aa 150 to 190) directly followed by the IRF association domain
(IAD; aa 190 to 384) and a serine-rich region (SR; aa 384 to 427) at the C terminus. (B) eGFP-fused full-length IRF3, its N-terminal portion
(1-190) or C-terminal portion (190-427), or eGFP alone was expressed together with 3XFLAG-tagged SFSV NSs in HEK293 cells,
followed by immunoprecipitation via the use of GFP and immunoblotting. (C) A series of successively truncated eGFP-IRF3 mutants
were produced from DNA templates by coupled in vitro transcription-translation and added to lysates of HEK293 cells expressing
3XFLAG-tagged SFSV NSs for subsequent immunoprecipitation via the use of GFP.

established animal model (11, 24), prompting earlier researchers to fall back on
experiments with human volunteers (9).

We found that the induction of IFN-B in SFSV-infected cells is inhibited by NSs,
although SFSV does not destroy any of the key antiviral host factors that other
dipteran-borne phleboviruses attack. Rather, SFSV NSs binds to the DBD of IRF3, thus
prohibiting IFN-B promoter activation. Curiously, none of the other IRF family members,
including the master regulator IRF7 (66), are targeted, indicating high specificity.
Although a significant role in the generation of a full IFN response has been attributed
to the IFN-inducible IRF7 (66), the constitutively expressed IRF3 is indispensable for the
induction of a first wave of IFN-B expression from virus-infected cells and the subse-
quent upregulation of IRF7 expression (30, 31). Hence, Irf3 knockout mice exhibit
substantially increased susceptibility to viral infection (31, 67). IRF3 activation is the
target of a number of virulence factors (28), e.g., human papillomavirus 16 (HPV16) E6
(68), the V protein of paramyxoviruses (69), herpes simplex virus 1 (HSV-1) VP16 (70),
and rotavirus NSP1 (71). However, in contrast to SFSV NSs, these virulence factors affect
phosphorylation, dimerization, nuclear accumulation, or the expression level of IRF3.
SFSV NSs interacted with nonactivated and constitutively active (and dimerized) as well
as dimerization-incompetent IRF3, suggesting an ability to target IRF3 both before and
after it becomes activated. Moreover, this interaction pattern pointed to a region of
IRF3 that is accessible independently of its activation and dimerization state. Domain
mapping consistently revealed that the N-terminal DBD alone was sufficient for binding
of SFSV NSs. Taking the data together, including the interference with SFSV NSs at a late
stage in the signaling pathway on the one hand and the domain mapping on the other
hand, a mechanism involving the sequestration of the DBD by SFSV NSs from the IFN-3
promoter was strongly implied, and its presence was confirmed by a promoter binding
assay.

The N-terminal DNA-binding domain of interferon regulatory factors is about 120
amino acid residues long and displays a conserved architecture consisting of three «
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FIG 9 IFN-B promoter binding assay. HEK293 cells were cotransfected with plasmids encoding eGFP-IRF3 or eGFP or MAVS, as well
as with increasing amounts of plasmids encoding 3 XFLAG-tagged SFSV NSs, or the 3XFLAG-tagged control protein AMx, as indicated.
Cell lysates were then incubated with an unlabeled, double-stranded DNA oligonucleotide comprising the IFN- promoter or with a
scrambled control oligonucleotide or were left untreated. Next, streptavidin-coated magnetic beads covered with biotinylated IFN-
promoter oligonucleotide were used to pull down activated IRF3. Bound proteins were eluted by boiling in Laemmli buffer and

analyzed by immunoblotting.

helices, four B sheets, and three loops (L1 to L3) in the order a1-B1-B2-L1-a2-L2-a3-
B3-L3-B4 (51). As SFSV NSs (i) interferes with the promoter binding activity of IRF3 but
(i) does not interact with other IRF family members, one could speculate that it targets
amino acid residues that are involved in DNA binding but that are not conserved within
the IRF family. IRF3 residues L42, R78, and R86 are both nonconserved and involved in
specific DNA promoter binding (51). However, R78 and R86 are also part of the bipartite
IRF3 NLS. Since SFSV NSs does not interfere with the nuclear importation of IRF3, these
residues are less likely to mediate the interaction with SFSV NSs. That leaves DNA
binding residue L42 (situated in loop L1) as well as less-conserved strands 83 and B4
and loops L2 and L3 as the most probable candidate binding sites for SFSV NSs.

Among the other viral proteins known to target IRF3, only UST (also ICP22) of herpes
simplex virus 2 and NP1 of human bocavirus have been described to employ a similar
mechanism (72, 73). Like SFSV, both these viruses target the IRF3 DBD and disrupt
promoter binding, but whether this is restricted to IRF3 or also true for any other
member of the IRF family was not addressed. Kaposi's sarcoma-associated herpesvirus
proteins K-bZIP and LANA-1 also prevent the binding of activated IRF3 to its cognate
promoter sites but do so by occupying the promoter sites themselves (74, 75), which
we did not observe for SFSV NSs. In addition to these DNA viruses, bovine viral diarrhea
virus interferes with promoter binding and then induces the degradation of nuclear
IRF3 via its NPro protein (76, 77). A direct interaction between NPro and IRF3 could not
be demonstrated, however. Hence, to our knowledge SFSV NSs seems to be the only
virulence factor from an RNA virus which acts by directly masking the DBD of IRF3 to
prevent promoter binding and IFN induction.
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Given the remarkable diversity of the phleboviral NSs proteins with respect to
sequences, subcellular localizations, and molecular mechanisms, it is tempting to
speculate on a correlation between the specific anti-IFN strategy of a given NSs protein
and the degree of virulence of the respective phlebovirus. The NSs of highly virulent
RVFV uses multiple strategies, mostly based on proteasomal degradation, to globally
and rapidly blunt host gene expression at the transcriptional and posttranscriptional
levels (3, 32). The NSs of the highly virulent SFTSV abrogates IFN induction by seques-
tering several key signaling components, including RIG-I and TBK1, into cytoplasmic
aggregates (40-43). The intermediately pathogenic TOSV acts by degrading RIG-I itself
(39), but its NSs seems to be degraded along with its host target, cutting down its
inhibitory efficiency (78). The NSs of the apathogenic Uukuniemi virus (UUKV), in
contrast, does not significantly inhibit IFN induction (79, 80). How does the intermedi-
ately pathogenic SFSV fit into this picture? On the one hand, by masking the DBD to
sterically hinder IRF3 from binding the IFN-B promoter, SFSV NSs blocks IRF3 indepen-
dently of its conformation or activation state. On the other hand, however, this
stoichiometric mechanism requires NSs to accumulate to levels that are sufficient for
sequestering the cellular pool of IRF3, which, during the early phase of infection,
outnumbers NSs. Moreover, SFSV NSs inhibition does not include IRF7, the master
regulator of innate immunity (66). Thus, SFSV NSs fail to impair IFN induction in cells
where upregulation of IRF7 took place before infection or in cells with physiologically
high basic levels of IRF7, such as plasmacytoid dendritic cells (81). In other words, the
stoichiometric and IRF3-specific nature of the anti-IFN induction strategy makes SFSV
NSs a modulator rather than a full antagonist of IFN induction. This places SFSV
between TOSV and UUKV with regard to both anti-IFN strategy (RIG-I degradation
versus weak IFN antagonism) and virulence (fever and meningitis/encephalitis versus
no disease).

Curiously, PTV-A does not seem to quite fit the picture; while its NSs protein seems
to act as a global host transcription inhibitor, infection of humans has so far been
associated only with febrile symptoms. In rodent models, such as mouse and hamster,
however, PTV-A and chimeric RVFVs that express PTV-A NSs are also highly virulent (50,
82, 83), suggesting that PTV may be an outlier with respect to humans but not other
mammals. Thus, the demonstration that the intermediately virulent SFSV specifically
targets IRF3 in a highly specific and stoichiometric (i.e. nondestructive) manner sup-
ports our hypothesis that the molecular strategy employed by the NSs protein can
correlate with the degree of virulence of the parental phlebovirus, although other
factors, e.g., cell tropism, RNA polymerase activity, species-specific host protein inter-
actions, and escape from adaptive immunity, are of course equally important.

MATERIALS AND METHODS

Cells, viruses, and plasmids. A549, BHK-21, HEK293, HEK293T, Vero B4, and Vero E6 cells were
cultured in Dulbecco’s minimal essential medium (DMEM) and CCM34 medium (DMEM with addition of
17.8 mg/liter L-alanine, 0.7 g/liter glycine, 75 mg/liter L-glutamic acid, 25 mg/liter L-proline, 0.1 mg/liter
biotin, 25 mg/liter hypoxanthine, and 3.7 g/liter sodium bicarbonate) supplemented with 10% fetal calf
serum (FCS), 2 mM glutamine, 100 U/ml penicillin, and 100 pg/ml streptomycin.

The Sabin strain of SFSV was obtained from the World Reference Center for Emerging Viruses and
Arboviruses (WRCEVA) and propagated in Vero B4 cells. Attenuated RVFV strains MP12 and clone 13 were
propagated in BHK-21 cells. Recombinant RVFV strains rZH548, rZH548ANSs, rZH548 ANSs::NSsSFSV, and
rZH548 ANSs::NSSTOSV have been described previously (44, 84, 85). rZH548 ANSs::NSsPTV-A, rZH548ANSs::
PTV-B, and rZH548ANSs:NSsSFSV-CTAP were generated using a polymerase | (Pol 1)/Pol ll-based rescue
system as described for the other recombinant RVFV strains (35, 53, 85). In brief, NSs coding
sequences for PTV-A and PTV-B NSs (GenBank accession no. EF201835 and EF201834, respectively)
were obtained by gene synthesis (Mr. Gene) and inserted into modified S-segment rescue plasmid
pHH21_RVFV_vN_TCS. The reading frame of SFSV NSs was amplified from cDNA of infected cells and
inserted into rescue plasmid pHH21_RVFV_vN_MCS_CTAP, which contains a C-terminal tag for
tandem affinity purification (TAP). Primer sequences are available on request. The resulting plasmids
were transfected together with L- and M-segment rescue plasmids pHH21_RVFV_vL and
pHH21_RVFV_vM, respectively, as well as helper plasmids pl.18_RVFV_L and pl.18_RVFV_N into cocul-
tures of HEK293T and BHK-21 cells. Recombinant RVFV strains were harvested 5 days after transfection,
propagated in Vero E6 cells, and characterized by RT-PCR and sequencing of the N- and NSs-coding
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regions. Titers of all virus strains were determined on Vero E6 cells via plaque assay. Both the cell lines
and the virus stocks were routinely tested for mycoplasma contamination.

To generate constructs encoding 3 XFLAG-tagged NSs of SFSV (GenBank accession no. EF201822.1),
PTV-A, or PTV-B, the viral open reading frames were amplified from cDNA (SFSV) or synthesized DNA
(PTV-A and PTV-B) and inserted into pl.18 by ligation-dependent cloning via the use of 5" BamHI and 3’
Xhol restriction sites. Primer sequences are available on request. pl.18-NSsRVFV-3XFLAG and pl.18-
3XFLAG-AMx were described before (35). Firefly luciferase reporter constructs p-125Luc, p-55C1BLuc,
and p-55A2Luc (52) were kindly donated by Takashi Fujita, and pRL-SV40 was purchased from Promega.
Expression plasmids for human TBK1 (86) and IRF3(5D) (55) were kindly provided by John Hiscott, for
human MAVS by Shizuo Akira (87), and for full-length pEGFP-C1-IRF3 (88) and all other pEGFP-C1-IRFs by
Luis Martinez-Sobrido and Adolfo Garcia-Sastre. pEGFP-C1 was from Clontech. pcDNA3.1(+)-eGFP-IRF7,
PEGFP-C1-IRF3(1-190), pEGFP-C1-IRF3(190-427), pEGFP-C1-IRF3(385A/S386A), pEGFP-C1-IRF3(S385A/
S386A-R211A/R213A), and pEGFP-C1-IRF3(S385A/S386A-R285A/H288A/H290A) were generated via gene
synthesis and subcloning (BioCat and Eurofins Genomics).

siRNA-mediated knockdown and infection. Reverse transfection of A549 cells (1 X 10° per 24-well)
with either control siRNA (1027280; Qiagen) or a pool of four custom-designed siRNA oligonucleotides
targeting SFSV NSs (siNSs1 [5'-TTG GGT CTT AGT GAT GAG CAT-3], siNSs2 [5'-AAG GGA TCA GCT AAT
GTC TTA-3'], siNSs3 [5'-TAC AAT AAA TTT CAC ACT CAT-3'], and siNSs4 [5'-AAG GCT CTT AGC TGG CCA
CTA-3']; Qiagen) via the use of Lipofectamine RNAiMax (Life Technologies) was performed according to
the manufacturer’s recommendations. Cells were washed with sterile phosphate-buffered saline (PBS) at
24 h posttransfection and inoculated with virus diluted to a multiplicity of infection (MOI) of 1 in CCM34
supplemented with 2% FCS and antibiotics. After 1 h of incubation at 37°C, the inoculate was replaced
by CCM34 supplemented with 10% FCS and antibiotics. For concomitant transfection of siRNA and
plasmid DNA, Lipofectamine 2000 was used instead.

Reverse transcriptase PCR (RT-PCR). RNA was isolated using an RNeasy minikit (Qiagen) as
recommended by the manufacturer. RNA from infected cells was subjected to DNase | digestion and
cDNA synthesis using a PrimeScript RT reagent kit with genomic DNA (gDNA) Eraser (TaKaRa). Transcript
levels of host genes were detected with SYBR Premix Ex Taq (Tli RNaseH Plus) (TaKaRa) and QuantiTect
primers (human IFNB, QT00203763; RRN18S, QT00199367; Qiagen), whereas viral genomic segments were
detected with Premix Ex Taq (Probe qPCR) (TaKaRa) and previously published primers and probes for the
SFSV and RVFV S and L segments (for SFSV S, fwd, 5'-TGC ACT CAT CCA AGC TAT GTG-3', rev, 5'-GAG
GGC TAC AAA CAA GGG ATC-3’, probe, 6-carboxyfluorescein [FAM]-TCC CCC ATT CTC AGA ATG TAA GAC
ATT AGC-black hole quencher 1 [BHQ-1] [89]; for SFSV L, fwd, 5'-TCT GAG AAC TGA GCT ACA AGT GTT
TAT TA-3', rev, 5'-TTC CCA TCT CTC TTC TGA AGA GTG-3', probe, FAM-AGG TCA TAG ACA GTA TCA TGA
GAA TTG CTA GGT G-BHQ-1 [4]; for RVFV S, fwd, 5’-TGC CAC GAG TYA GAG CCA-3’, rev, 5'-GTG GGT CCG
AGA GTY TGC-3’, probe, FAM-TCC TTC TCC CAG TCA GCC CCA C-BHQ-1 [89]). Fold induction was
calculated according to the threshold cycle (AAC;) method using 18S rRNA as a housekeeping gene.

RNA from transfected cells was subjected to DNase | digestion (Fermentas), and NSs transcripts were
amplified via OneStep RT-PCR (Qiagen) according to the manufacturer’s instructions (for SFSV NSs, fwd,
5'-ATA TGG ATC CAT GAA CAG CCA GTA CAT GTT-3/, rev, 5'-GAC ACT CGA GTC AAA AGT CAG AGT CAG
ACG-3'; for PTV-A NSs, fwd, 5'-GAG AGG ATC CAT GTC CAA CAT AAA CTATTATG-3/, rev, 5'-GAC ACT CGA
GTT ATA TGT CTT GAT TTA GCA TTG-3'). Amplification products were run on 1.5% agarose gels and
visualized with ethidium bromide.

Immunoblot analysis. Protein samples were run on 12% acrylamide gels and transferred to
polyvinylidene fluoride (PVDF) membranes (Millipore) via semidry blotting. After blocking in Tris-buffered
saline (TBS) with 5% bovine serum albumin (BSA) or milk powder, primary antibody staining was
performed for 1h at room temperature or overnight at 4°C. Membranes were washed in TBS-0.1%
Tween 20, stained with secondary antibodies for 45 min, and washed again in TBS-0.1% Tween 20 and
once in TBS. Finally, membranes were developed with a SuperSignal West Femto kit (Pierce) and bands
visualized using a ChemiDoc imaging system (Bio-Rad).

Primary antibodies were as follows: RIG-I (ag-20b-0009; AdipoGen) (1:1,000), MAVS (ALX-210-929;
Alexis) (1:1,000), TBK1 (IMG-139A; Imgenex) (1:1,000), PKR (610764; BD Transduction Laboratories)
(1:1,000), IRF3 (sc-9082; Santa Cruz) (1:500), p62 (ab55199; Abcam) (1:2,000), GFP (3h9; Chromotek)
(1:2,000), FLAG (F3165; Sigma) (1:2,000), p-IRF3 (catalog no. 4947; Cell Signaling) (1:1,000), tubulin
(ab6046; Abcam) (1:2,500), SFSV N (mouse immune ascites fluid, provided by WRCEVA) (1:1,000), and
RVFV N (rabbit hyperimmune serum, provided by Alenjandro Brun) (1:1,000). Secondary antibodies
comprised anti-mouse (0031430 1892913; Thermo Fisher), anti-rabbit (0031460 1892914; Thermo Fisher),
and anti-rat (712-036-150; Jackson Immuno Research) antibodies or were substituted by protein A
horseradish peroxidase (HRP) conjugate (18-160; Millipore) (1:10,000).

Dual-luciferase assay. HEK293 cells seeded into 96-well plates (1.5 X 10* per well) were transfected
the following day with firefly and Renilla luciferase reporter constructs (40 ng each), as well as expression
constructs for MAVS (10 ng) and NSs proteins or the control protein AMx (0.1 ng, 1 ng, and 10 ng) via the
use of TransIT-LT1 (Mirus Bio LLC). The total plasmid DNA amounts were adjusted to equal levels with
empty vector pl.18. Cells were processed 24 h after transfection, and luciferase activities were measured
with a dual-luciferase reporter assay system (Promega) according to the manufacturer’'s recommenda-
tions. Firefly luciferase activities were normalized to those of Renilla luciferase, and the stimulated control
samples were set to 100% within each biological replicate. Means and standard deviations (SD) were
calculated across the indicated number of biological replicate data sets.

Proteomics. As described previously (35, 53), approximately 2 X 108 HEK293T cells were infected
with the recombinant RVFV strain expressing TAP-tagged SFSV NSs (rZH548ANSs:NSsSFSV-CTAP) at an
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MOI of 5. The cells were washed with and scraped off in prechilled PBS at 16 h postinfection (hpi). The
cell pellet was snap-frozen in liquid nitrogen, lysed in TAP buffer (50 mM Tris-HCI [pH 7.5], 100 mM NaCl,
0.2% NP-40, 5% glycerol) supplemented with protease and phosphatase inhibitors, snap-frozen again,
and stored at —80°C until further processing. TAP purification was performed by sequential pulldowns
using streptavidin agarose and HA-agarose beads. Bound protein complexes were eventually eluted in
Laemmli buffer and subjected to one-dimensional SDS-PAGE prior to trypsin digestion and peptide
analysis by liquid chromatography-tandem mass spectrometry (LC-MS/MS), which was described in detail
elsewhere (53).

Coimmunoprecipitation. HEK293 cells (2.5 X 10° per 10-cm-diameter dish) were transfected with
expression plasmids (4 ug each) via the calcium phosphate method. Cells were washed twice in PBS the
following day and lysed in prechilled lysis buffer (50 mM Tris-HCl [pH 7.0], 150 mM NaCl, 1%
IGEPAL-630) freshly supplemented with protease (Roche) (complete, EDTA-free) and phosphatase
inhibitors (Phosphatase Inhibitor Cocktail set Il; Calbiochem). Finally, cell debris was removed by
centrifugation (10,000 X g, 10 min, 4°C), and the supernatants were used for further processing.

For immunoprecipitation via the use of GFP, supernatants were applied to prewashed wells of a
GFP-multiTrap (Chromotek) and incubated at 4°C for 60 to 90 min under conditions of mild shaking. Wells
were washed extensively with lysis buffer and bound proteins eluted for 20 min with preheated Laemmli
buffer under conditions of strong agitation. For immunoprecipitation via the use of FLAG, magnetic
beads (143-21D; Invitrogen) were covalently coupled with FLAG M2 antibody (F3165; Sigma) overnight
and processed according to the manufacturer's recommendations. Lysates were then added to the
coupled beads followed by incubation under conditions of rotation at 4°C for 4 h. After extensive
washing, bound proteins were eluted by boiling in Laemmli buffer at 94°C for 5 min.

To map the binding region within IRF3, constructs comprising a T7 promoter, the open reading
frames (ORF) of the respective truncated IRF3 mutants fused to eGFP, a stop codon, and a poly(A) stretch
were assembled via PCR (primer sequences available on request) and purified via gel extraction (Omega
Bio-tek) and DNA precipitation. The respective proteins were then produced by coupled in vitro
transcription-translation using rabbit reticulocyte lysate (L4610; Promega) and added to lysate of HEK293
cells transiently expressing SFSV NSs. Immunoprecipitation via GFP was performed according to the
aforementioned protocol.

IRF3 dimerization assay. A549 cells infected with SFSV were lysed as described above and then
processed as described before (90). In brief, 10% native polyacrylamide gels were prerun at 25 mA for
30 min in native running buffer (25 mM Tris, 192 mM glycine, pH 8.3), with 1% deoxycholate added to the
cathode buffer. Samples were supplemented with native loading buffer (250 mM Tris-HCl [pH 6.8], 50%
glycerol, 1% deoxycholate, 0.5% bromophenol blue), run at 20 mA for the desired duration, and finally
transferred to PVDF membranes via semidry blotting.

Immunofluorescence assay. A549 cells were seeded onto glass coverslips (1 X 10° per 24 wells) 1
day prior to infection at an MOI of 1. The cells were washed with PBS at 12 hpi and fixed overnight in
PBS-4% paraformaldehyde (PFA) at 4°C. The coverslips were then washed with PBS, and the cells were
permeabilized with PBS-0.1% Triton X-100, washed again, and blocked in PBS-1% FCS. Staining with
primary antibodies diluted in blocking buffer (IRF3 FL-425, 1:200; SFSV, 1:2,500) was performed for 1 h in
a humid chamber. Afterward, the coverslips were washed with PBS and incubated with secondary
antibodies (Alexa Fluor 488 donkey anti-mouse [A21202] and Alexa Fluor 647 donkey anti-rabbit
[A31573]; Thermo Fisher Scientific) (both 1:500) and 4',6-diamidino-2-phenylindole (DAPI) (0.1 wg/ml) for
45 min in a humid chamber. Samples were washed again in PBS, rinsed in demineralized water, and
mounted on microscopic slides using FluorSave reagent (Calbiochem). Confocal microscopy was per-
formed using a Leica SP5 microscope and the accompanying software.

Promoter binding assay. Biotinylated DNA covering the IRF3-responsive positive regulatory do-
mains within the human IFN-B promoter and the downstream sequence as a linker (GenBank accession
no. EF064725.1) was ordered as complementary single DNA strands (sense, 5'-GAC ATA GGA AAA CTG
AAA GGG AGA AGT GAA AGT GGG AAA TTC CTC TGA ATA GAG AGA GGA CCA TCT CAT ATA AAT AGG
CCA TAC CCA TGG AGA AAG GAC ATT-biotin-3’; antisense, 5'-AAT GTC CTT TCT CCA TGG GTA TGG CCT
ATT TAT ATG AGA TGG TCC TCT CTC TAT TCA GAG GAA TTT CCC ACT TTC ACT TCT CCC TTT CAG TTT
TCC TAT GTC-3’) and subsequently annealed by initial denaturation at 95°C for 5 min, followed by slow
cooling (1°C/min) to room temperature (91). The double-stranded biotinylated oligonucleotide (10 pmol
per sample) was bound to streptavidin-coated magnetic beads (Dynabeads M-280 streptavidin; Invitro-
gen) (25 ul per sample) according to the manufacturer’s instructions. HEK293 cells seeded into 6 wells
(2.5 X 10° per well) were transfected with plasmids coding for eGFP-IRF3 or for eGFP (250 ng), MAVS
(500 ng), 3XFLAG-tagged SFSV NSs, or AMx (25, 250, or 500 ng) and empty vector (to adjust plasmid
amounts) via the use of TransIT-LT1 and lysed in the presence of protease and phosphatase inhibitors as
described above. Lysates were then incubated with 250 pmol of the corresponding untagged IFN-g
promoter oligonucleotide or 250 pmol of scrambled control oligonucleotide (sense, 5'-TTA CAG GAA
AGA GGT ACC CAT ACC GGA TAA ATA TAC TCT ACC AGG AGA GAG ATA AGT CTC CTT AAA GGG TGA AAG
TGA AGA GGG AAA GTC AAA AGG ATA CAG-3'; antisense, 5'-CTG TAT CCT TTT GAC TTT CCC TCT TCA
CTT TCA CCC TTT AAG GAG ACT TAT CTC TCT CCT GGT AGA GTA TAT TTA TCC GGT ATG GGT ACC TCT
TTC CTG TAA-3') or were left untreated. After addition of oligonucleotide-coupled magnetic beads,
samples were incubated under conditions of rotation for 90 min. The beads were washed four times in
lysis buffer prior to elution of bound proteins in Laemmli buffer at 94°C for 5min and analysis via
SDS-PAGE and Western blotting.
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to inhibit interferon signaling and upregulation of interferon-

stimulated genes
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Abstract

Phleboviruses (order Bunyavirales, family Phenuiviridae) are globally emerging arboviruses with a wide spectrum of viru-
lence. Sandfly fever Sicilian virus (SFSV) is one of the most ubiquitous members of the genus Phlebovirus and associ-
ated with a self-limited, incapacitating febrile disease in travellers and military troops. The phleboviral NSs protein is
an established virulence factor, acting as antagonist of the antiviral interferon (IFN) system. Consistently, we previously
reported that SFSV NSs targets the induction of IFN mRNA synthesis by specifically binding to the DNA-binding domain of
the IFN transcription factor IRF3. Here, we further characterized the effect of SFSV and its NSs towards IFN induction, and
evaluated its potential to affect the downstream IFN-stimulated signalling and the subsequent transactivation of antiviral
interferon-stimulated genes (ISGs). We found that SFSV dampened, but did not entirely abolish type | and type Il IFN induc-
tion. Furthermore, SFSV NSs did not affect IFN signalling, resulting in substantial ISG expression in infected cells. Hence,
although SFSV targets IRF3 to reduce IFN induction, it is not capable of entirely disarming the IFN system in the presence
of high basal IRF3 and/or IRF7 levels, and we speculate that this significantly contributes to its low level of virulence.

INTRODUCTION

Phleboviruses (order Bunyavirales, family Phenuiviridae,
genus Phlebovirus) are gobally emerging arboviruses that
cover a broad range of virulence [1-3]. The disease spec-
trum among well-known members ranges from seasonal,
self-limited febrile disease (sandfly fever Sicilian virus
(SESV), Punta Toro virus (PTV)), via fever complicated by
meningitis and encephalitis (Toscana virus, TOSV) to acute
hepatitis, encephalitis, ocular complications, or haemor-
rhagic fever (Rift Valley fever virus, RVFV) [1-3]. While
some novel virulent members were isolated from clinically
apparent patients [4, 5], the majority of novel phleboviruses
is curently identified by vector screening and subsequent
sequence analysis, leaving their disease potential only
partially explored or entirely elusive [6-10].

Historically, an outbreak of an incapacitating febrile
disease accompanied by sudden onset generalized myalgia,
headaches, malaise, ocular and gastrointestinal symptoms,
termed ‘sandfly fever’, 3day fever’, ‘pappataci fever’, or
dog disease’ during the Sicilian invasion of World War II
led to the first isolation of SFSV from infected soldiers
[11, 12]. SESV is also one of the most widespread phlebo-
virus, with its endemic area ranging from Portugal across
the Mediterranean basin to as far east as Bangladesh, and
south to Somalia, and seroprevalence levels reaching up
to 50% in humans and around 80% in domestic animals
[5,13-17]. Consequently, SESV continues to cause disease
in immunologically naive groups such as deployed mili-
tary personnel and travellers [18-22]. Furthermore,
several SFSV-like viruses were recently identified, such
as sandfly fever Turkey, Dashli, Toros and Zerdali viruses
(4,23, 24].
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Phleboviruses contain a tri-segmented, mainly negative-
sense single-stranded RNA genome. While the large (L) and
the medium (M) segment encode the viral RNA-dependent
RNA polymerase and the glycoproteins, respectively, the
small (S) segment codes for the nucleocapsid protein N
that packages the genomic and antigenomic RNA into viral
nucleoprotein complexes [2]. Additionally, the M segment
encodes the non-structural protein NSm and the 78 kDa
protein, whereas the S segment contains the gene for the
NSs protein in an ambisense orientation. Phlebovirus repli-
cation takes place exclusively in the cytoplasm of the host
cell, where the viral RNA is sensed by pattern-recognition
receptor retinoic-acid inducible gene I (RIG-I) [25]. Upon
activation, RIG-I engages the adapter, mitochondrial anti-
viral signalling protein (MAVS), providing a platform for
the phosphorylation of interferon-regulatory factors IRF3
and IRF7 and culminating in the induction of type I and type
III interferons (IFN-a/p and IFN-A, respectively) [26, 27].
Secreted IFNs then stimulate their cognate receptors in a
para- and autocrine manner, which in turn mediates the
phosphorylation of the signal transducers and activators
of transcription 1 (STAT1) and STAT2. A complex of
STAT1, STAT2 and IRF9, so-called IFN-stimulated gene
factor 3 (ISGF3), transactivates an assortment of interferon-
stimulated genes (ISGs) to establish an antiviral state in the
cell [28]. The dynamin-like GTPase MxA and ubiquitin-like
protein ISG15 are examples of ISGs with anti-phleboviral
activity [29-31] and the protective effect of the IFN response
has been illustrated for several phleboviruses, including
SESV [29, 32-41]. With NSs, however, phleboviruses
express an IFN antagonist that can display a multitude of
strategies for curbing IFN induction [3, 42, 43]. Depending
on the virus, IFN antagonisms range from a global, general
block of host-gene expression to fine-adjusted targeting of
specific host factors. Mechanistically, some NSs proteins
are driving proteasomal degradation of target host factors,
whereas others engage in their stoichiometric binding and
sequestration [34, 44-48]. For SFSV NSs, we previously
reported that it acts as suppressor of type IFN induction
by obstructing the DNA-binding domain of the IFN tran-
scription factor IRF3 [47]. Thus, SESV employs a specific
rather than a global or destructive strategy as used by other,
more virulent phleboviruses. Here, given its stoichiometric
and highly IRF3-specific mechanism of action, we evaluated
the efficiency and breadth by which SESV is counteracting
the induction of different types of IFNs, and extended our
analyses to downstream events like IFN signalling and ISG
expression. Our results indicate that SESV NSs is a modu-
lator rather than a strong antagonist of IFN induction that is
exclusively acting on IRF3, implying a possible correlation
between the strength of a particular phleboviral NSs protein
and the associated virulence.

METHODS

Cells, viruses, infection, and plasmids

A549, BHK-21, HEK293, HepG2, Vero B4 and Vero E6 cells
were maintained in CCM34 medium (DMEM with addition

of 17.8 mgl™ L-alanine, 0.7 g I"! glycine, 75mgl™ L-glutamic
acid, 25mgl™ L-proline, 0.1 mgl™" biotin, 25 mgl™ hypox-
anthine, and 3.7g 1! sodium bicarbonate) supplemented
with 10% FCS, 2mM glutamine, 100 Uml™ penicillin, and
100 ug ml™* streptomycin.

The Sabin strain of SFSV was propagated in Vero B4 cells,
attenuated RVFV strains MP12 and clone 13 in BHK-21
cells. Virus titres were determined via plaque assay on Vero
E6 cells with Avicel overlay and crystal violet staining. Cell
lines and virus stocks were routinely tested for mycoplasma
contamination, and virus stocks were tested for the pres-
ence of defective interfering particles. For infection, A549
cells (1x10° per 24-well) were washed with sterile PBS and
inoculated with virus diluted to the respective multiplicity
of infection (MOI) in serum-free medium for 1h at 37°C,
after which the inoculate was replaced with fully supple-
mented medium. For super-stimulation or inhibition of IFN
signalling, cells were treated with 100 Uml™ of pan-species
IFN-a (B/D) (PBL Assay Science) [49], IFN-P (Betaferon,
Schering) or ruxolitinib (INCB018424, Selleckchem),
respectively, from 1h prior to infection until cell lysis.

Expression constructs encoding 3xFLAG-tagged NSs
of SFSV (GenBank EF201822.1), pl.18-NSsRVFV-
3xFLAGand pl.18-3xFLAG-AMx were described before
[45, 47]. Expression constructs for the NSs proteins of
TOSV prototype strain ISS.Phl.3 and SFTSV strain HB29
(GenBank X53794.1 and NC_018137.1, respectively) were
synthesized (BioCat and Eurofins Genomics) and subcloned
into pl.18. Luciferase reporter constructs p-125Luc [50]
and pGL3-Mx1P-Luc [51] were kindly provided by Takashi
Fujita and Georg Kochs, respectively. pRL-SV40 was
purchased from Promega.

Immunoblot analysis

Samples were run on 12% acrylamide gels using the Tris-
glycine buffer system and transferred to polyvinylidene
fluoride (PVDF) membranes (Millipore) via semidry blot-
ting. Membranes were blocked in TBS containing 5% BSA
or milk powder, stained with primary antibody for 1h at
room temperature or overnight at 4 °C, washed in TBS/0.1%
Tween-20, stained with secondary antibodies for 45 min,
washed again in TBS/0.1% Tween-20 and once in TBS, and
finally developed with SuperSignal West Femto kit (Pierce).
Bands were detected using a ChemiDoc Imaging System
(Bio-Rad) or a Sapphire Biomolecular Imager (Azure
Biosystems).

Primary antibodies comprised: ISG15 (ab36765, Abcam,
1:500), MxA (Sigma, MABF938, 1:1000), RIG-I (ag-20b-
0009, AdipoGen, 1:1000), RVFV N (rabbit hyperimmune
serum, provided by Alenjandro Brun, 1:1000), SESV N
(mouse immune ascites fluid, provided by WRCEVA,
1:1000), p-STAT1(Y701) (7649, Cell Signalling, 1:1000),
STAT1 (610186, BD Transduction Laboratories, 1:1000),
p-STAT2(Y690) (88410, Cell Signalling, 1:1000), STAT2
(610188, BD Transduction Laboratories, 1:1000), tubulin
(ab6046, Abcam, 1:2500). Secondary antibodies were
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Fig. 1. ISG expression and IFN signalling under SFSV infection. (a) A549 cells were infected with SFSV, MP12 or clone 13 (MOl 1) and
harvested 12 hpi. Lysates were analysed by immunoblot for ISG levels and phosphorylation of STAT1 and STAT2 (n=3). (b) Matching RNA
samples were subjected to quantitative RT-PCR for IFNBT, 1ISGs DDX58 (encoding RIG-1), ISG15, and MX1, as well as viral L segments (n=3,
mean+SD). Please note that, for immunoblotting, antisera with very different signal-to-noise ratio were being used (mouse ascites fluid
vs rabbit serum), not permitting any quantitative comparisons between the viral N signals.

anti-mouse (0031430 1892913) and anti-rabbit (0031460
1892914, both Thermo Fisher).

Human IFN-A1/3 ELISA

Supernatants of infected A549 cells were diluted 1:5 in
medium and subjected to human IFN-lambda 1/3 DuoSet
ELISA (DY1598B, R and D Systems) according to the manu-
facturer’s specifications.

Reverse transcriptase (RT)-PCR

RNA was isolated using the RNeasy Mini Kit (Qiagen) and
then subjected to DNase I digest and cDNA synthesis using
PrimeScript RT reagent Kit with gDNA Eraser (TaKaRa)
as recommended by the manufacturers. Host transcripts
were detected with SYBR Premix Ex Taq (Tli RNaseH Plus)
(TaKaRa) and QuantiTect primers (DDX58: QT00040509;
IFNBI: QT00203763; IFNLI: QT01033564; IFNL2/3:
QT00222488; IRF3: QT00012866; IRF5: QT00210595, IRF7:
QT00210595; ISG15: QT00072814; MX1: QT00090895;
RRN18S: QT00199367, Qiagen). Premix Ex Taq (Probe
qPCR) (TaKaRa) was used to detect viral RNA with previ-
ously published primers and probes for the SESV and RVFV
L segments (SESV L: fwd 5'-TCT GAG AAC TGA GCT
ACA AGT GTT TAT TA-3', rev 5'-TTC CCA TCT CTC
TTC TGA AGA GTG-3', probe 6-FAM-AGG TCA TAG
ACA GTA TCA TGA GAA TTG CTA GGT G-BHQ-1 [4];

SESV S, fwd, 5-TGC ACT CAT CCA AGC TAT GTG-3/,
rev, 5'-GAG GGC TAC AAA CAA GGG ATC-3, probe,
FAM-TCC CCC ATT CTC AGA ATG TAA GAC ATT
AGC-BHQ-1 [52]; RVFV L: fwd 5-TGA AAA TTC CTG
AGA CAC ATG G-3/, rev 5'-ACT TCC TTG CAT CAT
CTG ATG-3', probe 6-FAM-CAA TGT AAG GGG CCT
GTG TGG ACT TGT G-BHQ-1 [53]). 18S rRNA was used
as housekeeping gene to calculate fold induction according
to the AAC, method.

Dual luciferase assay

HEK?293 cells seeded into 96-well plates (1.5x10* per well)
were transfected using TransIT-LT1 (Mirus Bio LLC).
Transfection mixes included the indicated firefly and
Renilla luciferase reporter constructs (40 ng each), as well
as NSs proteins or the control protein AMx (0.1ng, 1ng
and 10ng), and were filled up to equal plasmid amounts
with empty vector pI.18. For stimulation of IFN induction,
an expression plasmid for MAVS was added to the trans-
fection mix (50 ng). Gene expression was allowed for 24 h.
Subsequently, cells were either harvested or stimulated with
IFN-f or IFN-a B/D (100 Uml™) for 24 h. Cell lysis and
determination of luciferase activities were performed using
the Dual Luciferase Reporter Assay System (Promega) and
a LB 942 TriStar’> multimode reader (Berthold Technolo-
gies). Firefly luciferase activities were normalized to those
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Fig. 2. IFN signalling and ISG induction under ectopic SFSV NSs expression. (a—c) HEK293 cells were co-transfected with indicated
reporter constructs and increasing doses (0.1ng, 1.0ng, 10.0ng) of expression plasmids for 3xFLAG-tagged NSs or negative control
(CTRL). IFN induction or signalling was stimulated by concomitant overexpression of MAVS (a, b) or addition of 1001Uml™" IFN-8 12h
after transfection (c). Lysates were interrogated for IFN induction (IFNBT promoter, a) or IFN-dependent ISG induction (Mx7 promoter, b,
c) 24 h after stimulation (n=3, mean+SD). The respective stimulant is coloured in red.

of Renilla luciferase and the stimulated control samples set
to 100% within each biological replicate. Finally, mean and
SD values were calculated across the indicated number of
biological replicate datasets.

siRNA-mediated knockdown and infection

A549 cells (1x10° per 24-well) were subjected to reverse
transfection via Lipofectamine RNAiMax (Life Technolo-
gies) according to the manufacturer’s recommendations.
siRNA (all from Qiagen) comprised control siRNA
(1027280), siIRF3 (1027416), silRF5 (1027416), silRF7
(1027416) or a pool of four custom-designed siRNA oligo-
nucleotides targeting SESV NSs (siNSs1 5-TTG GGT CTT
AGT GAT GAG CAT-3', siNSs2 5'-AAG GGA TCA GCT
AAT GTC TTA-3', siNSs3 5-TAC AAT AAA TTT CAC
ACT CAT-3', siNSs4 5'- AAG GCT CTT AGC TGG CCA
CTA-3") [47].

RESULTS

SFSV infection induces IFN signaling and ISG
expression despite inhibition of type | IFN induction

SESV NSs inhibits induction of the IFNBI promoter by
masking the DNA-binding activity of IRF3 [47]. Nonethe-
less, the ISG RIG-I is upregulated under infection with
parental SFSV or with a recombinant chimeric RVFV
expressing SFSV NSs (rZH548ANSs::NSsSFSV) [47]. To
test whether this was specific to RIG-I or whether ISGs
are spared by NSs in general, we interrogated the protein
and mRNA levels of two other ISGs, namely ISG15 and
MxA [28]. As expected, both these ISGs were strongly
upregulated by RVFV strain clone 13, which possesses a
large deletion within the NSs gene and is thus a strong
IFN and ISG inducer [32], whereas the RVFV strain
MP12, harbouring a fully functional NSs, activated them
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only marginally (Fig. 1a). Infection with SESV, however,
also resulted in elevated levels of RIG-I, MxA, and ISG15
proteins (Fig. 1a). With respect to mRNAs, SESV infec-
tion caused intermediate activation of the ISG15 gene and
strong upregulation of MX1 and DDX58 (RIG-I), although
only negligible levels of IFNBI mRNAs were induced
(Fig. 1b). MX1 is a conserved and strictly IFN-dependent
ISG [54]. We therefore assessed the phosphorylation levels
of transcription factors STAT1 and STAT?2 as proxy for
IFN signalling. Indeed, ISG induction under SFSV infec-
tion was accompanied by phosphorylation of both STAT1
and STAT2 (Fig. 1a). Additionally, STAT1 (and STAT?2),
which are also ISGs [28], were elevated on both transcript
and protein levels under SFSV infection (Figs la and Sla,
available in the online version of this article), consistent
with their inducibility by IFNs. For STAT1 phosphoryla-
tion, we also performed a time course and show that it is
detectable already at four hpi and steadily increases until
12 hpi (Fig. S1b).

Of note, pre-treatment with IFN-a prior to infection could
not further enhance STAT phosphorylation or ISG expression
(fold increase <2, Fig. S2 and data not shown), suggesting
that SFSV infection alone already results in maximal ISG
induction.

We wondered about the trigger of the IFN signalling and
ISG upregulation that occur despite the inhibition of
IFN induction by SFSV NSs. One possibility could be the
contamination of virus stocks with high amounts of bioac-
tive type III IFNS, as it had been reported previously for

hantaviruses [55]. However, inactivation of viral stocks with
B-propiolactone, which does not affect IFN bioactivity [56],
abolished SFSV replication as expected, but also IFN and
ISG induction (Fig. S3 and data not shown). Similarly, when
we subjected viral stocks to ultrafiltration, the ISG-inducing
activity was retained together with the viral particles by the
filter membrane (data not shown). Thus, SESV itself appears
to stimulate the observed IFN signalling.

SFSV NSs does not affect IFN signaling or ISG
induction

To dissect the impact of SFSV NSs on IEN induction vs.
IFN signalling, we tested ectopically expressed SFSV NSs
in luciferase reporter assays. Different promoters and
inducers were combined in three experimental set-ups
to distinguish the ability of SFSV NSs to block (i) Ifnbl
promoter induction (Fig. 2a), (ii) indirect Mx1 promoter
stimulation by induced IFN (Fig. 2b), or (iii) direct MxI
promoter activation (Fig. 2c). For Ifnbl and indirect Mx1
promoter stimulation, we concomitantly overexpressed the
RIG-I adaptor MAVS, as described before [47], whereas
direct ISG induction was stimulated by the addition of
IFN-B to the medium. Along with SESV NSs and RVFV
NSs, we employed the NSs of the related severe fever
with thrombocytopenia syndrome virus (SFTSV, recently
reclassified as Dabie bandavirus [57]) as a well-established
specific antagonist of both IFN induction and signalling
[58-62]. As expected, ectopic SESV NSs was able to effi-
ciently inhibit Ifnb1 promoter induction by MAVS (Fig. 2a).



Wuerth and Weber, Journal of General Virology 2021;102:001676

(a) IRF3 IRF7

160 100 o

120 I ’I’

lallallalaff, 2
- = % g° o 25
[l CLEmll® o le o

IS
o
% expression

% expression

LLET

0

S+ - -+ -+ -+ -+

++ - -+ +

SiIRF3 - + - + - + - + - + - + silRF3
SiIRF7 - - + + - - + 4+ - - + + silRF7 - - + + - -
mock SFSV  clone 13 mock

SFSV  clone 13

(b) IFNB1 IFNL1 IFNL2/3
800 100 600 100 250
78 00 100
S 600 ° 62 S 450
g 400 I 7 g 300 FL £ 0 100 B
2 100 2 . g | o 3 10 78 5 7 50
o T £
T2 95 000 487 2 ﬁ F010 0000 2123 xSOoooonuG °ﬁ
o Ble o, o A& . o & o
SIRF3 - 4 - + - + - + - + - + SIRF3 - + - + - + - + - + - + SIRF3 - + - + - + - + - + - +
SiIRF7 - - + + - - + + - - + + SiIRF7 - - + + - = + + - - + + SiIRF7 - - + 4+ - - + + - - + +
mock SFSV  clone 13 mock SFSV  clone 13 mock SFSV  clone 13

Fig. 4. IFN and ISG induction under IRF knockdown. A549 cells were subjected to reverse transfection with control siRNA or siRNA pools
targeting IRF3 and IRF7 alone or in combination. After 24 h, cells were infected with SFSV (MQI 1) for 12h and subsequently analysed
for transcript levels of (a) IRF3 and IRF7 and (b) type | and lll IFN (n=3, mean+SD). Expression and induction levels were normalized to
cells treated with control siRNA and infected with SFSV, and the latter set to 100%. Data labels represent the percent of IFN induction
normalized to the control siRNA condition of the respective virus group.

In contrast, when the reporter under control of the Mx]I
promoter was employed to measure ISG stimulation by
MAVS (i.e. indirectly via secreted IFN), SEFSV NSs was less
efficient and only inhibitory when given at the highest dose
(Fig. 2b). Finally, SESV NSs completely failed to interfere
when MxI promoter activity was stimulated with ectopic
IFN- (Fig. 2¢) or IFN-a (data not shown). Thus, SFSV NSs
can affect IFN induction, but not IFN signalling.

SFSV NSs also modulates type Il IFN induction

We found that also the type III IFNs IFNLI and IFNL2/3 were
moderately induced by SFSV in A549 cells on the transcrip-
tional level, and low amounts of secreted IFN-A1 and -A3 could
be detected in cell culture supernatants (Fig. 3a). Moreover,
siRNA experiments revealed that the suppression of IFN induc-
tion was mediated by NSs (Fig. 3b). Thus, the ISG expression
in response to SFSV is most likely due to active infection and
reflects a failure of SFSV NSs to fully abrogate type I and III
IFN production.

SFSV NSs fails to sufficiently control IRF-mediated
IFN induction

SESV NSs might be only a weak IFN induction antagonist
due to incomplete sequestration of the cellular IRF3 pool, its
inability to target IRF7 [47], or a combination thereof. To test
these possibilities, we knocked down either IRF3, IRF7, or both
with specific siRNA pools prior to SFSV and clone 13 infection
(Fig. 4a). The knockdown of IRF3 alone partially decreased
IENBI, IFNLI, and IFNL2/3 mRNA levels in both clone 13- and

SESV-infected cells (Fig. 4b), suggesting that IRF3 participated
in IFN induction in response to SESV. The knockdown of IRF7
alone resulted in an even stronger reduction of IFN transcripts
in the case of SFSV, whereas for clone 13 the effect was compa-
rable to the one of the IRF3-targeting siRNA. This implies that
IFN induction under SFSV relied more on IRF7. Finally, the
simultaneous knockdown of both IRFs had an additive effect
for both viruses, but again for SFSV it led to a stronger reduc-
tion of IFN transcripts. Thus, both IRF3 and IRF7 appeared to
be responsible for IFN type I and III induction during SFSV
infection.

ISG expression in infected cells depends on IFN
signaling

While IRF3 is constitutively expressed and not regulated by IFN,
IRF7 is an ISG itself with only low basic levels in most cell types.
Upon IFN signalling, IRF7 is rapidly upregulated on the tran-
scriptional and translational levels, activated along with IRF3,
and thereby amplifies IFN induction [28, 63-65] (Fig. 5a). To
further differentiate between basally expressed and IFN-induced
IRF7, we compared IRFE, IFN, and ISG induction under treat-
ment with the JAK1/2 inhibitor ruxolitinib that blocks signalling
by IFNs and other cytokines [66]. As expected, ruxolitinib left
IRF3 levels unaffected but blocked the upregulation of IRF7
(Fig. 5b) and MX1 (Fig. 5c and data not shown). Similarly,
ruxolitinib further decreased the already low inductions of
IFNBI, IFNLI, and IFNL2/3 in SFSV-infected cells, whereas it
had no or only a partially reducing effect on the IFN transcripts
in clone 13-infected cells. Finally, ISG15 expression remained
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at baseline level under simultaneous ruxolitinib treatment and
SFSV infection, whereas it was readily induced by clone 13
also when JAK-dependent signalling was inhibited. Hence, the
IRF7-mediated positive feedback loop via secreted IFNs and
perhaps other cytokines seems to be critical for the IFN and ISG
inductions that are observed in SFSV-infected cells.

DISCUSSION

Phleboviruses cover a wide spectrum of virulence. As the
majority of novel phleboviruses are currently identified by
screening of putative arthropod vectors, their potential to
cause disease in humans is mostly unknown.

The importance of the IFN system in the outcome of phlebo-
virus infection has been illustrated in animal models of infec-
tion by (a) the increased susceptibility of IFN-deficient mice,
(b) the protective effect of prophylactic and early therapeutic
application of type I IFNs, and (c) the association of an early
type I IFN response with survival (see introduction). A major
part of the antiviral activity is thereby mediated by ISGs acting
on at multiple levels of the viral replication cycle [28]. To date,
a systematic analysis of ISGs for anti-phleboviral activity is
lacking. Nevertheless, a small set of ISGs has been shown to
restrict the replication of RVFV [3, 43]. Similar to RVFV, SESV
is restricted by both overexpression of MxA and ectopic type I
IFN if present during early stages of the viral replication cycle
[30, 33]. Accordingly, phleboviruses have evolved a number of

strategies to counteract IFN induction. Well established exam-
ples are the NSs proteins of virulent RVFV and TOSV that
promote proteasomal degradation of host factors, either by
recruiting the host ubiquitination machinery to target proteins
or by NSs acting as ubiquitin ligase itself, respectively [45, 48].
In contrast, NSs of the only mildly virulent SESV acts by stoi-
chiometric interaction with IRF-3. In a similar manner, NSs
of the related, highly virulent SFTSV bandavirus sequesters
multiple factors of the IFN induction pathway into inclusion
bodies, whereas NSs of the apathogenic Uukuniemi virus
(UUKV) is a weak IFN antagonist [59-62, 67]. It has been
discussed that the IFN-antagonistic activity of an NSs protein
may correlate with the virulence of the respective phlebovirus
[3,43, 62], and that novel phleboviruses (or their NSs proteins)
are more habitually tested for inhibition of IFN induction.
Interestingly, NSs proteins of the virulent tick-borne banda-
viruses also specifically target IFN signalling, whereas UUKV
NSs does not [62]. This may suggest that, besides differences
in breadth and speed of host factor inactivation, antagonism
of both IFN induction and IFN signalling is required for high
virulence. To our knowledge, such a comparative analysis has
not been reported yet for phleboviruses - probably due to the
fact that RVFV NSs blunts host gene expression and is there-
fore expected to abrogate IFN signalling and ISG induction.
Here, we thus characterized the antagonistic capacity of mildly
pathogenic SFSV towards IFN signalling and ISG induction in
comparison with RVFV.
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As reported previously for IFNBI [47], the induction of
type III IFNs was dampened but not abrogated by SFSV
NSs. IFN signalling was clearly activated in response to
SESV infection, and ISGs were induced on both the tran-
script and protein levels. IFN signalling upon addition of
ectopic IFN did not increase ISG expression further and
was inhibited neither by SFSV infection nor by NSs over-
expression, in agreement with the observation that NSs
did not interact with STAT1 or STAT2 (data not shown)
and the absence of any IFN signalling factors from the
NSs interactome [68, 69]. Interestingly, IFN and subse-
quent ISG induction were driven predominantly by IRF7,
consistent with the failure of SFSV NSs to target IRF7 in
our previous study [68]. In addition to IRF7, a role for IRF5
has been implied in IFN induction and a mouse model for
Oropouche and LaCrosse orthobunyavirus infection [70].
Similar to IRF7, IRF5 is not targeted by SESV NSs [47].
However, unlike what we observed for IRF7, knockdown
of IRF5 did not lead to any reduction in IFN or ISG levels
in our experimental system (data not shown). In summary,
the IFN-antagonistic activity of SFSV NSs is limited to
and thereby relying entirely on its ability to modulate
IRF3-driven IFNBI induction. Given that NSs needs to be
produced freshly in infected cells and that already incoming
viral genome segments can activate innate sensing [25],
SESV NSs appears to be a rather weak and ineflicient IFN
antagonist. All taken together, we propose the following
model for SFSV infection: although type I and III IFN
induction are down-modulated by NSs-mediated IRF3
sequestration, they cannot be sufficiently abrogated due
to an (initial) excess of IRF3 over newly generated NSs.
Secretion of small amounts of first-wave IFN-f and IFN-A
then triggers IFN signalling, unhindered by NSs, and the
transcriptional and translational upregulation of IRF7. The
latter, again unaffected by SESV NSs, further amplifies the
IFN and ISG response in the infected cells, resulting in
substantial ISG induction. Of note, we recently found that
SESV NSs, in order to evade restriction by the powerful ISG
product PKR, interacts with the translation initiation factor
2B (eIF2B), resulting in enhanced cap-dependent transla-
tion [69]. While ensuring the synthesis of viral proteins, this
probably also augments the production of IFNs and ISGs
within infected cells. Thereby, IFN from SFSV-infected cells
can not only establish an antiviral state in bystander cells,
but also in cells already infected.

Unfortunately, no small animal model is available to study
SESV infection [12]. However, early reports firmly estab-
lished the self-limited nature of the febrile disease caused
by SESV in men [11, 12] and it is conceivable that, when
spreading in a mammalian organism, the virus quickly
encounters cells with high IRF levels. Accordingly, while
targeting IRF3 might allow the virus a head start, consider-
able IFN induction through the IRF7-dependent positive
feedback loop and possibly also by professional cell types
with intrinsically high IRF7 levels can quickly limit viral
spread. Hence, it is tempting to speculate that the failure of
SESV NSs to sufficiently blunt IFN induction and to affect

IFN signalling significantly contributes to its limited viru-
lence in mammalian hosts. While additional factors such as
polymerase efficiency and receptor tropism, both of which
remain unexplored in the case of SFSV, are contributing to
virulence, studies using recombinant chimeric phlebovi-
ruses support a lead role of SFSV NSs in virulence: when
replacing RVFV NSs with other NSs genes, the substitu-
tion with SFSV NSs conferred substantial attenuation in
the mouse model and the chimeric virus has even been
suggested as vaccine candidate for RVFV [46, 71].

Together with the mentioned studies using the phlebo-like
bandaviruses in cells or chimeric phleboviruses in the
mouse model, our data now provides further evidence that
the ability of a particular NSs to interfere with both IFN
induction and signalling are required for high virulence.
Therefore, we propose that, rather than testing only for IFN
induction, both IFN induction and signalling should be
taken into considerationwhen rating the potential virulence
of a novel phlebo- or bandavirus.

Funding information

Work in the authors’ laboratory was supported by the Deutsche
Forschungsgemeinschaft (DFG; German Research Foundation) (project
number 197785619-SFB 1021), the Bundesministerium flr Bildung
und Forschung (Infect- ERA, grant 'ESCential’), and the Swedish
Research Council (VR; no. 2018-05766).

Acknowledgements

We are grateful to Besim Berisha for excellent technical assistance
and Andreas Schoen for helpful discussion. We are indebted to Patricia
Aguilar and Robert Tesh from the World Reference Centre for Emerging
Viruses and Arboviruses (WRCEVA) for kindly providing the Sabin strain
of SFSV along with mouse immune ascites fluid. Luciferase reporter
constructs and antibodies were kindly provided by Takashi Fujita and
Georg Kochs.

Author contributions
J.D.W., performed the experiments, FW., supervised the study. J.D.W.
and FW., wrote the manuscript.

Conflicts of interest
The authors declare that there are no conflicts of interest.

References
1. Alkan C, Bichaud L, de Lamballerie X, Alten B, Gould EA, et al.
Sandfly-borne phleboviruses of Eurasia and Africa: epidemiology,
genetic diversity, geographic range, control measures. Antiviral Res
2013;100:54-74.

2. Elliott RM, Brennan B. Emerging phleboviruses. Curr Opin Virol
2014;5:50-57.

3. Wuerth JD, Weber F. Phleboviruses and the type | interferon
response. Viruses 2016;8.

4. Carhan A, Uyar Y, Ozkaya E, Ertek M, Dobler G, et al. Characteriza-
tion of a sandfly fever Sicilian virus isolated during a sandfly fever
epidemic in Turkey. J Clin Virol 2010;48:264-269.

5. Ergunay K, Ayhan N, Charrel RN. Novel and emergent sandfly-
borne phleboviruses in Asia Minor: A systematic review. Rev Med
Virol 2017;27.

6. Ayhan N, Velo E, de Lamballerie X, Kota M, Kadriaj P, et al. Detec-
tion of Leishmania infantum and a novel phlebovirus (balkan
virus) from sand flies in Albania. Vector Borne Zoonotic Dis
2016;16:802-806.

7. Marklewitz M, Dutari LC, Paraskevopoulou S, Page RA, Loaiza JR,
et al. Diverse novel phleboviruses in sandflies from the Panama
Canal area, central Panama. J Gen Virol 2019;100:938-949.



Wuerth and Weber, Journal of General Virology 2021;102:001676

20.

21.

22.

23.

24,

25.

26.

27.

28.

Marklewitz M, Tchouassi DP, Hieke C, Heyde V, Torto B, et al.
Insights into the evolutionary origin of Mediterranean sandfly fever
viruses. mSphere 2020;5.

Ohlendorf V, Marklewitz M, Kopp A, Yordanov S, Drosten C, et al.
Huge diversity of phleboviruses in ticks from Strandja Nature Park,
Bulgaria. Ticks Tick Borne Dis 2019;10:697-703.

Papa A, Velo E, Bino S. A novel phlebovirus in Albanian sandflies.
Clin Microbiol Infect 2011;17:585-587.

. Bartelloni PJ, Tesh RB. Clinical and serologic responses of volun-

teers infected with phlebotomus fever virus (Sicilian type. Am J
Trop Med Hyg 1976;25:456-462.

Sabin AB. Experimental studies on Phlebotomus (pappataci,
sandfly) fever during World War Il. Arch Gesamte Virusforsch
1951;4:367-410.

Alwassouf S, Christodoulou V, Bichaud L, Ntais P, Mazeris A, et al.
Seroprevalence of sandfly-borne phleboviruses belonging to three
serocomplexes (Sandfly fever Naples, Sandfly fever Sicilian and
Salehabad) in dogs from Greece and cyprus using neutralization
test. PLoS Negl Trop Dis 2016;10:e0005063.

Ayhan N, Sherifi K, Taraku A, Berxholi K, Charrel RN. High rates
of neutralizing antibodies to toscana and sandfly fever sicilian
viruses in Livestock, Kosovo. Emerg Infect Dis 2017;23:989-992.

Eitrem R, Stylianou M, Niklasson B. High prevalence rates of anti-
body to three sandfly fever viruses (Sicilian, Naples, and Toscana)
among Cypriots. Epidemiol Infect 1991;107:685-691.

Sakhria S, Alwassouf S, Fares W, Bichaud L, Dachraoui K, et al.
Presence of sandfly-borne phleboviruses of two antigenic
complexes (Sandfly fever Naples virus and Sandfly fever Sicilian
virus) in two different bio-geographical regions of Tunisia demon-
strated by a microneutralisation-based seroprevalence study in
dogs. Parasit Vectors 2014,7:476.

Tesh RB, Saidi S, Gajdamovic SJ, Rodhain F, Vesenjak-Hirjan J.
Serological studies on the epidemiology of sandfly fever in the Old
World. Bull World Health Organ 1976;54:663-674.

Eitrem R, Vene S, Niklasson B. Incidence of sand fly fever among
Swedish United Nations soldiers on Cyprus during 1985. Am J Trop
Med Hyg 1990;43:207-211.

Eitrem R, Niklasson B, Weiland 0. Sandfly fever among Swedish
tourists. Scand J Infect Dis 1991;23:451-457.

Kniha E, Obwaller AG, Dobler G, Poeppl W, Mooseder G, et al. Phle-
bovirus seroprevalence in Austrian Army personnel returning
from missions abroad. Parasit Vectors 2019;12:416.

Papa A, Konstantinou G, Pavlidou V, Antoniadis A. Sandfly fever
virus outbreak in Cyprus. Clin Microbiol Infect 2006;12:192-194.

Shiraly R, Khosravi A, Farahangiz S. Seroprevalence of sandfly
fever virus infection in military personnel on the western border of
Iran. J Infect Public Health 2017;10:59-63.

Alkan C, Erisoz Kasap O, Alten B, Lamballerie de, Charrel RN.
Sandfly-Borne Phlebovirus Isolations from Turkey: New Insight
into the Sandfly fever Sicilian and Sandfly fever Naples Species.
PLoS Negl Trop Dis 2016;10:¢0004519.

Alkan C, Moin Vaziri V, Ayhan N, Badakhshan M, Bichaud L, et al.
Isolation and sequencing of Dashli virus, a novel sicilian-like virus
in sandflies from Iran; Genetic and phylogenetic evidence for the
creation of one novel species within the phlebovirus genus in the
Phenuiviridae family. PLoS Negl Trop Dis 2017;11:e0005978.

Weber M, Gawanbacht A, Habjan M, Rang A, Borner C, et al.
Incoming RNA virus nucleocapsids containing a 5'-triphosphoryl-
ated genome activate RIG-I and antiviral signaling. Cell Host Microbe
2013;13:336-346.

Liu G, Gack MU. Distinct and orchestrated functions of RNA sensors
in innate immunity. Immunity 2020;53:26-42.

Yoneyama M, Onomoto K, Jogi M, Akaboshi T, Fujita T. Viral
RNA detection by RIG-I-like receptors. Curr Opin Immunol
2015;32:48-53.

Schoggins JW. Interferon-stimulated genes: what do they all do?
Annu Rev Virol 2019;6:567-584.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

4b,

45,

46.

47.

do Valle TZ, Billecocq A, Guillemot L, Alberts R, Gommet C, et al. A
new mouse model reveals a critical role for host innate immunity
in resistance to Rift Valley fever. J Immunol 2010;185:6146-6156.

Frese M, Kochs G, Feldmann H, Hertkorn C, Haller O. Inhibition
of bunyaviruses, phleboviruses, and hantaviruses by human MxA
protein. J Virol 1996;70:915-923.

Sandrock M, Frese M, Haller O, Kochs G. Interferon-induced
rat Mx proteins confer resistance to Rift Valley fever virus
and other arthropod-borne viruses. J Interferon Cytokine Res
2001;21:663-668.

Bouloy M, Janzen C, Vialat P, Khun H, Pavlovic J, et al. Genetic
evidence for an interferon-antagonistic function of Rift Valley fever
virus nonstructural protein NSs. J Virol 2001;75:1371-1377.

Crance JM, Gratier D, Guimet J, Jouan A. Inhibition of sandfly
fever Sicilian virus (Phlebovirus) replication in vitro by antiviral
compounds. Res Virol 1997;148:353-365.

Habjan M, Pichlmair A, Elliott RM, Overby AK, Glatter T, et al. NSs
protein of Rift Valley fever virus induces the specific degradation
of the double-stranded RNA-dependent protein kinase. J Virol
2009;83:4365-4375.

Kende M. Prophylactic and therapeutic efficacy of poly(l,C)-LC
against Rift Valley fever virus infection in mice. J Biol Response Mod
1985;4:503-511.

Liu Y, Wu B, Paessler S, Walker DH, Tesh RB, et al. The patho-
genesis of severe fever with thrombocytopenia syndrome virus
infection in alpha/beta interferon knockout mice: insights into the
pathologic mechanisms of a new viral hemorrhagic fever. J Virol
2014,88:1781-1786.

Mendenhall M, Wong MH, Skirpstunas R, Morrey JD, Gowen BB.
Punta Toro virus (Bunyaviridae, Phlebovirus) infection in mice:
strain differences in pathogenesis and host interferon response.
Virology 2009;395:143-151.

Morrill JC, Jennings GB, Cosgriff TM, Gibbs PH, Peters CJ. Preven-
tion of Rift Valley fever in rhesus monkeys with interferon-alpha.
Rev Infect Dis 1989;11:5815-5825.

Morrill JC, Jennings GB, Johnson AJ, Cosgriff TM, Gibbs PH, et al.
Pathogenesis of Rift Valley fever in rhesus monkeys: role of inter-
feron response. Arch Virol 1990;110:195-212.

Peters CJ, Reynolds JA, Slone TW, Jones DE, Stephen EL. Prophy-
laxis of Rift Valley fever with antiviral drugs, immune serum, an
interferon inducer, and a macrophage activator. Antiviral Res
1986,6:285-297.

Sidwell RW, Huffman JH, Smee DF, Gilbert J, Gessaman A, et al.
Potential role of immunomodulators for treatment of phlebovirus
infections of animals. Ann N Y Acad Sci 1992;653:344-355.

Eifan S, Schnettler E, Dietrich I, Kohl A, Blomstrom AL. Non-
structural proteins of arthropod-borne bunyaviruses: roles and
functions. Viruses 2013;5:2447-2468.

Ly HJ, Ikegami T. Rift Valley fever virus NSs protein functions
and the similarity to other bunyavirus NSs proteins. Virol J
2016;13:118.

lkegami T, Narayanan K, Won S, Kamitani W, Peters CJ, et al.
Rift Valley fever virus NSs protein promotes post-transcriptional
downregulation of protein kinase PKR and inhibits elF2alpha phos-
phorylation. PLoS Pathog 2009;5:e1000287.

Kainulainen M, Habjan M, Hubel P, Busch L, Lau S, et al. Virulence
factor NSs of rift valley fever virus recruits the F-box protein FBX03
to degrade subunit p62 of general transcription factor TFIIH. J Virol
2014,88:3464-3473.

Lihoradova OA, Indran SV, Kalveram B, Lokugamage N, Head JA,
et al. Characterization of Rift Valley fever virus MP-12 strain encoding
NSs of Punta Toro virus or sandfly fever Sicilian virus. PLoS Negl Trop
Dis 2013;7:€2181.

Wuerth JD, Habjan M, Wulle J, Superti-Furga G, Pichlmair A, et al.
NSs Protein of Sandfly Fever Sicilian Phlebovirus Counteracts
Interferon (IFN) Induction by Masking the DNA-Binding Domain of
IFN Regulatory Factor 3. J Virol 2018;92:23.



Wuerth and Weber, Journal of General Virology 2021;102:001676

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Gori Savellini G, Anichini G, Gandolfo C, Prathyumnan S, Cusi MG.
Toscana virus non-structural protein NSS acts as E3 ubiquitin
ligase promoting rig-i degradation. PLoS Pathog 2019;15:e1008186.

Horisberger MA, de Staritzky K. A recombinant human interferon-
alpha B/D hybrid with a broad host-range. J Gen Virol 1987;68:945-948.

Yoneyama M, Suhara W, Fukuhara Y, Fukuda M, Nishida E, et al.
Direct triggering of the type | interferon system by virus infection:
activation of a transcription factor complex containing IRF-3 and
CBP/p300. EMBO J 1998;17:1087-1095.

Kochs G, Garcia-Sastre A, Martinez-Sobrido L. Multiple anti-
interferon actions of the influenza A virus NS1 protein. J Virol
2007;81:7011-7021.

Weidmann M, Sanchez-Seco MP, Sall AA, Ly PO, Thiongane Y, et al.
Rapid detection of important human pathogenic Phleboviruses. J
Clin Virol 2008;41:138-142.

Bird BH, Bawiec DA, Ksiazek TG, Shoemaker TR, Nichol ST. Highly
sensitive and broadly reactive quantitative reverse transcription-
PCR assay for high-throughput detection of Rift Valley fever virus.
J Clin Microbiol 2007;45:3506-3513.

Holzer M, Schoen A, Wulle J, Muller MA, Drosten C, et al. Virus-
and interferon alpha-induced transcriptomes of cells from the
microbat Myotis daubentonii. iScience 2019;19:647-661.

Prescott J, Hall P, Acuna-Retamar M, Ye C, Wathelet MG, et al. New
World hantaviruses activate IFNlambda production in type I IFN-
deficient vero E6 cells. PLoS One 2010;5:e11159.

Kuri T, Habjan M, Penski N, Weber F. Species-independent bioassay
for sensitive quantification of antiviral type | interferons. Virol J
2010;7:50.

International Committee on Taxonomy of Viruses. Virus Taxonomy:
2019 Release; 2019. https://talk.ictvonline.org/taxonomy/

Chaudhary V, Zhang S, Yuen KS, Li C, Lui PY, et al. Suppres-
sion of type | and type Il IFN signalling by NSs protein of
severe fever with thrombocytopenia syndrome virus through
inhibition of STAT1 phosphorylation and activation. J Gen Virol
2015;96:3204-3211.

Ning YJ, Wang M, Deng M, Shen S, Liu W, et al. Viral suppression
of innate immunity via spatial isolation of TBK1/IKKepsilon from
mitochondrial antiviral platform. J Mol Cell Biol 2014;6:324-337.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Qu B, Qi X, Wu X, Liang M, Li C, et al. Suppression of the interferon
and NF-kappaB responses by severe fever with thrombocytopenia
syndrome virus. J Virol 2012;86:8388-8401.

Santiago FW, Covaleda LM, Sanchez-Aparicio MT, Silvas JA,
Diaz-Vizarreta AC, et al. Hijacking of RIG-I signaling proteins into
virus-induced cytoplasmic structures correlates with the inhibition
of type | interferon responses. J Virol 2014;88:4572-4585.

Rezelj VV, Li P, Chaudhary V, Elliott RM, Jin DY, et al. Differential
antagonism of human innate immune responses by tick-borne
phlebovirus nonstructural proteins. mSphere 2017;2.

Ning S, Pagano JS, Barber GN. IRF7: activation, regulation, modifi-
cation and function. Genes Immun 2011;12:399-414.

Marie |, Durbin JE, Levy DE. Differential viral induction of distinct
interferon-alpha genes by positive feedback through interferon
regulatory factor-7. EMBO J 1998;17:6660-6669.

Sato M, Hata N, Asagiri M, Nakaya T, Taniguchi T, et al. Positive
feedback regulation of type | IFN genes by the IFN-inducible tran-
scription factor IRF-7. FEBS Lett 1998;441:106-110.

Stewart CE, Randall RE, Adamson CS. Inhibitors of the inter-
feron response enhance virus replication in vitro. PLOS ONE
2014;9:e112014.

Wu X, Qi X, Qu B, Zhang Z, Liang M, et al. Evasion of antiviral immu-
nity through sequestering of TBK1/IKKepsilon/IRF3 into viral
inclusion bodies. J Virol 2014;88:3067-3076.

Pichlmair A, Kandasamy K, Alvisi G, Mulhern O, Sacco R, et al. Viral
immune modulators perturb the human molecular network by
common and unique strategies. Nature 2012;487:486—-490.

Wuerth JD, Habjan M, Kainulainen M, Berisha B, Bertheloot D, et al.
elF2B as a target for viral evasion of PKR-Mediated Translation
Inhibition. mBio 2020;11.

Proenca-Modena JL, Hyde JL, Sesti-Costa R, Lucas T, Pinto AK,
et al. Interferon-Regulatory Factor 5-dependent signaling restricts
orthobunyavirus dissemination to the central nervous System. J
Virol 2016;90:189-205.

Nishiyama S, Slack OA, Lokugamage N, Hill TE, Juelich TL, et al.
Attenuation of pathogenic Rift Valley fever virus strain through the

chimeric S-segment encoding sandfly fever phlebovirus NSs or a
dominant-negative PKR. Virulence 2016;7:871-881.

Five reasons to publish your next article with a Microbiology Society journal

1. The Microbiology Society is a not-for-profit organization.
2. We offer fast and rigorous peer review — average time to first decision is 4—6 weeks.
3. Our journals have a global readership with subscriptions held in research institutions around

the world.

4. 80% of our authors rate our submission process as ‘excellent’ or ‘very good".
5. Your article will be published on an interactive journal platform with advanced metrics.

Find out more and submit your article at microbiologyresearch.org.


https://talk.ictvonline.org/taxonomy/

STAT1 SFSV

12.0
10.0
8.0
6.0
4.0
2.0
0.0

fold over mock

M s e e STATL

S e s W @ tubulin

Supporting Fig. 1: STAT1 expression and phosphorylation under infection

a Samples of Fig. 1b were analysed via RT-gPCR with primers for STAT1 (n = 2, mean + SD). b A549 cells were infected with
SFSV (MOI 1), harvested at the indicated time points, and analysed by immunoblotting for STAT1 phosphorylation and
total STAT1 levels as described for Fig. 1a.
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A549 cells were pre-treated with 100 IU/ml pan-species IFN-o (B/D) for 1 h, subsequently infected with SFSV (MOI 1) or
mock-treated, and IFN or mock treatment was continued until harvesting for RT-qPCR analysis 12 hpi (n = 3, mean % SD).
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ABSTRACT RNA-activated protein kinase (PKR) is a major innate immune factor
that senses viral double-stranded RNA (dsRNA) and phosphorylates eukaryotic
initiation factor (elF) 2a. Phosphorylation of the « subunit converts the elF2aBy
complex into a stoichiometric inhibitor of eukaryotic initiation factor elF2B, thus
halting mRNA translation. To escape this protein synthesis shutoff, viruses have
evolved countermechanisms such as dsRNA sequestration, elF-independent trans-
lation by an internal ribosome binding site, degradation of PKR, or dephosphory-
lation of PKR or of phospho-elF2a. Here, we report that sandfly fever Sicilian
phlebovirus (SFSV) confers such a resistance without interfering with PKR activa-
tion or elF2a phosphorylation. Rather, SFSV expresses a nonstructural protein
termed NSs that strongly binds to elF2B. Although NSs still allows phospho-
elF2a binding to elF2B, protein synthesis and virus replication are unhindered.
Hence, SFSV encodes a unique PKR antagonist that acts by rendering elF2B resis-
tant to the inhibitory action of bound phospho-elF2a.

IMPORTANCE RNA-activated protein kinase (PKR) is one of the most powerful antivi-
ral defense factors of the mammalian host. PKR acts by phosphorylating mRNA
translation initiation factor elF2q«, thereby converting it from a cofactor to an inhibi-
tor of mRNA translation that strongly binds to initiation factor elF2B. To sustain syn-
thesis of their proteins, viruses are known to counteract this on the level of PKR or
elF2a or by circumventing initiation factor-dependent translation altogether. Here,
we report a different PKR escape strategy executed by sandfly fever Sicilian virus
(SFSV), a member of the increasingly important group of phleboviruses. We found
that the nonstructural protein NSs of SFSV binds to elF2B and protects it from inacti-
vation by PKR-generated phospho-elF2a. Protein synthesis is hence maintained and
the virus can replicate despite ongoing full-fledged PKR signaling in the infected
cells. Thus, SFSV has evolved a unique strategy to escape the powerful antiviral PKR.

KEYWORDS PKR, phospho-elF2¢, translation inhibition, integrated stress response,
viral PKR antagonist, elF2B, sandfly fever Sicilian phlebovirus, NSs protein

rotein kinase R (PKR) is a major host defense factor against viruses that acts by
inhibiting mRNA translation (1). PKR senses viral double-stranded RNA (dsRNA) and
phosphorylates Ser51 of the a subunit of eukaryotic initiation factor (elF) 2. The
heterotrimeric elF2aBy complex is a GTPase pivotal for initiation of mRNA translation.
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In its GTP-bound form, the elF2aBy complex loads initiator tRNAi-Met onto 40S
ribosome subunits. AUG recognition on the mRNA then stimulates GTP hydrolysis,
followed by elF2-GDP release and 60S subunit joining. elF2-GTP is then recycled by the
guanine nucleotide exchange factor elF2B. Phosphorylation by PKR, however, converts
elF2« from a substrate to a competitive inhibitor of elF2B, forcing elF2B into a so-called
nonproductive state that halts the translation of mRNAs. To sustain synthesis of their
proteins, viruses have therefore evolved escape mechanisms for the PKR-elF2« signal-
ing cascade, the so-called PKR antagonists. The strategies known so far involve seques-
tration of dsRNA, circumventing elFs by means of a special internal ribosome entry site
(IRES), PKR sequestration, inhibition of PKR phosphorylation, degradation of PKR, or
dephosphorylation of elF2«a (2, 3).

Members of the arthropod-transmitted genus Phlebovirus (order Bunyavirales, family
Phenuiviridae) are globally emerging pathogens with significant public health and
economic impacts (4). The long-known Rift Valley fever virus (RVFV) can cause enceph-
alitis or hemorrhagic fever in humans and abortion storms and high death rates in
ruminants (5). Human infection with the recently emerged severe fever with thrombo-
cytopenia syndrome virus in Asia or the related Heartland virus in North America lead
to multiorgan dysfunction with a high case fatality rate (6). Moreover, intermediately
virulent phleboviruses such as sandfly fever Sicilian virus (SFSV), Punta Toro virus (PTV),
or Toscana virus (TOSV) can cause an incapacitating febrile disease with sudden onset,
myalgia, headache, malaise, leukocytopenia, and ocular or gastrointestinal symptoms
that may (in the case of TOSV) develop into severe encephalitis (7). SFSV in particular,
originally isolated by Albert Sabin after an outbreak of so-called sandfly fever (or “dog
disease”) among Allied forces during the invasion of Sicily in 1943 (8), turned out to be
one the most widespread and prevalent phleboviruses. SFSV is found in a geographic
area from Portugal to India in Eurasia and to Somalia in Africa, with seroprevalences up
to 50% in humans and nearly 80% in domestic animals (9-12). While SFSV continues to
cause disease in immunologically naive soldiers deployed to areas of endemicity, it
becomes increasingly relevant also in travel medicine (9, 12-15). Despite their wide
geographical spread, the high risk for exposure, continuing case reports, and their
emerging nature, only little is known about SFSV and SFSV-like viruses at the molecular
level.

Phleboviruses possess a single-stranded trisegmented RNA genome. The large (L)
and medium (M) segments carry the genes for the viral polymerase L or multiple
nonstructural proteins and the glycoproteins Gn and Gg, respectively, in negative-sense
orientation. In contrast, the small (S) segment uses an antisense configuration to carry
the gene for the nonstructural protein NSs in addition to the one for the nucleocapsid
protein N.

Replication and transcription of the phlebovirus genome take place in the cyto-
plasm and can activate PKR (16, 17). For two phleboviruses, RVFV and TOSV, it was
previously shown that they express a nonstructural protein (NSs) that triggers protea-
somal degradation of PKR (16, 17). However, for the related human pathogen SFSV,
although it also encodes an NSs, there is no such PKR degradation, and it remained
unclear whether it can escape PKR at all (17, 18). Of note, the NSs proteins of different
phleboviruses show only little sequence conservation, which is reflected by the differ-
ences in their subcellular localization, host interactomes, and the molecular mecha-
nisms employed to perturb host cell responses (4). Here, we investigated whether and
how SFSV, one of the most widespread and prevalent phleboviruses, may be coping
with the PKR system. We show that its NSs confers PKR resistance by a unique strategy
that targets the downstream factor elF2B rather than PKR or phospho-elF2a.

RESULTS

PKR escape activity is a trait of several phleboviral NSs proteins. In a first set of
experiments addressing potential effects of SFSV NSs on PKR, we employed a recom-
binant RVFV (rRVFVANSs::SFSV NSs), in which the RVFV NSs gene was replaced by the
NSs of SFSV (19), along with recombinant wild-type (wt) RVFV and RVFV NSs deletion
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Phlebovirus NSs Protects elF2B from Phospho-elF2a
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FIG 1 SFSV NSs rescues PKR-sensitive virus replication. (a) Tripartite single-stranded RNA genomes of the virus panel used: wt rRVFV
(strain ZH548), natural NSs-deleted RVFV strain clone 13 (Cl13), and recombinant RVFVs expressing no NSs (rRVFVANSs) or the NSs genes
of SFSV, PTV-A, or PTV-B. (b and c) Replication of the viruses in the absence or presence of PKR. HeLa cells with a stable PKR knockdown
and PKR-expressing control cells (b) or doxycycline-induced HEK293 FLP-IN PKR or GFP cells (c) were infected at an MOI of 0.01, and viral
titers were determined 24 h later (n = 3, mean = SD). ****, P < 0.0001; ***, P < 0.001; **, P < 0.01; n.s., not significant, P > 0.05 (two-way
analysis of variance [ANOVA)]).

mutants as controls (Fig. 1a). Here, we also included rRVFV expressing NSs of the PTV
phlebovirus strains Adames (PTV-A; virulent) or Balliet (PTV-B; avirulent), but these
could not be followed up later due their transcription shutoff activity (see below).
The replicative capacity of the various RVFV recombinants was first compared in PKR
knockdown versus PKR-expressing control cell lines. As expected from the PKR-
destroying activity of RVFV NSs (17, 20), recombinant wild-type RVFV (rRVFV) grew to
similar titers in both cell lines, whereas recombinant (rRVFVANSs) or natural (RVFV clone
13) NSs deletion mutants exhibited reduced replication in control cells but reached
levels comparable to those of rRVFV in PKR knockdown cells (Fig. 1b). The NSs proteins
of SFSV as well as of PTV-A also enabled similar growth efficiencies in both cell lines,
whereas PTV-B NSs had no such activity. Of note, clone 13 and PTV-B are natural isolates
from febrile humans (21, 22), and the NSs protein of PTV-B (but not clone 13) retains
type-l interferon (IFN) antagonist function in murine cells (23). We also infected HEK293
FLP-IN cells in which the expression of PKR (or green fluorescent protein [GFP] as
control) was induced by doxycycline treatment. Also, both NSs-deficient control viruses
as well as the PTV-B NSs recombinant were highly and specifically sensitive to PKR,
whereas recombinants containing the NSs genes of SFSV or PTV-A showed only a minor
reduction in titers under conditions of PKR induction, similarly to recombinant wild-
type RVFV (Fig. 1c). Thus, PKR depletion and overexpression experiments suggest that
the NSs proteins of SFSV (and PTV-A) confer PKR resistance.

PKR escape activity that does not affect PKR signaling. We then investigated the
influence of the phleboviral NSs proteins on the PKR signaling pathway. Infection with
the recombinant viruses (Fig. 2a) confirmed that the NSs of RVFV, but not of SFSV or
PTV, reduces PKR levels (17, 18, 20). Consequently, autophosphorylated PKR, an indi-
cator of PKR activity, was undetectable in the presence of RVFV NSs. Curiously, however,
when cells were infected with viruses expressing SFSV or PTV NSs, phosphorylation of
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FIG 2 SFSV NSs affects neither PKR activation nor elF2a phosphorylation. (a) A549 cells were infected
with the recombinant RVFVs expressing the various NSs genes presented in Fig. 1 at an MOI of 1 and
harvested 8 hpi for immunoblot analysis (representative of 2 experiments). Staining of RVFV N served as
marker for viral infection common to all recombinant viruses. (b) A549 cells infected with SFSV or RVFV
strain MP12 (MOI 1) and harvested 12 hpi were analyzed by immunoblotting (representative of 5
experiments).

both PKR and its substrate elF2«a was upregulated similar to that in the NSs deletion
virus rRVFVANSs (Fig. 2a). Time course analyses showed that PKR and elF2a phosphor-
ylation persisted despite the presence of SFSV or PTV NSs (see Fig. S1 in the supple-
mental material). In line with this, parental SFSV also triggered PKR and elF2a phos-
phorylation, unlike the PKR-destroying RVFV (Fig. 2b). Thus, on one hand, the NSs
proteins of SFSV and PTV are required to counter the antiviral activity of PKR (Fig. 1),
indicating a PKR escape phenotype. On the other hand, however, these NSs proteins
seem to act in a manner that is different from that of prototypical PKR antagonists, as
they do not interfere with the PKR-elF2a phosphorylation axis.

SFSV NSs enhances elF2-dependent translation. Transfection of DNA plasmids is
known to activate PKR (24). Hence, we aimed to assess the impact of SFSV NSs on
cellular mRNA translation by using a transiently transfected luciferase reporter system.
PTV NSs could not be included in these and further experiments as it impairs general
host transcription (18) (data not shown). The luciferase reporter system encodes a
bicistronic mRNA in which translation of the upstream firefly luciferase open reading
frame (ORF) is canonically initiated from the 5’ cap (and hence requires elF2), whereas
translation of the downstream Renilla luciferase ORF is initiated from the cricket
paralysis virus IRES (IRESc,p,) that does not require any elFs (25). Cotransfection of SFSV
NSs with the bicistronic reporter construct amplified firefly luciferase activity, i.e.,
elF-dependent gene expression, in a dose-dependent manner (Fig. 3a), whereas it had
no detectable effect on elF-independent Renilla luciferase activity (Fig. 3b). Of note, the
boost of firefly luciferase activity was observable only for C-terminally epitope-tagged
NSs (SFSV NSs-3XFLAG), but not for the N-terminally tagged variant (3 XFLAG-SFSV
NSs) or the inert negative control (3XFLAG-AMX) (Fig. 3a). Both the C-terminally and the
N-terminally tagged NSs proteins were, however, expressed at comparable levels
(Fig. 3c) and exhibited the previously reported (19) inhibitory activity toward transcrip-
tional induction of type | interferon (see Fig. S2a and c). Consistent with the results from
the bicistronic luciferase assay, C-terminally tagged SFSV NSs also boosted an elF-
dependent SV40 luciferase reporter (Fig. S2b). Furthermore, puromycin labeling of de
novo synthesized proteins showed that mRNA translation was comparable to that in
noninfected cells during wt SFSV infection, whereas infection with the PKR-activating
NSs mutant clone 13 (Fig. S1) led to a shutdown of protein synthesis (Fig. 3d). Thus,
unlike other previously characterized viral PKR antagonists, SFSV NSs enables both viral
replication and canonical elF-dependent mRNA translation without blocking PKR acti-
vation or affecting the phosphorylation state of elF2a.
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FIG 3 Effect of SFSV NSs on mRNA translation. (a and b) Influence of SFSV NSs on a bicistronic reporter
system with an upstream canonical (i.e., elF-dependent) firefly luciferase ORF and a downstream Renilla
luciferase ORF initiated from the elF-independent IRES,,. HEK293 cells were transfected with the
bicistronic reporter plasmid and expression plasmids for SFSV NSs containing either a C- or N-terminal
3XFLAG tag (SFSV NSs-3XFLAG and 3XFLAG-NSs SFSV, respectively) or for an irrelevant negative
control (3XFLAG-AMx). Lysates were assayed for elF2-dependent firefly (Fluc) (a) and IRES-dependent
Renilla luciferase (Rluc) (b) activities (arbitrary units [AU]). Shown are data from 1 of 3 independent
experiments. Each of these was conducted with three technical (i.e., parallel) replicates. Bars show
means * SDs. ****, P=0.0001; ***, P < 0.001 (one-way ANOVA, corrected for multiple comparisons
using Dunnett test). For the Rluc data, none of the tests reached the significance level. (c) C- and
N-terminally tagged SFSV NSs (SFSV NSs-3XFLAG and 3XFLAG-NSs SFSV, respectively) were transiently
expressed in HEK293 cells, and expression levels were analyzed by immunoblotting (representative of
3 experiments). (d) A549 cells were infected with SFSV, MP12, or clone 13 (MOI, 1), and currently
translated proteins were labeled by the addition of puromycin 12 h postinfection, followed by
subsequent immunoblot analysis (representative of 4 experiments). Staining of viral N proteins served
as marker for infection. Data are representative and from 1 of 3 independent experiments each with 3
technical replicates (a and b), from 1 of 3 independent experiments (c), or from 1 of 4 independent
experiments (d).

SFSV NSs interacts with the elF2B complex. SFSV NSs seems to protect protein
synthesis by neutralizing antiviral PKR action downstream of elF2«. Ser51 phosphory-
lation of elF2« is known to convert the elF2aBy complex from a substrate into an
inhibitor of its guanine nucleotide exchange factor elF2B (26). Strikingly, our previous
mass spectrometry-based approach to map the host interactome of SFSV NSs returned
all five subunits of the elF2B complex as the highest scoring candidate interactors (see
Fig. S3) (27). To verify the interaction, we overexpressed the elF2B subunits from cDNA
plasmids together with C-terminally 3XFLAG-tagged SFSV NSs and performed immu-
noprecipitations for NSs or elF2B with antibodies to epitope tags. Immunoprecipitation
of FLAG-tagged NSs, but not the FLAG-tagged control protein (AMx), coprecipitated all
five elF2B subunits in a highly reproducible manner (Fig. 4a). Vice versa, when using an
expression construct for epitope-tagged elF2Be-mCitrine-hemagglutinin (HA), we were
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FIG 4 Interaction of SFSV NSs with the elF2B complex. Coimmunoprecipitation experiments. HEK293 cells were transiently transfected
with expression plasmids for all elF2B subunits as well as 3XFLAG-tagged SFSV NSs variants or the unrelated control 3XFLAG-AMx.
Proteins in the cell lysates were precipitated via specific tags and analyzed by immunoblotting with the indicated antibodies. (a)
Overexpression of elF2B subunits along with C-terminally 3XFLAG-tagged NSs (SFSV NSs-3XFLAG). Immunoprecipitation was performed
with anti-FLAG antibody. (b) mCitrine-HA-tagged elF2Be (elF2Be-mCitrine-HA) was expressed along with elF2B subunits «, B, v, and & as
well as SFSV NSs-3XFLAG. Untagged elF2Be served as control for unspecific binding. The elF2B complex was precipitated using an
mCitrine-binding matrix. (c) Overexpression of untagged elF2B subunits along with C- or N-terminally 3XFLAG-tagged NSs (SFSV
NSs-3XFLAG and 3XFLAG-NSs SFSV, respectively). Immunoprecipitation was performed with anti-FLAG antibody. (d) Immunoprecipitated
proteins from the experiment shown in panel c after prolonged exposure. Shown data are representatives of 3 (a, ¢, and d) or 5 (b)

experiments. *, light chain of the IP antibody.
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able to pull down the entire elF2B complex via the mCitrine tag and also SFSV NSs
(Fig. 4b). As a specificity control, we expressed untagged elF2Be instead of elF2Be-
mCitrine-HA and observed no such precipitations, as expected. Furthermore, SFSV NSs
also enabled specific coprecipitation of endogenous elF2B from both A549 and HEK293
cells (Fig. S4a and data not shown), and superinfection with a PKR-activating NSs-
deficient RVFV did not affect its interaction with elF2B (Fig. S4b). Finally, only the
translation-rescuing SFSV NSs with the C-terminal FLAG tag (SFSV NSs-3XFLAG) but not
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FIG 5 SFSV NSs and established mechanisms of elF2B regulation. (a and b) Monitoring expression levels of elF2B
subunits in the presence of NSs. A549 cells were either infected with the indicated recombinant viruses (MOI, 1)
and lysed 16 hpi (a) or infected with parental viruses SFSV, RVFV MP12, and CI13 (MOI, 1) and lysed 12 hpi (b) and
analyzed by immunoblotting. Staining of viral N proteins served as marker for infection. *, leftover SFSV N signal,
for which the blot was probed before detecting elF2B beta. (c) Monitoring elF2B decamer formation. HEK293 cells
were infected with SFSV or NSs-deficient RVFV strain rRVFVANSs::Katushka (rRVFVANSs:Kat) or treated with ISRIB.
rRVFVANSs::Kat served as negative control for infection-induced but NSs-independent effects on elF2B stoichiom-
etry, whereas ISRIB was included as positive control for elF2B decamerization. Cell lysates were fractionated via 5%
to 20% sucrose gradients, and fractions were analyzed for a shift of elF2B subunits toward fractions of higher
density by immunoblotting. Shown data are representatives of 2 (a) or 3 (b and c) experiments.

the inactive N-terminally tagged version (3XFLAG-SFSV NSs) interacted with elF2B
(Fig. 4c and d). This result correlates with the functional data from the bicistronic
reporter system (Fig. 3), suggesting that SFSV NSs boosts elF-dependent translation and
enables PKR-sensitive virus replication by acting directly on elF2B.

Further attempts at identifying the elF2B subunit(s) targeted by SFSV NSs using
Far-Western blotting (employing cells that transiently expressed NSs-3XFLAG as bait
and individual, bacterially expressed nondenatured elF2B subunits as prey) did not
reveal any interaction (data not shown). Moreover, bacterially produced SFSV NSs lost
its ability to interact with cellular elF2B in coimmunoprecipitation experiments, pre-
cluding binding studies with NSs produced in an elF2B-free background (data not
shown).

Established mechanisms of cellular elF2B modulation are not applicable to
SFSV NSs. Phosphorylation of elF2« is not only mediated by PKR but also by other
kinases of the so-called integrated stress response (ISR) (28). Besides virus infection, the
ISR can also be activated by compounds such as arsenite. Due to its low cellular levels
and tight regulation, elF2B is considered the central hub of translation regulation by the
ISR (26). Cancer cells, for example, elevate elF2B expression to satisfy their demand for
increased protein synthesis (29). Moreover, the stabilization of the decameric form of
elF2B (consisting of two copies of each of the five subunits), a process facilitated by the
small molecule ISRIB (integrated stress response inhibitor), enables translation despite
the presence of phospho-elF2a (30-32). However, when testing for these mechanisms,
we did not find SFSV NSs to elevate elF2B levels under ectopic expression or infection
(Fig. 5a and b and data not shown). Moreover, after sucrose gradient ultracentrifugation
of cell lysates, a shift of elF2B6 and elF2Be toward high-density fractions that is
indicative of decamer formation was only detected for the ISRIB control and not for
NSs-expressing SFSV or the ISR-activating rRVFVANSs::Kat virus (Fig. 5c and data not
shown). Thus, despite strongly binding to elF2B, SFSV NSs seems not to act by any of
the established phospho-elF2a bypass mechanisms.

SFSV NSs does not interfere with binding of phospho-elF2« to elF2B. Compar-
ative cryo-electron microscopy (cryo-EM) analyses have recently elucidated that non-
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FIG 6 SFSV NSs allows binding of phospho-elF2a to elF2B. (a) Cofractionation experiments. HEK293 cells were transfected with expression
plasmids for SFSV NSs-3XFLAG or 3XFLAG-AMx (negative control) or left untransfected. Half of the cells was stimulated with arsenite to
induce elF2a phosphorylation prior to lysis (see Fig. S5 in the supplemental material for results with the unstimulated cells). Sucrose
gradient ultracentrifugation was performed, and fractions were analyzed by immunoblotting for phospho-elF2« with elF2B. *, gel artifact;
**, remaining signal for SFSV NSs-3XFLAG (lower band) from previous FLAG antibody staining due to incomplete stripping of the
anti-FLAG antibody. (b and c) Coprecipitation experiments. HEK293 cells were transfected with expression plasmids, treated with arsenite
to induce elF2a phosphorylation, and lysed, and protein complexes were precipitated via specific tags and analyzed by immunoblotting.
(b) elF2B pulldown. elF2Be-mCitrine, SFSV NSs, and AMx were expressed, and elF2B was precipitated via the mCitrine tag. *, cleavage or
partial degradation product of elF2Be. (c) NSs pulldown. SFSV NSs-Myc-SBP and eGFP-SBP were expressed, and NSs was precipitated via
the SBP tag. Shown data are representatives of 2 (a), 5 (b), or 3 (c) experiments.

phosphorylated and phosphorylated elF2 bind to distinct sites on elF2B (33-36).
Binding of nonphosphorylated elF2« triggers the so-called productive mode of elF2B in
which elF2-GTP is recycled and translation of mRNAs enabled. In contrast, phospho-
elF2a is structurally rearranged and consequently excluded from the productive bind-
ing site of elF2B. Instead, it associates with elF2B in a nonproductive binding mode,
through which access of nonphosphorylated elF2 to elF2B is blocked and hence elF2B
activity abrogated, halting translation. To test the influence of SFSV NSs on the binding
of phospho-elF2a to elF2B, we performed cofractionation as well as coimmunoprecipi-
tation experiments. In the cofractionation experiments, lysates from cells that were
treated with the ISR activator arsenite were separated by sucrose gradient ultracentrif-
ugation, and the fractions were analyzed by immunoblotting. In lysates from control
cells, the phospho-elF2a peak was found to overlap that for fractions containing
elF2Bg, suggesting complex formation (Fig. 6a and Fig. S5). However, expression of
SFSV NSs did not shift the phospho-elF2a peak toward lower-density fractions, as
would have been expected if it interfered with the binding of phospho-elF2« to elF2B.
Rather, phospho-elF2a was exclusively recovered in the fractions containing elF2Be,
similar to the situation in untransfected or control (AMx) transfected cells (Fig. 6a).
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For the coimmunoprecipitations, two different approaches were chosen. First, we
coexpressed the elF2Be-mCitrine-HA-containing elF2B complex with SFSV NSs, stimu-
lated elF2a phosphorylation with arsenite, and subsequently immunoprecipitated
elF2B via the mCitrine moiety. Phospho-elF2« specifically and reproducibly coprecipi-
tated with elF2B as expected (Fig. 6b). elF2a phosphorylation had no effect on the
amount of SFSV NSs binding to elF2B. Vice versa, the presence of SFSV NSs also did not
reduce the signal of coprecipitated phospho-elF2«. To further support these findings,
we directly investigated whether phospho-elF2« is attached to NSs-precipitated elF2B.
To this aim, we constructed an expression plasmid for NSs (NSs-Myc-streptavidin-
binding peptide [SBP]) that was C-terminally tagged with Myc (for immunoblot detec-
tion) and streptavidin-binding peptide (for precipitation with streptavidin-coated
beads). eGFP-SBP served as negative control. Cells were transfected with these cDNA
constructs, the ISR was stimulated with arsenite, and the lysates were subjected to
streptavidin-mediated precipitation. As observed previously with the NSs-3XFLAG
construct, NSs-Myc-SBP coprecipitated the endogenous elF2B (represented by the
elF2Be subunit), whereas eGFP-SBP did not (Fig. 6c). Importantly, endogenous
phospho-elF2« also specifically coprecipitated along with the NSs-elF2B complex,
demonstrating that NSs does not impede the binding of phospho-elF2« to elF2B. Thus,
the results from the fractionation and coprecipitation experiments argue for a model in
which SFSV NSs is binding to the elF2B-phospho-elF2 complex. Because, on the other
hand, SFSV NSs enables virus replication despite the presence of phospho-PKR and
phospho-elF2q, our data suggest that it renders elF2B resistant to inhibition by bound
phospho-elF2.

DISCUSSION

Phleboviruses are gaining increased attention as agents of emerging zoonoses (4, 7,
37). As RNA viruses infecting vertebrates, they have to cope with the broadly antiviral
PKR system, and the virulent phleboviruses RVFV and TOSV rapidly destroy PKR itself as
a countermeasure (17). SFSV, one of the most widespread phleboviruses, is a more
moderate pathogen and, as we show here, inhibits the PKR-mediated translation block
by targeting elF2B. All phleboviruses investigated so far also inhibit induction of the
antiviral interferons (IFN-a/pB) (7, 38, 39). Interestingly, virulent RVFV and TOSV do this
by NSs-mediated destruction of key host factors, whereas SFSV NSs obstructs the
DNA-binding domain of transcription factor IRF3, blocking its access to the IFN pro-
moter (19). Thus, there seems to be a correlation between the mode of NSs action
against host defenses (rapid and enzymatic versus slowly building up and stoichiomet-
ric) and the respective virulence level of the particular phlebovirus, observed not only
in humans but also in an outbred mouse model (23).

Viruses have evolved a plethora of measures to avoid translation inhibition by the
antiviral PKR system (Fig. 7a and b). The destruction of PKR by RVFV and TOSV NSs
proteins was mentioned above. At the upper end of the signaling chain, PKR-triggering
dsRNA is sequestered by the influenza A NS1 protein and the vaccinia virus E3L, among
others (40). dsRNA-induced PKR autophosphorylation is inhibited by the Kaposi’s
sarcoma herpesvirus vIRF2 (41), vaccinia virus K3L acts as a PKR pseudosubstrate (42),
and herpes simplex virus ICP34.5 recruits a protein phosphatase to revert elF2«
phosphorylation (43). Besides these examples, all viral strategies reported so far act on
the level of PKR, affect phosphorylation of its substrate elF2« (2, 3), or circumvent
elF-dependent translation with a special IRES that directly binds to the 40S ribosome
(25). Although, mechanistically, viruses may not necessarily target PKR itself, they
nonetheless neutralize its negative effect on viral replication by a variety of other
means, i.e., biologically, they encode a PKR escape activity. As shown by our knockdown
and overexpression experiments, the NSs of SFSV only offers a growth advantage when
PKR is present, i.e., phenotypically, it is a PKR antagonist. By targeting elF2B, however,
it employs a distinct and apparently novel PKR escape mechanism (Fig. 7c). There are
several modes of cellular elF2B regulation that can relieve the negative influence of
phosphorylated elF2«, most prominently, upregulation of elF2B subunits and elF2B
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FIG 7 PKR-mediated shutdown of translation and antagonistic strategies employed by viral proteins. (a) Shutdown of translation initiation
mediated by PKR: in response to recognition of double-stranded RNA (dsRNA), PKR phosphorylates elF2aSer51, resulting in nonproductive
binding of the latter to elF2B and, consequently, global inhibition of translation. Due to limiting concentrations of elF2B compared to that of
elF2, partial elF2a phosphorylation is sufficient to shutdown protein synthesis. (b) Previously reported viral strategies for PKR antagonism: viral
proteins (blue) sequester viral RNA or affect PKR levels (such as NSs proteins of phleboviruses RVFV and TOSV), PKR activation, or the
phosphorylation state of elF2a. (c) Mechanism used by SFSV NSs: while PKR activation, PKR phosphorylation, and elF2«a phosphorylation occur
in response to the virus infection and even the binding of p-elF2« to elF2B occurs, SFSV NSs enables cap-dependent translation by targeting
elF2B in a way that somehow neutralizes the nonproductive mode of elF2B imposed by p-elF2« binding.

decamerization, but none of these apply to SFSV NSs and NSs did not displace
phospho-elF2a from elF2B. Thus, NSs can enable elF2-dependent protein synthesis in
the presence of activated PKR by a novel mechanism that protects elF2B from the
nonproductive mode that is normally imposed by phospho-elF2a.

It remains to be shown where on the elF2B complex NSs is binding and how NSs
manages to force phospho-elF2-bound elF2B into the productive mode. One possibility
would be that SFSV NSs enables binding of phospho-elF2 to the productive site that is
normally occupied by nonphosphorylated elF2. However, since phospho-elF2 is excluded
from the productive binding site due to electrostatic repulsion by the elF2BS subunit (35),
this possibility appears unlikely. Alternatively, due to its complex architecture, elF2B offers
potential for manifold posttranslational modifications. For instance, Ser539 of the catalytic
elF2Be subunit is a regulatory site for enzymatic elF2B activity (44). Although we did not
observe differential elF2Be Ser539 phosphorylation in the presence of SFSV NSs when using
commercial antibodies (data not shown), other posttranslational modifications cannot be
ruled out. Moreover, in addition to its known binding sites for phosphorylated and
nonphosphorylated elF2, GDP, and GTP, elF2B possesses a significant amount of further
surface area without an assigned physiological function. It could thus be envisioned that
NSs acts as mimic of an as-yet-unidentified host protein with elF2B regulatory activity.
Further elucidation of the supercomplex of elF2B, phosphorylated elF2«, and SFSV NSs
might aid the ongoing efforts to understand the intricate regulation of elF2B.

MATERIALS AND METHODS

Cell culture. A549, BHK-21, HEK293, HEK293T, Vero B4, and Vero E6 cells were cultured in Dulbecco’s
minimal essential medium (DMEM) and CCM34 medium (DMEM with addition of 17.8 mg/liter L-alanine,
0.7 g/liter glycine, 75 mg/liter L-glutamic acid, 25 mg/liter L-proline, 0.1 mg/liter biotin, 25 mg/liter
hypoxanthine, and 3.7 g/liter sodium bicarbonate) supplemented with 10% fetal calf serum (FCS), 100
U/ml penicillin, and 100 wg/ml streptomycin. HeLa PKR knockdown and control cells, generated by stable
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transfection with the pSUPER vector encoding a short hairpin RNA against the PKR gene or with the
empty pSUPER, respectively (kindly obtained from Charles Samuel, UC Santa Barbara) (45), were
maintained in full DMEM or CCM34 additionally supplemented with 2 ug/ml puromycin. HEK293 FLP-IN
T Rex cells with inducible expression of PKR or GFP were as described previously (17) or obtained from
Ju-Tao Guo (Baruch S. Blumberg Institute) (46) and maintained in full DMEM or CCM34 medium
additionally supplemented with 50 wg/ml hygromycin and 5 ug/ml blasticidin, respectively. All cell lines
were routinely tested for mycoplasma contamination.

Viruses. Previously described recombinant RVFV strains rZH548, rZH548ANSs, rZH548ANSs:NSsSFSV,
rZH548ANSs:NSsPTV-A, rZH548ANSs::PTV-B, and rZH548ANSs::NSsSFSV-CTAP (17, 19, 47) were propa-
gated in Vero E6 cells under biosafely level 3 (BSL3) conditions. The prototype Sabin strain of SFSV was
obtained from the World Reference Center for Emerging Viruses and Arboviruses (WRCEVA) and
propagated in Vero B4 cells. rZH548ANSs::Katushka (48) was also propagated in Vero E6 cells, whereas
rZH548ANSs::Ren (49) as well as attenuated RVFV strains MP12 and clone 13 were propagated in BHK-21
cells. All viruses were titrated on Vero E6 cells under an overlay of 0.6% Avicel (FMC BioPolymer) (50), and
plaques were visualized via crystal violet staining. Virus stocks were routinely tested for mycoplasma
contamination.

For infection, viruses were diluted to the desired multiplicity of infection (MOI) in serum-free medium
and incubated with the cells for 1 h at 37°C, after which, the inoculate was replaced by full cell culture
medium.

Plasmids. Expression constructs for 3XFLAG-tagged NSs of RVFV and SFSV (GenBank EF201822.1) as
well as 3XFLAG-AMx were described previously (19, 51). C-terminally tagged SFSV NSs was generated by
amplification of the ORF with specific primers, of which, the reverse primer contained the 3XFLAG or
Myc-SBP tag sequence, restriction with BamHI and Xhol, and subsequent ligation-dependent cloning into
pl.18 (kindly provided by Jim Robertson, National Institute for Biological Standards and Control, Hert-
fordshire, UK) and pcDNA3.1 (Invitrogen). Coding sequences for elF2B subunits e/F2B7 (NG_015862.1),
elF2B2-B10 (NG_013333.1), elF2B3 (NG_015864.1), and elF2B4 (NG_009305.1) were amplified from
pDONR223 constructs (kindly provided by BIOSS Centre for Biological Signaling Studies, University of
Freiburg, Germany), inserted into pcDNA3.1/V5-His-TOPO via TA cloning, and finally subcloned into
pcDNA3 via the Hindlll and Notl restriction sites. The elF2B5 ORF (NM_003907.2) was amplified and
subcloned from pRevTRE2-hIF2Be-GFP (52) (kind gift of Dirk Gorlich, Max Planck Institute for Biophysical
Chemistry, Germany) and additionally supplemented with an mCitrine-HA cassette using the Notl and
Apal sites. Primer and insert sequences are available upon request. All expression constructs were
confirmed by Sanger sequencing with primers covering the respective inserts and multiple-cloning sites.

Translation reporter pFR_CrPV_xb, constructed by Philipp Sharp (53), was obtained from Addgene
(plasmid 11509). Subsequently, the HSV-TK promoter was replaced with an SV40 promoter by directional
cloning using the Bglll and Hindlll restriction sites. Firefly reporter construct p-125Luc was kindly donated
by Takashi Fujita (54); pGL3-Control and pRL-SV40 were purchased from Promega.

Replication assays. Hela cells were seeded into 6-well plates and infected with recombinant viruses
(MOI, 0.01). HEK293 FLP-IN T Rex cells were seeded into 6-well plates, induced with 2 uwg/ml doxycycline
(Sigma) for 24 h, and infected with recombinant viruses (MOI 0.01) under continuing induction. Culture
supernatants were harvested 24 h postinfection (hpi), and virus titers were determined by immuno-
plaque assay as follows: BHK-21 cells were infected with serial dilutions of cell culture supernatant and
incubated under an overlay of 0.6% Avicel (FMC BioPolymer) (50) for 24 h prior to fixation and
permeabilization. After staining with polyclonal mouse ascites fluid raised against recombinant RVFV N
(kindly provided by Michéle Bouloy, Institut Pasteur Paris, France) (55) and horseradish peroxidase
(HRP)-coupled secondary antibody, plaques were visualized using TrueBlue peroxidase substrate (KPL)
and titers were calculated.

Immunoblot analysis. Protein samples were run on 12% or 15% acrylamide gels and transferred to
polyvinylidene fluoride (PVDF) membranes (Millipore) via semidry blotting. After blocking in Tris-buffered
saline (TBS) with 5% bovine serum albumin (BSA) or milk powder, primary antibody staining was
performed for 1 h at room temperature or overnight at 4°C. Membranes were washed in TBS-0.1% Tween
20, stained with secondary antibodies for 45 min, and washed again in TBS-0.1% Tween 20 and once in
TBS. Finally, membranes were developed with a SuperSignal West Femto kit (Pierce), and bands were
visualized using a ChemiDoc imaging system and Image Lab software (Bio-Rad). For kinetic analysis after
infection with the recombinant virus panel, proteins were blotted onto nitrocellulose membranes
(Whatman Protran) and stained as described above, and bands were detected using an Odyssey imaging
system (LI-COR).

Primary antibodies were used as follows: B-actin (1:1,000, number [no.] 3700; Cell Signaling); elF2a
(1:1,000, no. 2103; Cell Signaling); phospho (p)-elF2« (1:500, no. 3597 [Cell Signaling] and 1:1,000, no. 44728G
[Invitrogen]); elF2Ba (sc-98323 [Santa Cruz Biotechnology] and 18010-1-AP [Proteintech], both 1:1,000);
elF2BB (1:1,000, sc-100729; Santa Cruz Biotechnology); elF2B+y (1:1,000, sc-137248; Santa Cruz Biotechnology);
elF2B& (1:500, sc-271795; Santa Cruz Biotechnology); elF2Be (1:1,000, sc-55558; Santa Cruz Biotechnology);
elF3A (1:1,000, no. 3411; Cell Signaling); FLAG M2 (1:2,000, F3165; Sigma); GFP (1:1,000, 3h9; Chromotek); HA
(1:1,000, no. 901515; BioLegend); Myc (1:1,000, M4439; Sigma); PKR (1:1,000, no. 610764; BD Transduction
Laboratories); p-PKR (1:1,000, ab32036; Abcam); puromycin (1:1,000, EQ0001; Kerafast); tubulin (1:2,500,
ab6046; Abcam); SFSV N (mouse immune ascites fluid, provided by WRCEVA, 1:1,000); RVFV N (rabbit
hyperimmune serum, kindly provided by Alenjandro Brun, 1:1,000). Secondary antibodies comprised anti-
mouse (0031430 and 1892913), anti-rabbit (0031460 and 1892914; both Thermo Fisher), and anti-rat (712-
036-150; Jackson ImmunoResearch) (all 1:20,000) antibodies, anti-mouse and anti-rabbit conjugated IRDyes
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(1:5,000, 610-130-121, 610-132-121, and 611-132-122; Rockland), or were replaced by TrueBlot (1:1,000,
18-8816-33 or 18-8817-33; Biomol).

Bicistronic translation and interferon reporter assay. HEK293 cells seeded into 96-well plates were
transfected the following day with a bicistronic firefly and Renilla luciferase reporter construct (40 ng) as
well as expression constructs for NSs proteins or the control protein AMx (0.1 ng, 1 ng, and 10 ng) via
TransIT-LT1. Total transfected DNA was adjusted to equal amounts with the empty vector pl.18. Cells
were processed 48 h after transfection, and luciferase activities were determined using the Dual
Luciferase Reporter Assay system (Promega) according to the manufacturer’s instructions and a LB 942
TriStar2 multimode reader (Berthold Technologies). Means and standard deviations (SDs) were calculated
from three technical replicates within each biological replicate.

For interferon reporter assays, cells were seeded and transfected as described above, using p125Luc
and pRL-SV40 as reporter plasmids (40 ng each). Luciferase activities were determined 24 h after
transfection, and means and SDs were calculated as described above.

Puromycin labeling. To monitor ongoing translation, medium was supplemented with 10 ng/ml
puromycin and incubated for a further 10 to 30 min at 37°C prior to harvesting (56). Incorporation of
puromycin was visualized via immunoblotting as described above.

Proteomics. As described previously (19, 27, 51), approximately 2 X 108 HEK293T cells were infected
with the recombinant RVFV strain expressing C-terminally TAP-tagged SFSV NSs (rZH548 ANSs::NSsSFSV-
CTAP) at an MOI of 5. The cells were washed with and scraped off in prechilled phosphate-buffered saline
(PBS) 16 h postinfection (hpi). The cell pellet was snap-frozen in liquid nitrogen, lysed in TAP buffer
(50 mM Tris-HCI [pH 7.5], 100 mM NaCl, 0.2% NP-40, 5% glycerol) supplemented with protease and
phosphatase inhibitors, snap-frozen again, and stored at —80°C until further processing. TAP purification
was performed by sequential pulldowns using streptavidin-agarose and HA-agarose beads. Bound
protein complexes were eventually eluted in Laemmli buffer and subjected to one-dimensional SDS-
PAGE prior to trypsin digestion and peptide analysis by liquid chromatography-tandem mass spectrom-
etry (LC-MS/MS), which was described in detail elsewhere (27). Network visualization of high-confidence
interactors was generated using STRING database (57).

Coimmunoprecipitation. HEK293 cells seeded into 10-cm dishes were transfected with expres-
sion plasmids (2 g each per elF2B subunit and NSs or control constructs) via the calcium phosphate
method (58) and lysed 16 to 24 h after transfection or after additional infection with rZH548ANSs::
Ren (MOI of 5, 5 hpi). A549 cells were transfected with 4 ug expression plasmids for SFSV NSs or AMx
using Lipofectamine 2000 (Thermo Fisher). Cells were scraped into PBS and lysed in prechilled lysis
buffer (50 mM Tris-HCI [pH 7.0], 150 mM NaCl, 1% IGEPAL-630, 1X protease inhibitor cocktail, 1X
phosphatase inhibitor cocktail). Cell debris was removed (10,000 X g, 10 min, 4°C), and supernatants
were used for further processing. For immunoprecipitation via FLAG or HA, FLAG M2 or HA
antibodies were coupled to magnetic beads (143-21D or 10004D; Invitrogen) overnight; for immu-
noprecipitation of SBP-tagged proteins, streptavidin-coated beads (11205; Invitrogen) were used.
Coated beads were then processed according to the manufacturer’s recommendations, equilibrated
to lysis buffer, and incubated with cell lysate under rotation at 4°C for 4 h or overnight. After
extensive washing, bound proteins were eluted by heating in Laemmli gel sample buffer at 94°C for
5 min. For immunoprecipitation via mCitrine, supernatants were applied to prewashed wells of a
GFP-multiTrap (Chromotek) and incubated at 4°C for 60 to 90 min. Wells were then washed
extensively with lysis buffer, and bound proteins were finally eluted with preheated Laemmli buffer
(60°C) under strong agitation for 15 to 20 min.

Sucrose gradients. HEK293 cells seeded into 145-mm dishes were either transfected with SFSV NSs
or AMx expression plasmids (10 ng) or infected the following day with SFSV or rRVFVANSs::Katushka (MOI
0.1) or left untreated and harvested 24 h later. Control cells were treated with 1 uM ISRIB (Cay16258-5;
Cayman) 1 h prior to harvest. Cells were scraped into PBS and lysed, debris was pelleted (20,000 X g,
10 min, 4°C), and 450 ul of the supernatant was loaded onto the gradients. To monitor elF2B decamer-
ization, 5% to 20% sucrose gradients were poured manually by layering five steps of high-salt lysis buffer
[50 mM Tris-HCI (pH 7.4), 400 mM KCl, 4 mM magnesium acetate, 0.5% Triton X-100, 1 mM Tris(2-
carboxyethyl)phosphine hydrochloride [TCEP]) supplemented with decreasing sucrose concentrations
(5% to 20% sucrose gradient for elF2B decamerization: 20%, 16.25%, 12.5%, 8.75%, and 5%; 15% to 30%
sucrose gradient for elF2B-phospho-elF2a association: 15%, 18.75%, 22.5%, 26.25%, and 30%). The
gradients were stored at —80°C until usage and allowed to linearize at 4°C overnight prior to loading and
ultracentrifugation (SW55, 40,000 rpm, 14 h, 4°C, Beckmann Optima XPN-80). To examine phospho-
elF2aBy binding to elF2B, 15% to 30% sucrose gradients were poured in low-salt lysis buffer (50 mM
Tris-HCI [pH 7.4], 100 mM KCl, 0.5% Triton X-100, 1 mM TCEP) and subjected to ultracentrifugation (SW55,
45,000 rpm, 6 h 20 min, 4°C). Afterwards, gradients were fractionated manually into 13 or 12 fractions,
and aliquots of the crude fractions were finally analyzed by immunoblotting.

Data availability. The data sets generated during the present study are available from the corre-
sponding author on reasonable request.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
FIG S1, TIF file, 1.8 MB.
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Abstract

Viral infection triggers activation of the integrated stress response (ISR). In response to
viral double-stranded RNA (dsRNA), RNA-activated protein kinase (PKR)
phosphorylates the translation initiation factor elF2, converting it from a translation
initiator into a potent translation inhibitor and this restricts the synthesis of viral proteins.
Phosphorylated elF2 (elF2-P) inhibits translation by binding to elF2’s dedicated,
heterodecameric nucleotide exchange factor elF2B and conformationally inactivating it.
We show that the NSs protein of Sandfly Fever Sicilian virus (SFSV) allows the virus to
evade the ISR. Mechanistically, NSs tightly binds to elF2B (Kp = 30 nM), blocks elF2-P
binding, and rescues elF2B GEF activity. Cryo-EM structures demonstrate that SFSV
NSs and elF2-P directly compete, with the primary NSs contacts to elF2Ba mediated by
five ‘aromatic fingers’. NSs binding preserves elF2B activity by maintaining elF2B’s

conformation in its active A-State.
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Introduction

The Integrated Stress Response (ISR) is a conserved eukaryotic stress response
network that, upon activation by a diverse set of stressors, profoundly reprograms
translation. It is coordinated by at least four stress-responsive kinases: PERK
(responsive to protein misfolding in the endoplasmic reticulum), PKR (responsive to viral
infection), HRI (responsive to heme deficiency and oxidative and mitochondrial
stresses), and GCN2 (responsive to nutrient deprivation) [1-4]. All four known ISR
kinases converge on the phosphorylation of a single serine (S51) of the a subunit of the
general translation initiation factor elF2. Under non-stress conditions, elF2 forms a
ternary complex (TC) with methionyl initiator tRNA (Met-tRNA') and GTP. This complex
performs the critical task of delivering the first amino acid to ribosomes at AUG initiation
codons. Upon S51 phosphorylation, elF2 is converted from a substrate to an inhibitor of
its dedicated nucleotide exchange factor (GEF) elF2B. GEF inhibition results from
binding of elF2-P in a new, inhibitory binding orientation on elF2B, where it elicits
allosteric changes to antagonize elF2 binding and additionally compromise elF2B’s

intrinsic enzymatic activity [5, 6].

elF2B is a two-fold symmetric heterodecamer composed of 2 copies each of a, B, 9, v,
and € subunits [7-10]. elF2B can exist in a range of stable subcomplexes (elF2BBdye
tetramers and elF2Ba; dimers) if the concentrations of its constituent subunits are
altered [5, 8, 9, 11]. While earlier models suggested elF2B assembly to be rate-limiting
and a potential regulatory step, recent work by us and others show that elF2B in cells
primarily exists in its fully assembled decameric, enzymatically active state [5, 6]. Cryo-
EM studies of various elF2B complexes elucidated the mechanisms of nucleotide
exchange and ISR inhibition through elF2-P binding [5, 6, 12-15]. Under non-stress
conditions, elF2 engages elF2B through multiple interfaces along a path spanning the
heterodecamer. In this arrangement, elF2a binding to elF2B critically positions the
GTPase domain in elF2’s y subunit, allowing for efficient catalysis of nucleotide
exchange [12, 14]. elF2B’s catalytically active conformation (‘A-State’) becomes
switched to an inactive conformation upon elF2-P binding (Inhibited or ‘I-State’), which
displays altered substrate-binding interfaces [5, 6]. |-State elF2B(aBdye). exhibits
enzymatic activity and substrate engagement akin to the tetrameric elF2Bp&ye

subcomplex, hence elF2-P inhibition of elF2B converts the decamer into conjoined
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tetramers, which reduces its GEF activity, lowers the cell’'s TC concentration, and results

in ISR-dependent translational reprogramming [5, 6].

Viruses hijack the host cell’s protein synthesis machinery to produce viral proteins and
package new viral particles. Numerous host countermeasures have evolved. In the
context of the ISR, double-stranded RNA (dsRNA), a by-product of viral replication,
triggers dimerization and autophosphorylation of PKR [3, 16]. In this activated state PKR
phosphorylates elF2, which then binds to and inhibits elF2B. As such, cells
downregulate mRNA translation as a strategy to slow the production of virions. Viruses,
in turn, enact strategies of evasion. Indeed, viral evasion strategies acting at each step
of ISR activation have been observed. Influenza virus, for example, masks its dsRNA
[17, 18]. Rift Valley Fever virus (RVFV) encodes an effector protein that degrades PKR
[19]. Hepatitis C virus blocks PKR dimerization [20]. Vaccinia virus encodes a
pseudosubstrate as a PKR decoy [21]. Herpes simplex virus can dephosphorylate elF2-
P [22]. And some coronavirus and picornavirus proteins appear to block the elF2B-elF2-
P interaction [23]. This evolutionary arms race between host and pathogen can provide
invaluable tools and insights into the critical mechanisms of the ISR, as well as other

cellular stress responses.

Here, we investigated the previously unknown mechanism by which Sandfly Fever
Sicilian virus (SFSV) evades the ISR. SFSV and RVFV are both members of the genus
Phlebovirus (order Bunyavirales) which encode an evolutionarily related non-structural
protein (NSs) [24-26]. Across the phleboviruses, NSs serves to counteract the antiviral
interferon response, but NSs proteins perform other functions as well [27, 28]. Unlike the
RVFV NSs which degrades PKR, SFSV NSs does not impact the levels or
phosphorylation status of PKR or elF2 [19, 29]. Instead, it binds to elF2B, inhibiting the
ISR. The mechanistic basis of this inhibition was previously unclear. We here provide
cellular, biochemical, and structural insight into this question, showing that the SFSV
NSs evades all branches of the ISR by binding to elF2B and selectively blocking elF2-P

binding, thereby maintaining elF2B in its active A-State.



97

98

99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130

Results

The SFSV NSs is a pan ISR inhibitor

To dissect the role of the SFSV NSs (henceforth referred to as NSs) in ISR modulation,
we engineered cells stably expressing either an empty vector, a functional NSs
(NSs::FLAG), or a non-functional NSs (FLAG::NSs) (Supplementary Fig. 1). As
previously reported, the NSs with a C-terminal FLAG tag (NSs::FLAG) should retain its
PKR-evading properties while tagging at the N-terminus (FLAG::NSs) blocks this
functionality [29]. These constructs were genomically integrated into our previously
generated ISR reporter system, in which both changes in ATF4 translation and general
translation can be monitored [5]. Both NSs::FLAG and FLAG::NSs were stably
expressed in these cells without impacting the levels of key ISR components (elF2B,
elF2, PKR, PERK) (Fig. 1a). The apparent differences in band intensity between
NSs::FLAG and FLAG::NSs may reflect differences in protein stability or, perhaps more
likely, differences in antibody affinity for the FLAG epitope at the respective C- and N-

terminal tagging locations.

To ask whether NSs is a pan-ISR inhibitor capable of dampening ISR activation
irrespective of any particular ISR activating kinase, we chemically activated PERK, HRI,
and GCN2 with thapsigargin, oligomycin, and glutamine deprivation / synthetase
inhibition through L-methionine sulfoximine, respectively. NSs::FLAG expression
dampened the increases in ATF4 translation brought about by activation of any of the
kinases (Fig. 1b-d). NSs::FLAG also maintained general translation levels in the
thapsigargin and oligomycin treated cells (Fig. 1b,c). Notably, in the context of GCN2
activation, general translation comparably decreased at the highest levels of stress
regardless of NSs status (Fig. 1d). This observation likely reflects the additional stress
responses that react to reduced amino acid levels, as well as the fact that while the ISR
controls translation initiation, ribosome-engaged mRNAs still need sufficient levels of
amino acids to be successfully translated. On the whole, these data therefore show that
the NSs is a pan-ISR inhibitor akin to the small molecule ISRIB, which binds to elF2B
and counteracts the ISR by allosterically blocking elF2-P binding and promoting elF2B

complex assembly when elF2B’s decameric state is compromised [5, 6, 30].

NSs binds decameric elF2B exclusively
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To explain the mechanism by which NSs inhibits the ISR, we purified NSs expressed in
mammalian cells (Fig. 2a,b). We next validated that NSs binds to elF2B in vitro by
immobilizing distinct elF2B complexes on agarose beads and incubating them with an
excess of NSs (Fig. 2c). As expected, NSs binds to the fully assembled elF2B(a3dye):
decamers (Lane 4). Notably, it did not bind to elF2BBdye tetramers (Lane 5) or to
elF2Ba; dimers (Lane 6). The NSs interaction with elF2B thus either spans multiple
interfaces that are only completed in the fully assembled complex or interacts with a
region of elF2B that undergoes a conformational change when in the fully assembled

state.

To quantitatively assess NSs binding to elF2B, we employed surface plasmon
resonance (SPR) experiments to determine the affinity of NSs for the various elF2B
complexes (Fig. 2d-f). The NSs interaction with decameric elF2B could be modeled
using one-phase association and dissociation kinetics. NSs binds to decameric elF2B
with a Kp of 30 nM (k. = 3.0 x 10° M's™", kg = 8.9 x 10 s™") (Fig. 2d). This affinity is
comparable to the low nanomolar affinity of ISRIB for decameric elF2B (Supplementary
Fig. 3) [10]. In this orthogonal approach, we again observed no detectable binding of
NSs to elF2BRdye tetramers or elF2Ba. dimers (Fig. 2e,f).

NSs rescues elF2B activity by blocking elF2-P binding

We next sought to explain the mechanism of NSs inhibition of the ISR using our
established in vitro systems for studying elF2B. As is the case with the small molecule
ISRIB, NSs did not impact the intrinsic nucleotide exchange activity of elF2B as
monitored by a fluorescent BODIPY-FL-GDP loading assay (Supplementary Fig. 2). To
mimic the conditions during ISR activation, we repeated our nucleotide exchange assay
in the presence of the inhibitory elF2a-P (Fig. 3a). As expected, elF2a-P inhibited elF2B
GEF activity (t12= 13.4 min, s.e.m. = 1.5 min), but increasing concentrations of NSs (25
nM: ti2= 9.2 min, s.e.m. = 1.2 min; 100 nM: t12= 6.2 min, s.e.m. = 0.5 min) overcame
the inhibitory effects of elF2a-P and fully rescued elF2B GEF activity (uninhibited t1» =

6.3 min, s.e.m. = 0.6 min).

As NSs’ ability to affect elF2B activity markedly manifests in the presence of elF2a-P,
we wondered whether NSs blocks elF2a-P binding to elF2B. To test this notion, we

utilized a fluorescent ISRIB analog (FAM-ISRIB) that emits light with a higher degree of
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polarization when bound to elF2B, compared to being free in solution (Fig. 3b, black and
red dots on the Y axis, respectively). It has been previously shown that elF2a-P binding
to elF2B antagonizes FAM-ISRIB binding by shifting elF2B into a conformation
incapable of binding ISRIB or its analogs (Fig. 3b, blue dot on the Y axis) [5, 6]. A
titration of NSs into this reaction recovered FAM-ISRIB polarization (ECso = 72 nM,
s.e.m. = 9 nM), indicating that NSs engages elF2B and disrupts elF2a-P’s inhibitory
binding. To directly show this antagonism, we immobilized elF2B decamers on agarose
beads and incubated with combinations of NSs and elF2a-P (Fig. 3c). While individually,
both elF2a-P and NSs bound to elF2B (Fig. 3c, lanes 4 and 5, respectively), in the
presence of saturating NSs, elF2a-P no longer bound elF2B (Fig. 3c, lane 6). We next
sought to analyze the impact of NSs binding on full-length substrate (elF2) and inhibitor
(elF2-P) binding through SPR experiments. In this assay we first flowed one analyte
over immobilized elF2B (to saturate the binding site) immediately followed by a mixture
of both analytes (to assess whether the second analyte could co-bind elsewhere).
Consistent with the nucleotide exchange assay in Fig. 3a, elF2 and NSs co-bound elF2B
(Fig. 3d,f, increases in RU at 60 s). However, as with the phosphorylated elF2a subunit
alone, the full phosphorylated heterotrimer (elF2-P) and NSs did not co-bind (Fig. 3e,qg,
no increases in RU at 60 s). Together, these results demonstrate that the NSs is a

potent inhibitor of elF2-P binding while preserving elF2 binding.

NSs binds to elF2B at the elF2a-P binding site and keeps elF2B in the active A-
State

Having established that the NSs blocks elF2-P binding to elF2B, we next assessed
whether NSs is an allosteric regulator of elF2-P binding (as is the case with ISRIB) or,
alternatively, whether it directly competes with elF2-P binding. To answer this question
and to rigorously determine NSs’ interactions with elF2B, we turned to cryoEM. To
obtain a homogeneous sample suitable for structural studies, we mixed full-length NSs
with decameric elF2B at a 3:1 molar ratio. We then prepared the sample for cryo-EM

imaging and determined the structure of the elF2B-NSs complex.

3D classification with no symmetry assumptions yielded a distinct class of 137,093
particles. Refinement of this class resulted in a map with an average resolution of 2.6 A
(Supplementary Fig. 4). After docking the individual elF2B subunits into the recorded

density, we observed significant extra density next to both elF2Ba subunits, indicating
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that two copies of NSs are bound to each elF2B decamer (Fig. 4a, Supplementary Fig.
4). The local resolution of the NSs ranges from 2.5 A (regions close to elF2B) to >4.0 A
(periphery), with most of the side chain densities clearly visible (Supplementary Fig. 4.
To build the molecular model for NSs, we split the protein into two domains. The C-
terminal domain was built using the crystal structure of the C-terminal domain of the
RVFV NSs (PDB ID: 5000) as a homology model (43.8% sequence similarity with the
C-terminal domain of the SFSV NSs (residues 85-261)) (Supplementary Fig. 5) [31]. The
N-terminal domain of the NSs (residues 1-84) was built de novo (Supplementary Table
1). The high resolution map allowed us to build a model for the majority of NSs. The map
quality of both NSs molecules are comparable, and their molecular models are nearly
identical (root mean square deviation (RMSD) = 0.2 A). We henceforth focus our

analysis on one of them (chain K).

Two copies of NSs bind to one decameric elF2B in a symmetric manner (Fig. 4a). An
overlay of the NSs-bound elF2B and the elF2a-P-bound elF2B structures (PDB ID:
6092) shows a significant clash between the NSs and elF2-aP, indicating that, unlike
the allosteric regulator ISRIB, NSs binds in direct competition with elF2a-P (Fig. 4d-f).
Interestingly, whereas elF2a-P forms extensive interactions with both the a and the &
subunits of elF2B, the NSs mainly interacts with the elF2Ba subunit. The expansive
interactions between elF2a-P and both elF2Ba and elF2Bd mediate a shift in elF2B’s
conformation from elF2B’s enzymatically active A-state to its inhibited I-state [5, 6].
Thus, despite binding to a region known to influence elF2B’s conformation, an overlay of
the NSs-bound elF2B and apo-elF2B shows that the overall conformation of elF2B in
the two structures are virtually identical (Fig. 4b). By contrast, the elF2B-NSs and elF2B-
elF2a-P overlay shows major conformational differences (Fig. 4c). Together, these
structural data, paired with our in vitro assays, show that the NSs grants SFSV evasion
of the ISR by directly competing off elF2-P and restoring elF2B to its enzymatically

active A-State.

NSs uses a novel protein fold containing aromatic fingers to bind elF2B

Next, we sought to interrogate the molecular details of the NSs-elF2B interaction. As
mentioned above, NSs consists of two domains. Its N-terminal domain (amino acids 1-
84) consists of six 8 strands and interacts directly with elF2B. A search in the DALI

protein structure comparison server did not reveal any hits, suggesting a novel protein
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fold. B strands 1 and 2 and 3 strands 3 and 4 form two antiparallel § sheets and fold on
top of the C-terminal domain (Supplementary Fig. 6b). The C-terminal domain (amino
acids 85-261) is largely a-helical and presumably supports the folding of the N-terminal
domain, as truncating the C-terminal domain results in the complete loss of NSs activity
in terms of ISR evasion (Supplementary Fig. 7). Also, despite the moderate sequence
conservation of the C-terminal domain of the SFSV NSs and the RVFV NSs, their
structures overlay extensively (RMSD = 0.2 A, Supplementary Fig. 6).

The surface of the N-terminal domain forms a hand shape that grips the alpha helices of
elF2Ba, akin to a koala grabbing a eucalyptus branch (Fig. 5a, Supplementary Fig. 10).
In this arrangement, the N-terminal domain extends three loops that contact elF2Ba. The
first two loops sit in a groove between helices a3 and a4 and the third loop just below
helix a3, effectively sandwiching helix a3 (Fig. 5b). Together, the three loops extend five
aromatic amino acids to contact elF2Ba. We refer to these aromatic amino acids as
“aromatic fingers”. On the top side of helix a3, the side chain of NSs Y5 forms a cation-n
interaction with elF2Ba R74 and its backbone carbonyl forms a hydrogen bond with
elF2Ba R46 (Fig. 5d). NSs F7 forms a cation-n interaction with elF2Ba R46, and
hydrophobic stacking with elF2Ba 142. NSs F33 stacks against the backbone of elF2Ba
Y304 and L305, as well as the aliphatic region of elF2Ba R74. On the bottom side of
helix a3, NSs F80 stacks against a hydrophobic groove formed by elF2Ba |7, F33 and
A52 (Fig. 5e). NSs Y79 forms a polar interaction with elF2Ba D37, completing the
extensive interaction network of the NSs’ aromatic fingers with the a helices in elF2Ba.
In addition, the side chain of NSs H36 and the backbone carbonyl of NSs T35 both
contact elF2Bd R321. The side chain of NSs D37 also forms an ionic interaction with
elF2B& R321, although the distance is close to 4.0 A, suggesting a weak interaction.

These three amino acids account for the only interactions with elF2Bd (Fig. 5c¢).

To validate the functional importance of the elF2Ba-facing aromatic fingers, we mutated
them in pairs or singly to alanines (YS5A/F7A, Y79A/F80A, and F33A) and stably
expressed these NSs variants in the dual ISR reporter cells. The point mutations did not
compromise NSs stability and, as with WT NSs, did not affect elF2 or elF2B subunit
levels (Fig. 6a). Upon stress, elF2a became phosphorylated in all cell lines, but only in
cells expressing WT NSs::FLAG was ATF4 translation blunted (Fig. 6a). A similar picture

emerged from analysis of the fluorescent ISR reporter signals. Whereas WT NSs
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inhibited the translation of ATF4 and maintained general translation at roughly normal
levels, all the point mutants tested broke the NSs’ function as an ISR evader (Fig. 6b).
All 5 elF2Ba-facing aromatic fingers thus appear critical for NSs modulation of the ISR,
likely through reducing the binding affinity of NSs for elF2B. Indeed, alanine substitutions
of the aromatic fingers was independently shown to reduce NSs binding affinity to elF2B
[32].

We additionally assessed the importance of the elF2Bd-facing residues — generating
stable lines with alanine mutations (H36A and D37A). As we saw with mutation of the
aromatic fingers, neither H36A nor D37A impaired NSs translation or impacted elF2 or
elF2B subunit levels, but ISR evasion as monitored by ATF4 translation became
compromised (Fig. 6¢). Notably, NSs::FLAG (H36A) displayed an intermediate
phenotype in the ATF4 and general translation reporter assays, suggesting that while
this mutation compromises NSs binding it does not appear to entirely break the
interaction (Fig. 6d). In contrast, NSs::FLAG (D37A) expressing cells appear unable to
resist ISR activation. Although the structure suggests only a mild ionic interaction
between NSs D37 and elF2B& R321, we reason the D37A mutation might not only break
the ionic interaction, but also potentially alter the conformation of the loop. As a result,
V38 would move, disrupting its stacking with M6, an amino acid next to two aromatic
fingers (Y5 and F7) (Supplementary Fig. 8). Thus, changes to D37 and H36 could result
in the repositioning of the elF2Ba-facing aromatic fingers, leading to a complete loss of
NSs interaction with elF2B. Together, these data provide a rationale for NSs’ potent and

selective binding to only fully assembled elF2B(adye). decamers.
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Discussion

As one of the strategies in the evolutionary arms race between viruses and the host cells
they infect, mammalian cells activate the ISR to temporarily shut down translation, thus
preventing the synthesis of viral proteins. Viruses, in turn, have evolved ways to evade
the ISR, typically by disarming the PKR branch through countermeasures that lead to
decreased levels of elF2-P, thus allowing translation to continue. In this study, we show
that SFSV expresses a protein (NSs) that allows it to evade not just PKR-mediated ISR
activation, but all four branches of the ISR, through a mechanism that exploits the
conformational flexibility of elF2B. NSs is an antagonist of elF2B’s inhibitor elF2-P,
deploying an overlapping binding site. Whereas elF2-P shifts elF2B to its inactive I-State
conformation by closing the angle between the elF2Ba and elF2Bd subunits, NSs
engages the enzyme to opposite effect, binding to an overlapping site with elF2-P but
preserving the angle between elF2Ba and elF2Bd and locking it into its active A-State

conformation (Figure 7).

Previously, we and others showed that the GEF activity of elF2B is modulated
conformationally: elF2B’s substrate (elF2) binding stabilizes it in the A-State, whereas its
inhibitor (elF2-P) binding induces a hinge motion between the two tetrameric halves,
resulting in a conformation that cannot engage the substrate optimally (I-state) [5, 6].
Our structure shows that NSs antagonizes the endogenous inhibitor (elF2-P) by directly
competing it off and stabilizing elF2B in the active conformation. Owing to the reported
single digit nM affinity of elF2-P for elF2B, this likely entails a cellular excess of NSs
relative to elF2-P (which should be expected given the high levels at which viral proteins
are typically expressed) [33-35]. While NSs binds to the inhibitor-binding site, it does not
induce the conformational change that the inhibitor binding induces. This mechanism is
reminiscent of the antagonistic inhibition of GPCRs, such as the 3 adrenergic receptors,
where binding of an agonist ligand shifts the receptor to its active conformation, whereas
binding of an antagonist ligand occupies an overlapping but not identical binding site that
lacks contacts required to induce the activating conformational change [36-39]. NSs,
however, is an antagonist of an inhibitor (elF2-P). Thus, by inhibiting an inhibition, it
actually works as an elF2B activator under conditions where elF2-P is present and the
ISR is induced.

11
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In its ability to modulate elF2B, NSs is not unique among viral proteins. The beluga
whale coronavirus (Bw-CoV) protein AcP10 likewise allows evasion of the host cell ISR
by interacting with elF2B, as does the picornavirus AiVL protein [23]. It was suggested
that AcP10 makes contacts with elF2Ba and elF2Bd, akin to NSs, and hence may act
through a similar mechanism by antagonizing elF2-P, although no structural information
is yet available. By primary sequence comparison, AcP10, AiVL, and NSs show no
recognizable homology with one another, indicating that viruses have evolved at least
three — and likely more — different ways to exploit the elF2a-P binding site on elF2B to
shut off the ISR. Therefore, inhibiting the elF2B-elF2-P interaction through the

antagonism of elF2-P binding could also be a general strategy used by many viruses.

Our structure and mutational analysis suggest that the binding of different parts of NSs
to elF2B occurs in a highly synergistic manner. While the amino acids facing elF2Bd do
not seem to make sufficiently intimate contacts to provide a significant contribution to the
enthalpic binding energy, changing them disrupts binding. It is plausible that the contacts
of NSs with elF2B& allow the optimal positioning of the aromatic fingers through

allosteric communications between the loops and thus license NSs for tight binding.

The structure of the elF2B-NSs complex reveals a previously unknown site on elF2B
that is potentially druggable. Unlike ISRIB, which stabilizes elF2B’s A-State through
binding to a narrow pocket at the center of elF2B and stapling the two tetrameric halves
together at a precise distance and angle, NSs binds to a different interface on the
opposite side of the protein. With ISRIB-derivatives showing extreme promise to
alleviate cognitive dysfunction in animal studies of various neurological disorders and
recently progressing into the clinic for Phase | human trials, developing therapeutics that

modulate the ISR has never been more relevant [40].

Across phleboviruses, all characterized members of the family of related NSs proteins
also counteract the host’s interferon response [25, 26]. For RVFV, this functionality is
contained within the structurally conserved C-terminal domain, which nonetheless varies
quite heavily in sequence space [27, 28, 41, 42]. A strict functional conservation does
not appear to be the case for the N-terminal domain. Although this domain serves to
evade PKR in some phleboviruses such as RVFV and SFSV, it accomplishes it through

entirely different means: degradation of PKR in RVFV and antagonism of elF2-P binding
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to elF2B in SFSV [19, 29]. The NSs is thus a bispecific molecule — a multitool of sorts.
The C-terminal domain may serve as a scaffold containing a core functionality upon
which the N-terminal domain may be free to evolve, exploring diverse functionalities and
mechanisms. It is exciting to speculate whether anti-PKR properties of the N-terminal
domain, as we identified for SFSV NSs, are commonly found across phleboviruses and

whether still other PKR evasion strategies can be found.

Aberrant ISR activation underlies many neurological disorders (Traumatic Brain Injury,
Down’s Syndrome, Alzheimer’s Disease, Amyotrophic Lateral Sclerosis), as well as
certain cancers (metastatic prostate cancer) [40, 43-47]. Virotherapy, where viruses are
used as a therapeutic agent for particular diseases, has seen the most success in the
realm of cancer treatment where the infection either directly attacks cancer cells
(oncolytic virotherapy) or serves to activate host defenses which target virus and cancer
alike [48, 49]. Indeed, decades of evidence have shown that cancer patients that
experience an unrelated viral infection can show signs of improvement, paving the way
for the generation of genetically engineered oncolytic viruses that have only just received
FDA approval in the last decade [50, 51]. With our ever-growing understanding of
diverse host-virus interactions, a whole host of new virotherapies are imaginable that

can exploit the evolved functionalities of viral proteins such as the NSs.
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379  Fig. 1: The SFSV NSs is a pan-ISR inhibitor

380 (a) Western blot of K562 cell extracts. Loading of all lanes was normalized to total

General Translation

381 protein. (b-d) ATF4 and General Translation reporter levels as monitored by flow

382  cytometry. Trimethoprim, which is necessary to stabilize the ecDHFR::mScarlet-i and
383 ecDHFR::mNeonGreen translation reporters, was at 20 uM for all conditions. (b)

384  Samples after 3 h of thapsigargin and trimethoprim treatment. (c) Samples after 3 h of
385 oligomycin and trimethoprim treatment. (d) Samples after 4 h of glutamine deprivation, L-
386  methionine sulfoximine, and trimethoprim treatment.

387 For(a), PERK and GAPDH, PKR and elF2a, and elF2Be and NSs (FLAG) are from the
388 same gels, respectively. elF2B6& is from its own gel. For (b-d), biological replicates: n = 3.

389  All error bars represent s.e.m. Source data are provided as a Source Data file.
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391 Fig. 2: NSs specifically binds to elF2B(aBdye). decamers

392  (a) Size exclusion chromatogram (Superdex 200 Increase 10/300 GL) during NSs

393  purification from Expi293 cells. (b) Coomassie Blue staining of purified NSs. (¢) Western
394  blot of purified protein recovered after incubation with elF2B(apdye)., elF2BBdye, or

395  elF2Ba, immobilized on Anti-protein C antibody conjugated resin. For elF2B(af3dye). and
396 elF2Bay, elF2Ba was protein C tagged. elF2B[3 was protein C tagged for elF2Bpdye. (d-
397 ) SPR of immobilized (d) elF2B(aBdye)., (e) elF2BRdye, and (f) elF2Ba; binding to NSs.
398 ForelF2B(aBdye)., and elF2BBRdye, elF2BB was Avi-tagged and biotinylated. For

399  elF2Bay, elF2Ba was Avi-tagged and biotinylated. For (d), concentration series: (250 nM
400 -15.625 nM) For (e-f), concentration series: (125 nM — 15.625 nM). For (c), elF2Bf and
401 elF2Ba, and elF2B® and NSs (6xHIS) are from the same gels, respectively. elF2B¢ is
402  from its own gel. For (b-f), a single biological replicate. Source data are provided as a
403  Source Data file.
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Fig. 3: NSs grants ISR evasion by antagonizing elF2a-P binding to elF2B

(a) GEF activity of elF2B as assessed by BODIPY-FL-GDP exchange. elF2B(apdye). at
10 nM throughout. t12 = 6.3 min (No elF2a-P), 6.2 min (2 uM elF2a-P + 100 nM NSs),
9.2 min (2 uM elF2a-P + 25 nM NSs), and 13.4 min (2 uM elF2a-P). (b) Plot of
fluorescence polarization signal before (red) and after incubation of FAM-ISRIB (2.5 nM)
with 100 nM elF2B(apdye). (black) or 100 nM elF2B(adye). + 5.6 uM elF2a-P (blue)
and varying concentrations of NSs. (¢) Western blot of purified protein recovered after
incubation with elF2B(adye). immobilized on Anti-protein C antibody conjugated resin.
elF2Ba was protein C tagged. (d-g) SPR of immobilized elF2B(af3dye). binding to
saturating (d-e) 500 nM NSs, (f) 125 nM elF2, or (g) 125 nM elF2-P followed by (d) 125
nM elF2, (e) 125 nM elF2-P, or (f-g) 500 nM NSs. elF2Ba was Avi-tagged and
biotinylated.

For (c), elF2Be and elF2a-P, elF2BB and elF2Ba, and elF2Bd and NSs (6xHIS) are from
the same gels, respectively. For (a-b), biological replicates: n = 3. For (c-g), a single
biological replicate. All error bars represent s.e.m. Source data are provided as a Source
Data file.
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Fig. 4: Overall architecture of the elF2B-NSs complex

(a) Cryo-EM map of the elF2B-NSs complex. (b) Overlay of the apo elF2B structure
(PDB ID: 7L70) and the elF2B-NSs structure shows that the overall conformation of
elF2B is nearly identical between the NSs-bound state and the apo state. (¢) Overlay of
the elF2B-elF2a-P complex structure (PDB ID: 609Z) and the elF2B-NSs structure
shows a 7.5° hinge movement between the two elF2B halves. (d) and (e) Both NSs and
elF2a-P bind to elF2B at the cleft between elF2Ba and elF2Bd. (d) NSs mainly contacts
elF2Ba, whereas (e) elF2a-P makes extensive contacts to both elF2Ba and elF2B5&. (f)
Comparison between the surfaces of NSs and elF2a-P showing a significant overlay
between the two. elF2B in the elF2B-NSs complex is colored in blue and NSs in gold.
elF2B in its apo form is colored white. elF2B in the elF2a-P-bound complex is colored in

green, and elF2a-P in pink.
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Fig. 5: NSs latches on to elF2B with its aromatic fingers

(a) Surface representation of NSs showing that it grips the alpha helices of elF2Ba. (b)
NSs extends five aromatic amino acids in three short loops to contact elF2Ba. They
contact helices a3 and a4 of elF2Ba. The backbone of T35 and the side chains of H36
and D37 of NSs make contact with elF2B& (¢) Zoomed in view of panel b showing the
interaction between H36 and D37 with elF2Ba. (d) and (e) Zoomed-in view of panel b
showing the detailed interactions between the five main aromatic amino acids and
elF2Ba. Each polar-polar or cation-r interaction is denoted by a dashed line. NSs is

colored in gold, elF2Ba in blue, and elF2B& in purple.
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Fig. 6: All 5 aromatic fingers are required for NSs evasion of the ISR

(a and c¢) Western blot of K562 cell extracts 3 h after treatment with 50 nM thapsigargin.

Loading of all lanes was normalized to total protein. (b and d) ATF4 and General

Translation reporter levels as monitored by flow cytometry after 3 h of thapsigargin and

trimethoprim (20 uM) treatment.

For (a), ATF4 and elF2a, elF2Be and NSs (FLAG), and elF2Bd and elF2a-P are from
the same gels, respectively. GAPDH is from its own gel. For (c), ATF4 and GAPDH,

elF2B¢ and NSs (FLAG), and elF2Bd and elF2a-P are from the same gels, respectively.

elF2a is from its own gel. For (b), biological replicates: n = 3. For (d), biological

replicates: n = 4. All error bars represent s.e.m. Source data are provided as a Source

Data file.
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Fig. 7: Model for regulation of elF2B activity.

Like the small molecule ISRIB and the substrate elF2, NSs binds to and stabilizes the

active, “wings up” conformation of elF2B (A-State). elF2-P induces the inhibited “wings

down” conformation of elF2B (I-State).
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Methods

Cloning of NSs expression plasmids

The NSs::6xHIS Expi293 expression plasmid for transient transfection was generated
using In-Fusion HD cloning. The SFSV NSs sequence [29] was inserted into the pXSN
vector backbone and a 6xHIS tag was added at the C-terminus. The various NSs
overexpression plasmids for stable lentiviral integration were generated using In-Fusion
HD cloning. The SFSV NSs sequence was inserted into the pDBR vector backbone and
a FLAG tag was added at the C-terminus (pMS110, pMS127, pMS128, pMS129,
pMS130, pMS131, pMS132, pMS133) or N-terminus (pMS111). The various NSs
truncations did not have a FLAG tag (pMS119, pMS120, pMS121, pMS122, pMS123).
An empty vector control plasmid with no NSs insertion was also generated (pMS085).
An IRES followed by the puromycin resistance gene, a T2A self-cleaving peptide, and
the BFP sequence allows for selection based on antibiotic resistance or BFP signal
(what was used in this study) (Supplementary Fig. 1). Full plasmid details are shown in

Supplementary Table 2.

Cloning of tagged human elF2B expression plasmids

elF2B2 (encoding elF2BB) and elF2B4 (encoding elF2B&) had previously been inserted
into sites 1 and 2 of pACYCDuet-1, respectively (pJT073) [8]. In-Fusion HD cloning
(Takarabio) was used to edit this plasmid further and insert an Avi tag
(GLNDIFEAQKIEWHE) or a Protein C tag (EDQVDPRLIDGK) at the N-terminus of
elF2B2, immediately following the pre-existing 6xHIS tag (pMS001 and pMS003).
elF2B1 (encoding elF2Ba) had previously been inserted into site 1 of pETDuet-1
(pJTO75) [8]. In-Fusion HD cloning was used to edit this plasmid further and insert an Avi
tag at the N-terminus of e/F2B1, immediately following the pre-existing 6xHIS tag
(pPMS026). The Avi tag allows selective, single, and complete biotinylation of the tagged

protein.

Generation of stable NSs-expressing cells in an ISR reporter cell line

Our previously generated dual ISR reporter K562 cells expressing a stably integrated
ATF4 reporter (pMS086), general translation reporter (pMS078), and dCas9-KRAB was
used as the parental line [5]. The various NSs overexpression constructs
(Supplementary Table 2) were integrated using a lentiviral vector. Vesicular stomatitis

virus (VSV)-G pseudotyped lentivirus was prepared using standard protocols and
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293METR packaging cells. Viral supernatants were filtered (0.45 um low protein binding
filter unit (EMD Millipore)) and concentrated 10-20-fold (Amicon Ultra-15 concentrator
with a 100,000-dalton molecular mass cutoff). Concentrated supernatant was then used
the same day or frozen for future use. For spinfection, approximately 1,000,000 K562
cells were mixed with concentrated lentivirus and fresh media (RPMI containing 4.5 g/l
glucose and 25 mM HEPES supplemented with 10% FBS, 2 mM L-alanyl-L-glutamine
(Gibco GlutaMAX), and penicillin/streptomycin), supplemented with polybrene to 8 ug/ml,
brought to 1.5 mL in a 6-well plate, and centrifuged for 1.5 h at 1000 g. Cells were then
allowed to recover and expand for ~1 week before sorting on a Sony SH800 cytometer
to isolate cells that had integrated the reporter. Roughly 100,000 BFP positive cells
(targeting the highest 1-3% of expressers) were then sorted into a final pooled
population and allowed to recover and expand. Cells expressing NSs truncations
(PMS119-pMS123) were not sorted and instead analyzed as a polyclonal population,

gating for BFP positive cells during data analysis.

Western Blotting

Western blotting was performed as previously described [5]. In brief, approximately
1,000,000 cells of the appropriate cell type were drugged as described in individual
assays and then pelleted, washed, pelleted again, and resuspended in lysis buffer. Cells
were then rotated for 30 min at 4 °C and then spun at 12,000 g for 20 min to pellet cell
debris. Protein concentration was measured using a bicinchoninic acid assay (BCA
assay) and within an experiment, total protein concentration was normalized to the least
concentrated sample. Equal protein content for each condition (targeting 10 ug) was run
on 10% Mini-PROTEAN TGX precast protein gels (Biorad). After electrophoresis,
samples were transferred onto a nitrocellulose membrane. Primary antibody / blocking
conditions for each protein of interest are outlined in Supplementary Table 3.
Membranes were developed with SuperSignal West Dura (Thermo Fisher Scientific).
Developed membranes were imaged on a LI-COR Odyssey gel imager for 0.5-10 min

depending on band intensity.

ATF4 | general translation reporter assays
ISR reporter cells (at ~500,000 / ml) were co-treated with varying combinations of drugs
(20 uM trimethoprim plus one of the following: thapsigargin, oligomycin, or glutamine

deprivation (and no FBS) + L-methionine sulfoximine) and incubated at 37 °C until the
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appropriate timepoint had been reached. At this time, the plate was removed from the
incubator and samples were incubated on ice for 10 min. Then ATF4 (mNeonGreen) and
General Translation (mScarlet-i) reporter levels were monitored using a high throughput
sampler (HTS) attached to a BD FACSCelesta cytometer running BD FACSDiva v9.0.
Data was analyzed in FlowJo version 10.6.1, and median fluorescence values for both
reporters were exported and plotted in GraphPad Prism 8 (Supplementary Fig. 9). No
BFP positive sorting was performed on the lines expressing NSs truncations. For
analysis of these samples, BFP positive cells were gated in FlowJo and analysis
performed on this population. Where appropriate, curves were fit to log[inhibitor] versus

response function with variable slope.

Purification of human elF2B subcomplexes

Human elFBa. (pJT075), Avi-tagged elFBa; (pMS026), protein C-tagged elFBa-
(PMS027), elF2BByde (pJTO73 and pJT074 co-expression), Avi-tagged elF2BRyde
(pPMS001 and pJT074 co-expression), and ProteinC-tagged elF2BByde (pMS003 and
pJTO074 co-expression) were purified as previously described with a minor modification
for purification of the Avi-tagged species [8]. One Shot BL21 Star (DE3) chemically
competent E. coli cells (Invitrogen) were transformed with the requisite expression
plasmids and grown in LB with kanamycin and chloramphenicol (elF2B tetramer preps)
or ampicillin (elF2Bas preps). At an ODsgo of ~0.8 1 mM IPTG (Gold Biotechnology) was
added and the culture was grown overnight at 16 °C. Using the EmulsiFlex-C3 (Avestin),
Cells were harvested and lysed through 3 cycles of high-pressure homogenization in
lysis buffer (20 mM HEPES-KOH, pH 7.5, 250 mM KCI, 1 mM dithiothreitol (DTT), 5 mM
MgCl., 15 mM imidazole, and cOmplete EDTA-free protease inhibitor cocktail (Roche)).
For elF2Ba; preps 20 mM imidazole was used.The lysate was clarified at 30,000 g for
30 min at 4 °C. Lysate was then clarified at 30,000 g for 60 min at 4 °C.

Al following purification steps were conducted on the AKTA Pure (GE Healthcare)
system at 4 °C. Clarified lysate was loaded onto a 5 ml HisTrap HP column (GE
Healthcare). For elF2B tetramer preps the column was then washed in a buffer
containing 20 mM HEPES-KOH, pH 7.5, 200 mM KCI, 1 mM DTT, 5 mM MgCl;, and 15
mM imidazole. For elF2Ba; preps 30 mM KCI and 20 mM imidazole were used. The
sample was then eluted with a linear gradient up to 300 mM imidazole. elF2B containing

fractions were collected and applied to a MonoQ HR 10/100 GL column (GE Healthcare)
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equilibrated in 20 mM HEPES-KOH pH 7.5, 200 mM KCI, 1 mM DTT, and 5 mM MgCl..
For elF2Ba; preps 30 mM KCI was used. The column was washed in the same buffer,
and the protein was eluted with a linear gradient up to 500 mM KCI. elF2B containing
fractions were collected and concentrated with an Amicon Ultra-15 concentrator (EMD
Millipore) with a 30 kDa (tetramer preps) or 10 kDa (elF2Ba; preps) molecular mass
cutoff and spun down for 10 min at 10,000 g to remove aggregates. The supernatant
was then injected onto a Superdex 200 10/300 GL (GE Healthcare) column equilibrated
in a buffer containing 20 mM HEPES-KOH pH 7.5, 200 mM KCI, 1 mM DTT, 5 mM
MgClz, and 5% glycerol, and concentrated using the appropriate Amicon Ultra-15

concentrators (EMD Millipore).

For Avi-tagged species, after running samples over a MonoQ HR 10/10 column the
eluted fractions were combined and concentrated to a target concentration of 40 uM.
The sample was then incubated at 4 °C overnight according to manufacturer’s
instructions with 2.5 ug BirA for every 10 nmol substrate, 10mM ATP, 50 uM d-biotin,
and 100mM Mg(OAc)? in a 50 mM bicine buffer, pH 8.3 (Avidity BirA biotin-protein ligase
standard reaction kit). Incubation with BirA yields selective and efficient biotinylation of
Avi-tagged species. After the biotinylation reaction, purification of biotinylated species

proceeded as described above.

All elF2B(apyde), used throughout was assembled by mixing purified elF2BByd¢ and

elF2Ba; (either tagged or untagged versions as needed) at the appropriate molar ratios.

Purification of human elF2aBy heterotrimer and elF2a-P

Human elF2 was purified as previously described [52]. This material was a generous gift
of Calico Life Sciences LLC. elF2-P was prepared by mixing elF2 in 50-fold excess with
PERK kinase and 1 mM ATP. The mixture was incubated at room temperature for 60
min before incubation on ice until use. The purification of human elF2a-P was performed
as previously described [5]. One Shot BL21 Star (DE3) chemically competent E. coli
cells (Invitrogen) were transformed with the expression plasmid for N-terminally 6x-His-
tagged human elF2a, (pAA007) along with a tetracycline-inducible, chloramphenicol-
resistant plasmid (pG-Tf2) containing the chaperones groES, groEL, and Tig (Takara
Bio). Transformed cells were grown in LB with kanamycin and chloramphenicol for

selection. Chaperone expression was induced at an OD600 of ~0.2, by addition of

24



598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631

tetracycline (1 ng/ml). At an ODego of ~0.8 the culture was cooled to room temperature
and elF2a expression was induced with 1 mM IPTG (Gold Biotechnology) and the
culture was grown for at least 16 h more at 16 °C. Using the EmulsiFlex-C3 (Avestin),
Cells were harvested and lysed through 3 cycles of high-pressure homogenization in
lysis buffer (100 mM HEPES-KOH, pH 7.5, 300 mM KCI, 2 mM dithiothreitol (DTT), 5
mM MgClz, 5 mM imidazole, 10% glycerol, 0.1% IGEPAL CA-630, and cOmplete EDTA-
free protease inhibitor cocktail (Roche)). The lysate was clarified at 30,000 g for 30 min
at4 °C.

Subsequent purification steps were conducted on the AKTA Pure (GE Healthcare)
system at 4 °C. Clarified lysate was loaded onto a 5 ml HisTrap FF Crude column (GE
Healthcare), washed in a buffer containing 20 mM HEPES-KOH, pH 7.5, 100 mM KCI,
5% glycerol, 1 mM DTT, 5 mM MgCl,, 0.1% IGEPAL CA-630, and 20 mM imidazole, and
eluted with 75 ml linear gradient of 20 to 500 mM imidazole. The elF2a-containing
fractions were collected and applied to a MonoQ HR 10/100 GL column (GE Healthcare)
equilibrated in anion exchange buffer (20 mM HEPES-KOH pH 7.5, 100 mM KCI, 1 mM
DTT, 5% glycerol, and 5 mM MgCl). The column was washed in the same buffer, and
the protein was eluted with a linear gradient of 100 mM to 1 M KCI. elF2a containing
fractions were collected and concentrated with an Amicon Ultra-15 concentrator (EMD
Millipore) with a 30 kDa molecular mass cutoff and spun down for 10 min at 10,000 g to
remove aggregates. Before size exclusion, the pooled anion exchange fractions were
phosphorylated in vitro overnight at 4 °C with 1 mM ATP and 1 pg of PKR252-551-GST
enzyme (Thermo Scientific) per mg of elF2a. The supernatant was then injected onto a
Superdex 75 10/300 GL (GE Healthcare) column equilibrated in a buffer containing 20
mM HEPES-KOH pH 7.5, 100 mM KCI, 1 mM DTT, 5 mM MgCl,, and 5% glycerol, and
concentrated using Amicon Ultra-15 concentrators (EMD Millipore) with a 10 kDa
molecular mass cutoff. Complete phosphorylation was confirmed by running the samples

on a 12.5% Super-Sep PhosTag gel (Wako Chemicals).

Purification of NSs::6xHIS

We used the pMS113 construct to express and purify NSs::6xHIS. Expi293T cells
(ThermoFisher) were transfected with the NSs construct per the manufacturer’s
instructions for the MaxTiter protocol and harvested 5 days after transfection. Cells were
pelleted (1000 g, 4 min) and resuspended in Lysis Buffer (130 mM KCI, 2.5 mM MgCl,,
25 mM HEPES-KOH pH 7.4, 2 mM EGTA ,1% triton, 1mM TCEP, 1x cOmplete protease
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inhibitor cocktail (Roche)). Cells were then incubated for 30 min at 4 °C and then spun at
30,000 g for 1 h to pellet cell debris. Lysate was applied to a 5 ml HisTrap HP column
(GE Healthcare) equilibrated in Buffer A (20 mM HEPES-KOH, pH 7.5, 200 mM KCI, 5
mM MgCl, 15mM imidazole) and then eluted using a gradient of Buffer B (20 mM
HEPES-KOH, pH 7.5, 200 mM KCI, 5 mM MgCl;, 300mM imidazole). NSs::6xHIS was
concentrated using a 10 kDa MWCO spin concentrator (Amicon) and further purified by
size exclusion chromatography over a Superdex 200 Increase 10/300 GL column (GE
Healthcare) in Elution Buffer (20 mM HEPES, pH 7.5, 200 mM KCI, 5mM MgClz, 1mM
TCEP, and 5% Glycerol). The resulting fractions were pooled and flash frozen in liquid

nitrogen.

In vitro NSs/elF2a-P immunoprecipitation

Varying combinations of purified elF2a-P, NSs::6xHIS, elF2B(aBdye)., elF2BBRdye, and
elF2Ba; were incubated (with gentle rocking) with Anti-protein C antibody conjugated
resin (generous gift from Aashish Manglik) in Assay Buffer (20 mM HEPES-KOH, pH
7.5, 150 mM KCI, 5 mM MgCl,, TmM TCEP, 1 mg/ml bovine serum albumin (BSA), 5mM
CaCly). After 1.5 h the resin was pelleted by benchtop centrifugation and the supernatant
was removed. Resin was washed 3x with 1 mL of ice cold Assay Buffer before resin was
resuspended in Elution Buffer (Assay Buffer with 5 mM EDTA and 0.5 mg/mL protein C
peptide added) and incubated with gentle rocking for 1 h. The resin was then pelleted
and the supernatant was removed. Samples were analyzed by Western Blotting as

described above.

GDP exchange assay

in vitro detection of BODIPY-FL-GDP binding to elF2 was performed as previously
described [5, 8]. The only modification was addition of NSs in certain conditions as
indicated. In brief, purified elF2 (100 nM) was incubated with 100 nM BODIPY-FL-GDP
(Thermo Fisher Scientific) in assay buffer (20 mM HEPES-KOH, pH 7.5, 100 mM KCI, 5
mM MgClz, 1 mM TCEP, and 1 mg / ml BSA) to a volume of 18 ul in 384 square-well
black-walled, clear-bottom polystyrene assay plates (Corning). The GEF mix was
prepared by incubating a 10x solution of elF2B(ayd¢). with or without 10x solutions of
elF2a-P and / or NSs. To compare nucleotide exchange rates, the 10x GEF mixes were
spiked into the 384-well plate wells with a multi-channel pipette, such that the resulting

final concentration of elF2B(aByd¢). was 10 nM and the final concentration of other

26



666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698

proteins and drugs are as indicated in the figures. Fluorescence intensity was recorded
every 10 s for 30-60 min using a Clariostar PLUS (BMG LabTech) plate reader
(excitation wavelength: 497 nm, bandwidth 14 nm, emission wavelength: 525 nm,
bandwidth: 30 nm). Data were fit to a first-order exponential and plotted in GraphPad

Prism 8.

FAM-ISRIB binding assay

All fluorescence polarization measurements were performed as previously described [5].
In brief, 20 pl reactions were set up with 100 nM elF2B(ayde). + 2.5 nM FAM-ISRIB
(Praxis Bioresearch) in FP buffer (20 mM HEPES-KOH pH 7.5, 100 mM KCI, 5 mM
MgCl., 1 mM TCEP) and measured in 384-well non-stick black plates (Corning 3820)
using the ClarioStar PLUS (BMG LabTech) at room temperature. Prior to reaction setup,
elF2B(afyde)., was assembled in FP buffer using elF2BBy&¢ and elF2Ba; in 2:1 molar
ratio for 1 h at room temperature. FAM-ISRIB was first diluted to 2.5 yM in 100% NMP
prior to dilution to 50 nM in 2% NMP and then added to the reaction. For titrations with
NSs, dilutions were again made in FP buffer, and the reactions with elF2B, FAM-ISRIB,
and these dilutions +/- elF2a-P were incubated at 22 °C for 30 min prior to measurement
of parallel and perpendicular intensities (excitation: 482 nm, emission: 530 nm). Data
were plotted in GraphPad Prism 8, and where appropriate, curves were fit to

log[inhibitor] vs response function with variable slope.

Affinity determination and competition analysis by surface plasmon resonance
NSs affinity determination experiments were performed on a Biacore T200 instrument
(Cytiva Life Sciences) by capturing the biotinylated elF2B(aByd¢)., elF2BByde, and
elF2Ba; at ~100nM on a Biotin CAPture Series S sensor chip (Cytiva Life Sciences) to
achieve maximum response (Rmax) of <100 response units (RUs) upon NSs binding. A
molar equivalent of each elF2B species was immobilized. 2-fold serial dilutions of
purified NSs were flowed over the captured elF2B complexes at 30 uL / min for 90
seconds followed by 600 seconds of dissociation flow. Following each cycle, the chip
surface was regenerated with 3 M guanidine hydrochloride. A running buffer of 20 mM
HEPES-KOH, pH 7.5, 100 mM KCI, 5 mM MgCl,, and 1 mM TCEP was used throughout.
The resulting sensorgrams were fit to a 1:1 Langmuir binding model using the

association then dissociation model in GraphPad Prism 8.0.
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For NSs and elF2/elF2-P competition experiments, elF2B(apyde). was immobilized as
described above. A solution containing 500 nM NSs, 125 nM elF2, or 125 nM elF2-P
was flowed over the captured elF2B for 60 s at 30 uL / min to achieve saturation.
Following this binding reaction, a second injection of 500 nM NSs and either 125 nM
elF2 or 125 nM elF2-P was performed.

Sample preparation for cryo-electron microscopy

Decameric elF2B(aByd¢), was prepared by incubating 20 uM elF2BRyde with 11 uM
elF2Ba; in a final solution containing 20 mM HEPES-KOH, pH 7.5, 200 mM KCI, 5 mM
MgCl., and 1 mM TCEP. This 10 uM elF2B(apyde), sample was further diluted to 750
nM and incubated with 2.25 yM NSs::6xHIS on ice for 1 h before plunge freezing. A 3 ul
aliquot of the sample was applied onto the Quantifoil R 1.2/1/3 400 mesh Gold grid and
we waited for 30 s. A 0.5 pl aliquot of 0.1-0.2% Nonidet P-40 substitute was added
immediately before blotting. The entire blotting procedure was performed using Vitrobot
(FEI) at 10 °C and 100% humidity.

Electron microscopy data collection

Cryo-EM data for the elF2B-NSs complex was collected on a Titan Krios transmission
electron microscope operating at 300 keV, and micrographs were acquired using a
Gatan K3 direct electron detector. Serial EM was used to collect the EM data [53]. The
total dose was 67 e/ A2, and 117 frames were recorded during a 5.9 s exposure. Data
was collected at 105,000 x nominal magnification (0.835 A/pixel at the specimen level),

and nominal defocus range of -0.6 to -2.0 um.

Image processing

The micrograph frames were aligned using MotionCorr2 [54]. The contrast transfer
function (CTF) parameters were estimated with GCTF [55]. Particles were picked in
Cryosparc v2.15 using the apo elF2B (EMDB: 23209) as a template. Particles were
extracted using a 80-pixel box size [56], and classified in 2D [57]. Classes that showed
clear protein features were selected and extracted for ab initio reconstruction followed by
homogenous and heterogeneous refinement. Particles belonging to the best class were
then re-extracted with a pixel size of 2.09 A, and then subjected to nonuniform
refinement, yielding a reconstruction of 4.25 A. These particles were subjected to

another round of heterogeneous refinement followed by nonuniform refinement to
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generate a consensus reconstruction consisting of the best particles. These particles
were re-extracted at a pixel size of 0.835 A. Then, CTF refinement was performed to
correct for the per-particle CTF as well as beam tilt. A final round of 2D classification

followed by nonuniform refinement was performed to yield the final structure of 2.6 A.

Atomic model building, refinement, and visualization

To build models for the elF2B-NSs complex, the previously determined structures of the
human elF2B in its apo form (PDB ID: 7L70) was used as the starting model for the
elF2B part [5]. To build the NSs model, we first ran the structure prediction program
RaptorX using the full-length NSs sequence [58]. The predicted structure is divided into
two parts: the C-terminal domain predicted based on the structure of the RVFV NSs
(PDB ID: 5000), and the N-terminal domain is predicted without a known PDB structure
as a template [31]. The predicted full-length structure was docked into the EM density
corresponding to the NSs in UCSF Chimera [59], and then subjected to rigid body
refinement in Phenix [60]. The models were then manually adjusted in Coot [61] and
then refined in phenix.real_space_refine [60] using global minimization, secondary
structure restraints, Ramachandran restraints, and local grid search. Then iterative
cycles of manual rebuilding in Coot and phenix.real_space_refine were performed. The
final model statistics were tabulated using Molprobity [62]. Distances were calculated
from the atomic models using UCSF Chimera. Molecular graphics and analyses were
performed with the UCSF Chimera package [59]. UCSF Chimera is developed by the
Resource for Biocomputing, Visualization, and Informatics and supported by NIGMS
P41-GM103311. The atomic model is deposited in the PDB under accession code
7RLO. The EM map is deposited into EMDB under accession code EMD-24535.
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code 5000 (https://www.rcsb.org/structure/5000).
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Supplementary Fig. 1: Design of NSs expression constructs

A schematic of the NSs expression constructs stably integrated (lentivirus) into the

genome.
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Supplementary Fig. 2: Effect of NSs alone on elF2B nucleotide exchange

GEF activity of elF2B as assessed by BODIPY-FL-GDP exchange. BODIPY-FL-GDP
fluorescence increases when bound to protein. tiz = 3.6 min, s.e.m. = 0.5 min (No NSs)
and 3.4 min, s.e.m. = 0.5 min (100 nM NSs). elF2B(aBdy¢). at 10 nM throughout.

Biological replicates: n = 2. Source data are provided as a Source Data file.
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Supplementary Fig. 3: Binding affinity of ISRIB for decameric elF2B
Plot of fluorescence polarization signal after incubation of FAM-ISRIB (2.5 nM) with a
titration of elF2B(apdye).. Biological replicates: n = 3. All error bars represent s.e.m.

Source data are provided as a Source Data file.
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Supplementary Fig. 4: Cryo-EM data analysis flow



(a) Representative micrograph of a total of 2143 micrographs collected for the elF2B-
NSs sample. The scale bar shown in white at the bottom-right is 200 A. (b) Data
processing scheme for reconstruction of elF2B-NSs assembly. (¢) Fourier shell
correlation (FSC) plots of the 3D reconstructions of the elF2B-NSs complex masked
(orange), unmasked (blue) (d) Orientation angle distribution of the elF2B-NSs complex
reconstruction. (e) Local resolution map of the elF2B-NSs complex showing that the N-
terminal region of NSs that contacts elF2B is well-resolved, and the C-terminal region of
NSs that faces the solution is more dynamic. (f) Electron microscopy maps of different
regions of the NSs structure in the elF2B-NSs complex showing the quality of the data
and the fit of the model.
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Supplementary Fig. 5: Primary sequence alignment of the SFSV NSs and the RVFV
NSs

Alignment shows that the primary sequence between the two NSs shares 43.2%
similarity and most of the aromatic finger amino acids (in cyan boxes) in the SFSV NSs
are not conserved in the RVFV NSs. Secondary structures are shown in arrows (beta
strands) and cylinders (helices). The secondary structure of the SFSV NSs is assigned
based on the experimental structure. The secondary structure of the C-terminal domain
of the RVFV NSs is assigned based on PDB ID: 5000, and the N-terminal domain

based on predictions (shown as hollow arrows or cylinders [1].



elF2Bd

C-terminus

elF2Ba ’ RVFV NSs
Supplementary Fig. 6: Structural comparision between the SFSV NSs and the
RVFV NSs
(a) Overlay of the RVFV NSs C-terminal domain structure (PDB ID: 5000, chain A) to
the SFSV NSs showing that the C-terminal domain of the two NSs share similar overal
structures. However, it is the N-terminal domain that forms direct contact with elF2B. (b)
Zoomed in view of panel a showing the structural similarity between the C-terminal
domains fo the two NSs. elF2B is colored blue, the SFSV NSs in gold and the RVFV
NSs in red.
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Supplementary Fig. 7: Effect of NSs truncations on protein function

(a) ATF4 and (b) General Translation reporter levels as monitored by flow cytometry
after 3 h of thapsigargin (100 nM) and trimethoprim (20 uM) treatment. ATF4 and
General Translation reporter levels are show for the population of BFP+ cells (that is,
cells that have stably integrated the NSs expression constructs). NSs truncation
abolishes its ISR evasion functionality, either by destabilizing protein synthesis or, more

specifically, the interaction with elF2B. Source data are provided as a Source Data file.
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Supplementary Fig. 8: Synergistic binding of NSs loops

Zoomed in view of the NSs loops interaction with elF2B. The conformation of the
elF2Bod-facing amino acids (H36 and D37) could affect the positioning of V38, which
forms hydrophobic stacking with M6. This stacking interaction may be important for the
optimal positioning of Y5 and F7, the two main aromatic fingers facing elF2Ba, thus

contributing to NSs-elF2B binding. elF2B is colored in blue and NSs in gold.
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Supplementary Fig. 9: Representative gating strategy for flow cytometry
experiments

An example of how flow cytometry data is analyzed. From 10,000 events collected the

vast majority pass filtering and are included in median reporter signal calculations.
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Supplementary Fig. 10: Schematic overview of the aromatic fingers

(a) Cartoon representation of the NSs aromatic fingers interacting with elF2Ba. A koala
was chosen to illustrate this interaction as their hands have three fingers and two
opposable thumbs that grab onto branches from opposite sides in a geometry similar to

how NSs grabs onto elF2Ba (b) Zoomed out view of panel a.
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Supplementary Table 1

Structure

Microscope

Voltage (keV)

Nominal magnification
Exposure navigation
Electron dose (e’A?)
Dose rate (e’/pixel/sec)
Detector

Pixel size (A)

Defocus range (um)
Micrographs

Total extracted particles (no.)
Final particles (no.)

Symmetry imposed

FASC average resolution, masked
(A)

FSC average resolution,
unmasked (A)

Applied B-factor (A)
Reconstruction package

Protein residues

Ligands

RMSD Bond lengths (A)
RMSD Bond angles (°)
Ramachandran outliers (%)
Ramachandran allowed (%)
Ramachandran favored (%)
Poor rotamers (%)

CaBLAM outliers (%)
Molprobity score

Clash score (all atoms)
B-factors (protein)

B-factors (ligands)
EMRinger Score
Refinement package

elF2B-NSs complex (PDB ID: 7RLO)

Data collection
Titan Krios
300
105000x
Image shift
67
8
K3 summit
0.835
0.6-2.0
2143

Reconstruction
1055439
137093
C1
2.6

3.7

76.2
Cryosparc 2.15

Refinement
3670
0
0.002
0.530
0.08
4.55
95.37
3.20
2.57
2.08 (96" percentile)
6.8 (99" percentile)
102.73
N/A
2.77
Phenix 1.17.1-3660-000
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Supplementary Table 2

Plasmid Description Antibiotic
pMS113 NSs::6xHIS for Expi293 expression / purification Ampicillin
pMS085 Empty Vector for lentiviral integration Ampicillin
pMS110 NSs::FLAG for lentiviral integration Ampicillin
pMS111 FLAG::NSs for lentiviral integration Ampicillin
pMS119 Truncated NSs (aa 1-89) for lentiviral integration Ampicillin
pMS120 Truncated NSs (aa 1-137) for lentiviral integration Ampicillin
pMS121 Truncated NSs (aa 1-155) for lentiviral integration Ampicillin
pMS122 Truncated NSs (aa 1-185) for lentiviral integration Ampicillin
pMS123 Truncated NSs (aa 1-213) for lentiviral integration Ampicillin
pMS127 NSs::FLAG (Y5A/F7A) for lentiviral integration Ampicillin
pMS128 NSs::FLAG (Y79A/F80A) for lentiviral integration Ampicillin
pMS129 NSs::FLAG (F33A) for lentiviral integration Ampicillin
pMS132 NSs::FLAG (H36A) for lentiviral integration Ampicillin
pMS134 NSs::FLAG (D37A) for lentiviral integration Ampicillin
pMS001 E. coli expression plasmid for elF2Bd and Avi-tagged elF2B] Chloramphenicol
oMS003 E. coli expression plasmid for elF2Bd and Protein C-tagged Chloramphenicol
elF2BpB
pMS026 E. coli expression plasmid for Avi-tagged elF2Ba Ampicillin

14




Supplementary Table 3

Antibody Blocking
Host Dilution = Manufacturer / Catalog # .
Target Conditions
GAPDH Rabbit 1/2000 Abcam / ab9485 TBS-T + 3% BSA
elF2Ba Rabbit 1/1000 ProteinTech / 18010-1-AP TBS-T + 3% milk
elF2Bp Rabbit 1/1000 ProteinTech / 11034-1-AP TBS-T + 3% milk
elF2B& Rabbit 1/1000 ProteinTech / 11332-1-AP TBS-T + 3% milk
elF2Be Mouse 1/1000 | Santa Cruz Biotechnology / | PBS-T + 3% milk
sc-55558

ATF4 Rabbit 1/1000 Cell Signaling / 11815S PBS-T + 3% milk
elF2a-P Rabbit 1/1000 Cell Signaling / 9721S PBS-T + 1% BSA
elF2a Rabbit 1/1000 Cell Signaling / 5324S PBS-T + 3% milk

Goat (directly _
6xHIS _ 1/1000 Abcam / ab1269 TBS-T + 5% milk
conjugated to HRP)
FLAG Mouse 1/1000 Sigma / F1804-1MG PBS-T + 3% milk
BD Transduction
PKR Mouse 1/1000 TBS-T + 3% milk
Laboratories / 610764
PERK Rabbit 1/1000 Cell Signaling / 3192S TBS-T + 3% milk

15




4.6 News and Views:

Ferreting out viral pathogenesis

Own contribution:

I contributed to writing and illustrating the manuscript.

Jennifer Wiirth

34



news & views

VIRAL PATHOGENESIS

Ferreting out viral pathogenesis

Severe fever with thrombocytopenia virus is an emerging, highly lethal tick-borne pathogen with growing impact.
In this issue of Nature Microbiology, two papers make major progress towards a better understanding of its so far
incompletely understood mechanisms of virulence.

Jennifer Deborah Wuerth and Friedemann Weber

virus (SFTSV) is an RNA virus of the

order Bunyavirales, genus Phlebovirus.
It was first recognized in 2009 in China,
but soon turned out to be present all over
East Asia, with seroprevalence rates that
can exceed 9%'. To date, there are more
than 7,000 reported cases of the acute,
high-fever illness with thrombocytopenia,
leukocytopenia and multi-organ failure.
The case fatality rate increases with age
and can reach up to 30%7.

Known virulence mechanisms of SFTSV
centre on the non-structural protein NSs
and its inhibitory interaction with the
antiviral interferon (IFN)-a/f system’. IFNs
are cytokines produced by virus-infected
cells. Secreted IFNs bind to their cognate
receptor and stimulate hundreds of genes
with antiviral activity. SETSV NSs, however,
blocks both the induction of IFN and the
subsequent IFN-triggered signalling (Fig. 1a),
thus impeding antiviral gene expression.
The role of NSs in IFN antagonism is well-
investigated in cell culture, but not in vivo.
The main reason, curiously, is that IFN-
deficient mice are required to obtain SFTSV
pathogenesis. In a recently published paper
in Nature Microbiology, Park et al. overcame
this drawback by establishing an infection
model with immunocompetent ferrets’.
Interestingly, these animals exhibited
the same age dependency for clinical
manifestations of SFTS as humans do.
Moreover, gene expression profiles showed
an IFN response that was early, strong and
transient in the surviving young animals,
whereas in the aged animals, it came later but
persisted until they succumbed to the virus.
Thus, in vivo, SFTSV NSs is able to dampen
the IFN response, but cannot entirely shut it
off. IFN signatures are a marker for ongoing
viral replication, and the delay of their onset
is paramount for productive infection.
Inflammation on the other hand is a marker
of severe viral disease’ — exactly what was
observed in the SFTSV ferret model. Only
the aged animals had upregulated pathways
of, for example, interleukin (IL)-6 signalling,
macrophage recruitment and leukocyte
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Fig. 1| Suppressive and activating effects of SFTSV NSs on host signalling pathways. a, Following
sensing of SFTSV infection, mammalian cells trigger the induction of IFN. The NSs protein of SFTSV,
however, acts as an antagonist to both IFN induction and IFN signalling to evade the expression of
antiviral genes. b, Now, SFTSV NSs has been discovered to additionally activate the cellular kinase TPL2,
thereby driving the induction and secretion of the immunosuppressive cytokine IL-10.

extravasation, simultaneously with the late
IFN response. This indicates an excessive
immune activation that eventually leads to
tissue damage and immune exhaustion.

Suppression of the IFN system is a basic
pathogenicity mechanism of viruses, but a
second recently published paper in Nature
Microbiology® shows that other strategies
play a significant role as well. Choi et al.
discovered that SFTSV forces immune
cells to produce the immunosuppressive
cytokine IL-10 (ref. ©). Again, the key player
is the NSs protein, but here it stabilizes and
activates the so-called tumour progression
locus 2 (TPL2) kinase complex to trigger a
signalling chain leading to IL-10 expression
(Fig. 1b). Strikingly, in the IFN-deficient
mouse model, both TPL2 and IL-10 were
essential for SFTSV virulence. Thus,
Choi et al. have identified a novel, activating
mechanism of virulence mediated by the
IFN-suppressive NSs.

Both papers*® represent major steps
towards a better understanding of SFTSV
pathogenesis, but several points remain

unsolved. First, unlike patients and
IFN-deficient mice, the aged ferrets did

not exhibit an IL-10 signature®. As ferrets
do encode IL-10 (ref. 7), there might be
limitations of this animal model. Moreover,
the observation that a SFTSV mouse model
has to be IFN-deficient, whereas ferrets
need just be old, may indicate that SFTSV
NSs is not compatible with the murine IFN
system. Finally, and more generally, it seems
that in severe infections, the late-onset IFNs
and inflammatory cytokines are sending
orders to the immune system that are

quite contrary to the ones sent by the anti-
inflammatory cytokine IL-10 induced at the
same time. Now that it is clear that the virus
itself is upregulating IL-10, it is tempting

to speculate that these conflicting immune
signals are part of the reason why some
viral infections can run out of control and
exhaust the host response.

Pathogens are under strong selection
pressure for maximal spread, and host
damage is often an inevitable consequence®.
Arthropod-borne viruses, like SFTSV,
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in particular require a systemically and
heavily infected host to guarantee the

transit into the next vector organism, which
could bite anywhere on the skin. Thus,
viraemia is critical for transmission, and

the novel mechanism of IL-10 induction is

a substantial contributor. Furthermore, the
findings suggest a general principle that may
reach well beyond the phlebovirus SFTSV.
IL-10 production has so far only been
reported for DNA viruses like herpes or pox,
which encode their own version’. For many
other viral diseases, like Ebola, Rift Valley
fever, Crimean-Congo haemorrhagic fever
and SFTSV (ref. ¢), high production of IL-10
has been shown to be associated with poor
outcomes, but the source of the cytokine

has remained elusive. It seems to be time to

pay more attention to this and to investigate
whether these aggressive RNA viruses may
actively induce IL-10, like SFTSV does
through its NSs protein.

SETSV is shortlisted by WHO as a
major public health risk, with no approved
therapy or prophylaxis available. The
novel animal model and insights into the
virulence mechanism reported by Park et al.*
and Choi et al.® can now be exploited for
developing and testing candidate antivirals
and vaccines. a
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