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Preface

Viruses are obligate parasites relying on the exploitation of host cell processes and
resources for replication. The interplay between host and viruses remains largely
unknown. Life cycles for individual viruses have been defined with functions
ascribed for many viral proteins. The discovery of RNA interference (RNAi) and
the subsequent development of tools to specifically silence individual cellular genes
enabled genome-wide studies, interrogating gene function in a spectrum of pro-
cesses, advancing developmental biology, and infectious disease. The advent of
functional genomics allowed for the interrogation of the virus–host cell interactions
and probing the genome for a role in the virus replication.

Libraries of arrayed siRNAs against human or mouse genomes have been
available for more than a decade. More recently, microRNA (miRNA) mimic and
inhibitor libraries have also become available for genome-wide screening, and most
recently gene editing, e.g. CRISPR/Cas, has also become available. These
approaches combined with transcriptomic and proteomic analyses have enabled the
identification of new players in the host–virus interactome. Importantly, advances in
recombinant technology, virology, and systems biology have allowed mapping
of the interaction between cellular and viral gene products, including viral and
cellular non-coding RNAs allowing for a better understanding of novel gene
functions and pro- and anti-viral activities. These discoveries have provided an
opportunity for the development of novel therapeutics and approaches to improve
viral vaccines and vaccine production.

This volume presents a current understanding of the interplay between host cells
and viruses during infection and replication. The first chapters present our
knowledge of coronavirus, flavivirus, and human immunodeficiency virus (HIV),
virus–cell interactions, i.e. three positive-sense RNA viruses (Coronaviridae,
Flaviviridae, and Retroviridae), respectively. The volume then moves to address to
negative-sense RNA viruses, with chapters on Ebola virus (Filoviridae), influenza
virus (Orthomyxoviridae), and two viruses from the Paramyxoviridae family.
The respiratory syncytial virus (RSV) chapter discusses the role of miRNAs in
infection, while the henipavirus chapter explores diverse aspects of virus–host
interactions. The volume finishes with a chapter on non-coding RNAs involved in
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herpesvirus infection, a double-stranded DNA virus (Herpesviridae). These
chapters capture many aspects of viral genomes and life cycles, including seg-
mented, integrating, and latent genomes, acute, chronic, and latent infections, as
well as vector-borne viruses. This volume provides a representation of virus–host
interactions and a valuable resource for advancing our understanding. We are
grateful to the authors for their expertise and contributions to this remarkable
volume.

Athens, USA Ralph A. Tripp
S. Mark Tompkins
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Host Factors in Coronavirus Replication

Adriaan H. de Wilde, Eric J. Snijder, Marjolein Kikkert
and Martijn J. van Hemert

Abstract Coronaviruses are pathogens with a serious impact on human and animal
health. They mostly cause enteric or respiratory disease, which can be severe and
life threatening, e.g., in the case of the zoonotic coronaviruses causing severe acute
respiratory syndrome (SARS) and Middle East Respiratory Syndrome (MERS) in
humans. Despite the economic and societal impact of such coronavirus infections,
and the likelihood of future outbreaks of additional pathogenic coronaviruses, our
options to prevent or treat coronavirus infections remain very limited. This high-
lights the importance of advancing our knowledge on the replication of these
viruses and their interactions with the host. Compared to other +RNA viruses,
coronaviruses have an exceptionally large genome and employ a complex genome
expression strategy. Next to a role in basic virus replication or virus assembly,
many of the coronavirus proteins expressed in the infected cell contribute to the
coronavirus-host interplay. For example, by interacting with the host cell to create
an optimal environment for coronavirus replication, by altering host gene expres-
sion or by counteracting the host’s antiviral defenses. These coronavirus–host
interactions are key to viral pathogenesis and will ultimately determine the outcome
of infection. Due to the complexity of the coronavirus proteome and replication
cycle, our knowledge of host factors involved in coronavirus replication is still in an
early stage compared to what is known for some other +RNA viruses. This review
summarizes our current understanding of coronavirus–host interactions at the level
of the infected cell, with special attention for the assembly and function of the viral
RNA-synthesising machinery and the evasion of cellular innate immune responses.
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1 Introduction

Around the end of 2002, an outbreak of a previously unknown severe acute res-
piratory syndrome (SARS) started in South East China and Hong Kong.
Accelerated by air travel, the disease rapidly spread to several parts of the world and
displayed pandemic potential. SARS-coronavirus (SARS-CoV) was identified as
the causative agent of this zoonotic infection (Drosten et al. 2003; Ksiazek et al.
2003; Kuiken et al. 2003; Peiris et al. 2003), which resulted in >8000
laboratory-confirmed cases and 774 associated deaths worldwide (WHO 2004).
Although in terms of death toll not comparable to influenza, HIV or HCV, the 2003
SARS-CoV outbreak caused worldwide public concern and seriously affected the
global economy [estimated losses $30–100 billion; (Keogh-Brown and Smith
2008)]. SARS-CoV initially causes lower respiratory tract disease, which can lead
to a progressive and potentially lethal atypical pneumonia with clinical symptoms
that include fever, malaise, lymphopenia, and in some cases also diarrhea. Two
years after the outbreak, horseshoe bats were identified as the likely reservoir of the
SARS virus, whereas civet cats probably have served as intermediate host during
the zoonotic transfer to humans (Lau et al. 2005; Li et al. 2005b). Adaptation to the
human host required a small number of mutations in the receptor-binding domain of
the SARS-CoV spike (S) protein, which mediates cell binding and entry (Li et al.
2005c) (see Chap. 2). There is increasing evidence that SARS-like coronaviruses
continue to circulate in bats and that these may have the potential to readily cross
the species barrier and emerge as human pathogens (Ge et al. 2013; Menachery
et al. 2015). Such zoonotic scenarios therefore remain a serious public health
concern.

Almost a decade after the SARS-CoV outbreak, the next zoonotic coronavirus
emerged: Middle East Respiratory Syndrome coronavirus (MERS-CoV) (de Groot
et al. 2013). The virus was first isolated in June 2012 from a 60-year-old Saudi
Arabian male who died from acute respiratory distress syndrome (ARDS) and
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multiple organ failure, including renal failure (Zaki et al. 2012; van Boheemen et al.
2012). Also MERS-CoV can cause a lower respiratory tract infection with symp-
toms that include coughing and high fever. By the end of 2016, more than 1850
laboratory-confirmed MERS-CoV cases had been recorded, with a mortality rate of
about 35% (WHO 2016). MERS-CoV is assumed to be transmitted to humans from
camels and serological studies in the latter animals revealed that they have harbored
MERS-CoV or MERS-CoV-like viruses for decades (Muller et al. 2014).

Besides the zoonotic SARS- and MERS-CoVs, the coronavirus family includes
four ‘established’ human coronaviruses (HCoVs), of which HCoV-OC43 and
-229E have already been known since the 1960s. These two viruses cause mild
respiratory disease and, after rhinoviruses, are a leading cause of common colds
(10–30% of the cases) (van der Hoek 2007; McIntosh et al. 1967; Hamre and
Procknow 1966). More recently, following intensified screening for coronaviruses,
two additional HCoVs were discovered, HCoV-NL63 (van der Hoek et al. 2004)
and HCoV-HKU1 (Woo et al. 2005). Interestingly, recent findings suggest that also
HCoV-NL63, -229E, and -OC43 originate from zoonotic transfer from bats (Huynh
et al. 2012; Corman et al. 2016; Vijgen et al. 2006; Corman et al. 2015).
Coronaviruses also cause a range of infectious diseases in animal species, some
with serious (economical) consequences for the livestock industry. This is illus-
trated by the recent emergence of a novel variant of porcine epidemic diarrhea
virus, which is closely related to a strain that caused a large outbreak in China in
2010, killing almost one million piglets [for a recent review, see (Lin et al. 2016)].

The economic impact of coronavirus infections, the past and likely future
emergence of pathogenic zoonotic coronaviruses and the lack of effective antiviral
strategies have made it painfully clear that our preparedness to treat or prevent
coronavirus infections are very limited. This highlights the importance of advancing
our knowledge on the replication of these viruses and their interactions with the host.

Coronaviruses are positive-stranded RNA (+RNA) viruses with, for this kind of
viruses, exceptionally large genomes of *30 kb. They have a polycistronic gen-
ome organization and employ a unique transcription mechanism to generate a
nested set of subgenomic (sg) mRNAs. These are used to express the open reading
frames (ORFs) located downstream of the replicase ORFs 1a and 1b (see Fig. 1a),
which encode structural and accessory proteins. The sg mRNAs are 3′ co-terminal
but they also contain a common 5′ leader sequence. The leader and ‘body’ segments
of the sg RNAs are joined during discontinuous negative strand RNA synthesis,
which produces a subgenome-length template for each of the sg mRNAs [(Sawicki
and Sawicki 1995), for a recent review, see (Sola et al. 2015)].

Following entry and uncoating, the coronavirus replicative cycle (see Fig. 1a)
starts with the translation of the 5′-proximal ORFs of the viral genome (ORF1a and
ORF1b), which results in the synthesis of two large replicase polyproteins (pp1a
and pp1ab). Synthesis of pp1ab, a C-terminally extended form of pp1a, involves a -1
ribosomal frameshift (RFS) into ORF1b occurring near the 3′ end of ORF1a. This
regulatory mechanism is thought to have evolved to downregulate expression levels
of ORF1b-encoded proteins compared to ORF1a-encoded nonstructural proteins
(nsps) (Brierley and Dos Ramos 2006; Brierley et al. 1989). Ultimately, 15 or 16
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mature replicase proteins are released from pp1a and pp1ab due to proteolytic
cleavages performed by two or three ORF1a-encoded proteases. Nsp3 contains one
or two papain-like protease domains (PL1pro and PL2pro, or PLpro for SARS-CoV
and infectious bronchitis virus) that process the nsp1-4 part of the replicase
polyproteins. The remaining cleavage sites are processed by the viral main protease
that resides in nsp5, a chymotrypsin-like enzyme also known as 3C-like protease
(Snijder et al. 2016). A schematic overview of the proteolytic processing and
domain structure of the SARS-CoV replicase is presented in Fig. 1b. The replicase
proteins contain a variety of (enzymatic) activities and functions that are required
for viral RNA synthesis and capping (Perlman and Netland 2009; Snijder et al.
2016), such as the RNA-dependent RNA polymerase (RdRp; nsp12), a helicase
(nsp13), RNA cap-modifying methyltransferases (nsp14 and nsp16), and an
exoribonuclease (nsp14). Together with recruited host cell proteins, the coronavirus
nsps form membrane-associated replication and transcription complexes [RTCs;
(van Hemert et al. 2008)], which localize to a network of virus-induced membrane
structures in the perinuclear region of the infected cell (Knoops et al. 2008; Gosert
et al. 2002; van der Meer et al. 1999; Brockway et al. 2003; Stertz et al. 2007; Ulasli
et al. 2010). Many of the nsps appear to have multiple functions in the synthesis or
processing of viral RNA, or in virus–host interactions aiming to create an optimal
environment for coronavirus replication, for example by facilitating viral entry,
gene expression, RNA synthesis or virus release. Moreover, to further enhance viral
replication, host gene expression and antiviral defenses are targeted in several ways.
Coronavirus–host interactions also play a decisive role in viral pathogenesis and the
ultimate outcome of infection.

JFig. 1 Outline of the coronavirus replicative cycle and replicase polyprotein organization, based
on SARS-CoV. a Schematic overview of the coronavirus replicative cycle. Following entry by
receptor-mediated endocytosis and release of the genome into the cytosol, genome translation
yields the pp1a and pp1ab replicase polyproteins. Following polyprotein cleavage by multiple
internal proteases, the viral nsps assemble into an RTC that engages in minus-strand RNA
synthesis. Both full-length and subgenome (sg)-length minus strands are produced, with the latter
templating the synthesis of the sg mRNAs required to express the structural and accessory protein
genes residing in the 3′-proximal quarter of the genome. Ultimately, novel genomes are packaged
into nucleocapsids that become enveloped by budding from smooth intracellular membranes, after
which the new virions leave the cell by following the exocytic pathway. See text for more details.
b The 14 open reading frames in the genome are indicated, i.e., the replicase ORFs 1a and 1b, the
four common CoV structural protein genes (S, E, M, and N) and the ORFs encoding so-called
‘accessory proteins.’ The bottom panel explains the organization and proteolytic processing of the
pp1a and pp1ab replicase polyproteins, the latter being produced by −1 ribosomal frameshifting.
The nsp3 (PLpro) and nsp5 (3CLpro) proteases and their cleavage sites are indicated in matching
colors. The resulting 16 cleavage products [nonstructural proteins (nsps)] are indicated, as are the
conserved replicase domains. Domain abbreviations and corresponding nsp numbers: PLpro,
papain-like proteinase (nsp3); 3CLpro, 3C-like protease (nsp5); TM, transmembrane domain (nsp3,
nsp4, and nsp6); NiRAN, nidovirus RdRp-associated nucleotidyl transferase (nsp12); RdRp,
RNA-dependent RNA polymerase (nsp12); ZBD, zinc-binding domain (nsp13); HEL1, super-
family 1 helicase (nsp13); ExoN, exoribonuclease (nsp14); N7-MT, N7-methyl transferase
(nsp14); endoU, uridylate-specific endoribonuclease (nsp15); 2′-O-MT, 2′-O-methyl transferase
(nsp16). Adopted with permission from (Snijder et al. 2016)
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Due to the exceptional size of their +RNA genome and proteome, and the
resulting complexity of the interactions with the host, our knowledge of host factors
involved in coronavirus replication is still in an early stage compared to what is
known for some other +RNA virus groups. In this review, we will summarize our
current understanding of coronavirus–host interactions at the level of the infected
cell, with special attention for the assembly and function of the viral
RNA-synthesizing machinery and the evasion of cellular innate immune responses.

2 Host Receptors Involved in Coronavirus Entry

Entry into the target cell constitutes the first critical step in the coronavirus repli-
cation cycle. The major determinant for this step is the efficient binding of the
coronavirus S glycoprotein to a protein-receptor on the cell surface. The coron-
avirus S protein is a type 1 glycoprotein that consists of S1 and S2 subunits and is
present on the virion surface as a trimer. (Li 2016; Hulswit et al. 2016). The S1
region is involved in receptor binding and contains N- and C-terminal domains
(S1-NTD and S1-CTD, respectively) (Walls et al. 2016) that may both act as
receptor-binding domain (RBD), with the major determinants of cell tropism
residing in S1-CTD. The elongated S2 regions form the stalk of the spike trimer and
are mainly involved in triggering the fusion of the viral envelope and target cell
membranes [for recent reviews on coronavirus entry and spike protein organization,
see (Li 2016; Hulswit et al. 2016)].

The S1-NTD is mainly involved in facilitating virus binding and entry, by
interacting with glycans on the host cell surface. Based on the crystal structure of
the betacoronavirus S1-NTD and the sequence conservation among the S1-NTDs of
other coronaviruses, all coronavirus S1-NTDs are thought to share a galectin fold
that mediates binding to sialic acids, like N-glycolylneuraminic acid (Neu5Gc),
N-acetylneuraminic acid (Neu5Ac), and/or 5-N-acetyl-9-O-acetylneuraminic acid
(Neu5,9Ac2) (see (Li 2016), and references herein). An exception is the murine
hepatitis virus (MHV) S1-NTD, which binds the N-terminal D1 domain of carci-
noembryonic antigen-related cell adhesion molecule 1 (CEACAM1), a type-I
membrane protein belonging to the immunoglobulin superfamily (Walls et al. 2016;
Williams et al. 1991).

To mediate entry into host cells, the S1-CTD of most known members of the
alphacoronavirus genus interacts with aminopeptidase N (APN) (for an overview
and references, see Table 1). However, the alphacoronavirus HCoV-NL63 uses a
different type-I membrane glycoprotein, angiotensin-converting enzyme 2 (ACE2)
(Wu et al. 2009), which contains a large N-terminal ectodomain composed of two
alpha-helical lobes. The same molecule, ACE2, has been identified as a receptor for
the zoonotic betacoronavirus SARS-CoV (Li et al. 2003). The betacoronaviruses
MERS-CoV and bat coronavirus HKU4 use yet another cellular peptidase for virus
entry: dipeptidyl peptidase 4 (DPP4) (Yang et al. 2014; Raj et al. 2013). The
MERS-CoV S protein has a higher affinity for human DPP4, while the HKU4 S
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protein binds more strongly to bat DPP4 (Yang et al. 2014). Chemical peptidase
inhibitors do not affect virus entry, indicating that SARS-CoV and MERS-CoV
receptor usage and entry are independent of the receptor’s peptidase activity and
merely depend on binding to these particular host receptors (Li et al. 2005c; Raj
et al. 2013).

Besides the receptors discussed above, also extracellular, cell surface-associated
and/or lysosomal proteases play a role in coronavirus entry by activating the fusion
activity of the S protein [for a recent review, see (Li 2016)]. For SARS-CoV, fusion
of the viral and cellular membrane is triggered upon cleavage of the S protein by the
cell surface-associated transmembrane protease, serine 2 (TMPRSS2) (Glowacka
et al. 2011). The same protease is important for cleavage and activation of the
HCoV-229E and MERS-CoV S protein (Shirato et al. 2013; Bertram et al. 2013).
After endocytosis, the SARS-CoV S protein is cleaved by the lysosomal proteases
cathepsin L and cathepsin P in early endosomes, leading to fusion of the virus
envelop with the endosome membranes and release of the viral RNA into the
cytosol of the infected cell (Huang et al. 2006a, b; Simmons et al. 2005).
MERS-CoV entry occurs by a similar mechanism (Shirato et al. 2013; Burkard
et al. 2014), although inhibition of the cellular protease furin abolished the entry of
MERS-CoV but not SARS-CoV, indicating that furin-mediated cleavage is pivotal

Table 1 Overview of known coronavirus entry receptors

Genus Species: S1-NTD S1-CTD References

Alphacoronavirus Alphacoronavirus 1 Neu5Gc and
Neu5Ac*

APN (Tresnan et al. 1996;
Delmas et al. 1992)

PEDV Neu5Ac APN (Liu et al. 2015; Li
et al. 2007)

PRCV APN (Schultze et al. 1996)

HCoV-229E APN (Yeager et al. 1992)

HCoV-NL63 ACE2 (Wu et al. 2009)

Betacoronavirus Betacoronavirus 1 Neu5,9Ac2 (Schultze and Herrler
1992; Krempl et al.
1995)

MERS-CoV DPP4 (Raj et al. 2013)

MHV CEACAM1 (Williams et al. 1991)

HKU1 Neu5,9Ac2 (Huang et al. 2015b)

HKU4 DPP4 (Yang et al. 2014)

SARS-CoV ACE2 (Li et al. 2003)

Gammacoronavirus IBV Neu5Gc (Schultze et al. 1993)

Deltacoronavirus PDCV Unknown unknown

(Abbreviations PEDV Porcine epidemic diarrhea virus; TGEV Transmissible gastroenteritis
coronavirus; PRCV Porcine Respiratory coronavirus; FCoV Feline coronavirus; CCoV Canine
coronavirus; HCOV Human coronavirus; BCoV Bovine coronavirus; MHV Murine hepatitis virus;
IBV Infectious bronchitis virus; PDCV Porcine delta coronavirus). *Within the alphacoronavirus 1
species, only for TGEV the sialic acids Neu5Gc and Neu5Ac has been identified as attachment
factors
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for efficient MERS-CoV entry (Burkard et al. 2014; Follis et al. 2006). On the other
hand, MHV strain A59 was shown to fuse with late endosomes and to depend on
their low pH for S protein cleavage (Burkard et al. 2014). Therefore, it has been
proposed that coronavirus fusion with endosomes depends on the use of a furin
cleavage site just upstream of the fusion peptide (Burkard et al. 2014). However,
why some coronaviruses fuse with early endosomes and others with late endo-
somes, and whether these events play a role in host tropism and pathogenicity, is
still not completely understood (Burkard et al. 2014). The complexity of S protein
cleavage is further highlighted by a recent paper by Park et al., which clearly
showed that MERS-CoV entry depends on furin-mediated cleavage in virus-
producing cells. Subsequently, cleaved MERS-CoV S proteins could be processed
by proteases on recipient cells and virions could enter the cells via early endosomes
or even by fusing with the plasma membrane. MERS-CoV virions that contain
uncleaved S proteins may rather fuse with late endosomes (Park et al. 2016).

The interaction of the coronavirus S glycoprotein with its cell surface receptor is
a key determinant for host tropism. In the case of SARS-CoV, only a few mutations
(N479L and T487S) in the S protein’s RBD sufficed to dramatically increase the
affinity for human ACE2 (Li 2008). Likewise, the MERS-CoV S protein contains
two mutations compared to the bat coronavirus HKU4 S protein, which can bind
the human DPP4 receptor, but cannot mediate viral entry due to lack of activation
by human proteases. The two mutations in the MERS-CoV S protein (S746R and
N762A) enable cleavage by the human proteases and thus viral entry into human
cells and may have contributed to the zoonotic transfer of MERS-CoV (Yang et al.
2015).

Several lineage A betacoronaviruses also carry a hemagglutinin-esterase
(HE) protein on their surface. HE proteins contain a lectin-binding domain that
mediates binding to O-acetylated sialic acids, while also possessing sialate-O-
acetylesterase receptor-destroying enzyme activity targeting these same glycans on
the cell surface. The receptor-destroying enzyme activity is thought to prevent
attachment to non-permissive cells, while the HE protein also facilitates entry into
target cells after binding to the main entry receptor (Zeng et al. 2008; Langereis
et al. 2010; Bakkers et al. 2016).

3 Translation and the Unfolded Protein Response
in Coronavirus-Infected Cells

All viruses depend on the host cell’s translation machinery for the production of
their proteins and infectious progeny. Moreover, protein synthesis is also pivotal for
the host cell’s response to infection by mounting an antiviral (innate) immune
response. Hence, it is not surprising that many +RNA viruses modulate host protein
synthesis in order to limit the translation of cellular mRNAs and favor the synthesis
of viral proteins [reviewed in (Walsh and Mohr 2011; Fung et al. 2016)].
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In eukaryotic cells, translation is initiated by formation of the heterotrimeric eIF2
complex, which is composed of the regulatory a-subunit, the tRNA-binding
b-subunit, and a GTP-binding c-subunit. The eIF2 complex is responsible for
loading of the 40S subunit with Met-tRNAi. After mRNA binding, this 43S
complex serves as a scaffold for the recruitment of several additional proteins,
including eIF3, to the capped 5′ end of the mRNA. Subsequently, the cap-binding
eukaryotic translation initiation factor 4F (eIF4F) joins this pre-initiation complex
(48S complex), which then scans the mRNA in the 5′ to 3′ direction to localize a
translation initiation codon. At this point, the 60S ribosomal subunit joins and
protein synthesis starts [reviewed in (Jackson et al. 2010)]. Polyadenine-binding
protein (PABP), which binds to the poly(A)-tail of mRNAs, is also involved in
stimulating protein synthesis.

The eIF2 complex can be inactivated by phosphorylation of its alpha subunit
(eIF2a) by one of four mammalian kinases in response to various (external) trig-
gers. These kinases are eIF2a kinase 4 (also known as GCN2), heme-regulated
inhibitor (HRI), PKR-like endoplasmic reticulum kinase (PERK), which is acti-
vated upon induction of ER stress, and double-stranded (ds) RNA-activated protein
kinase (PKR).

Since several stages of the coronavirus replication cycle are closely associated
with the endoplasmic reticulum (ER), ER stress is thought to occur during coron-
avirus infection. Indeed, expression of several coronavirus proteins, including the
heavily glycosylated S protein, was shown to induce ER stress, which was also
observed in coronavirus-infected cells [(Chan et al. 2006), and reviewed in (Fung
et al. 2016)]. Consequently, the unfolded protein response (UPR) is induced, which
alleviates the problems by inhibiting translation (by PERK-induced phosphoryla-
tion of eIF2a), stimulating protein folding, and eventually triggering apoptosis.
Compared to, for example, hepatitis C virus [see review by (Chan 2014)], many
details of how coronaviruses control the UPR remain unknown, but they generally
seem to manipulate PERK activity to control the level of translation [reviewed by
(Fung et al. 2016)].

PKR is a serine/threonine protein kinase that is activated by the presence of
dsRNA, a hallmark of RNA virus infection. PKR is a key player in the innate
immune response to RNA virus infection as it upregulates antiviral gene expression,
including the production of interferons (IFNs). Coronaviruses have evolved various
strategies to counteract PKR-mediated signaling in order to prevent the translational
shut-off due to eIF2a phosphorylation. For example, infectious bronchitis virus
(IBV) appears to (weakly) antagonize PKR by blocking its activation as well as
inducing the expression of growth arrest and DNA-damage-inducible 34 protein
(GADD34), leading to reduced eIF2a phosphorylation in IBV-infected cells (Wang
et al. 2009). Upon MHV infection, sustained eIF2a phosphorylation and repression
of GADD34 expression leads to translational repression of cellular mRNAs, which
may be beneficial for MHV infection (Bechill et al. 2008). Recently, the
MERS-CoV ORF4a protein was shown to counteract the PKR-induced formation
of stress granules, probably by binding viral dsRNA to shield it from detection by
PKR, thereby preventing translational inhibition (Rabouw et al. 2016). Also
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transmissible gastroenteritis virus (TGEV) has been reported to modulate host cell
translation, in this case through its protein 7, which promotes eIF2a dephospho-
rylation through an interaction with protein phosphatase 1 (PP1), a key regulator of
the host’s antiviral response (Cruz et al. 2011). The S proteins of both SARS-CoV
and IBV were found to physically interact with eIF3F, to modulate host translation,
including the expression of the pro-inflammatory cytokines interleukin (IL) 6 and 8,
at a later stage of infection (Xiao et al. 2008). Therefore, this interaction may play
an important regulatory role in coronavirus pathogenesis.

Besides modulating eIF2a phosphorylation, coronaviruses have other ways of
manipulating the translation machinery. Importantly, the nsp1 proteins of both
alpha- and betacoronaviruses were identified as inhibitors of multiple steps of
translation initiation (Lokugamage et al. 2012, 2015). SARS-CoV nsp1 does so by
inhibiting 48S initiation complex formation and interfering with its conversion into
the 80S initiation complex (Lokugamage et al. 2012). In addition, the multifunc-
tional SARS-CoV nsp1 is able to directly bind the 40S ribosomal subunit to inhibit
its function in translation (Kamitani et al. 2009). Moreover, this complex of nsp1
and the 40S subunit induces cleavage of cellular mRNAs to suppress host cell
translation to an even larger extent (Kamitani et al. 2006). MERS-CoV nsp1 seems
to act differently, by selectively inhibiting the translation of mRNAs produced in
the nucleus, while leaving the translation of the cytosolically made viral mRNAs
unaffected (Lokugamage et al. 2015). The difference with SARS-CoV nsp1 is
further highlighted by the observation that MERS-CoV nsp1 does not bind to the
40S ribosomal subunit (Lokugamage et al. 2015).

Taken together, several coronavirus studies have highlighted how modulation of
host protein synthesis through different—often parallel—mechanisms can have a
profound effect on the cell. In this manner, viral ‘translation modulators’ may
contribute importantly to coronavirus pathogenicity.

4 Coronavirus-Induced Modification of Host Cell
Membranes

As outlined in Chap. 1, a common characteristic of +RNA viruses is that their RNA
synthesis takes place in the cytoplasm and is associated with virus-induced struc-
tures derived from cellular endomembranes [reviewed in (Romero-Brey and
Bartenschlager 2016; Reid et al. 2015; van der Hoeven et al. 2016)]. This is an
intriguing kind of virus–host interaction and the architecture of these ‘replication
organelles’ has now been studied in detail for quite a number of viruses.
Nevertheless, their exact functions have remained largely obscure. In general, two
types of +RNA virus-induced membrane structures have been recognized [recently
reviewed by (van der Hoeven et al. 2016)]. The first type is characterized by
single-membrane spherules, invaginations with a negative curvature formed in the
membranes of organelles such as the endoplasmic reticulum (ER), peroxisomes, or
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endosomes, with the source of the membrane depending on the virus under study.
The viral replication machinery is located within these spherules and RNA products
are exported through a channel that connects the spherule’s interior and the cytosol,
so that they can engage in translation or particle assembly. Flaviviruses and
alphaviruses are examples of virus families inducing the formation of this type of
replication organelles [reviewed in (den Boon and Ahlquist 2010)].

The second type of replication structures, which includes those found in
coronavirus-infected cells, is dominated by double-membrane vesicles (DMVs),
often accompanied by other structures such as tubules, zippered ER and/or con-
voluted membranes, together forming a reticulovesicular network in the cytosol
(Knoops et al. 2008; Maier et al. 2013; Ulasli et al. 2010; Hagemeijer et al. 2012;
Gosert et al. 2002) (Fig. 1c). Picornaviruses, arteriviruses, and flaviviruses like
hepatitis C virus (HCV) induce similar structures [reviewed in (van der Schaar et al.
2016; van der Hoeven et al. 2016; Paul et al. 2014), respectively]. It is generally
thought that viral nsps that have transmembrane regions, or are otherwise anchored
to membranes, drive the formation of these structures. In the case of coronaviruses,
nsp3, nsp4, and nsp6 have been implicated in this process (Angelini et al. 2013;
Hagemeijer et al. 2012).

In terms of host factors and pathways involved in the formation of coronavirus
replication organelles, a variety of hypotheses and data sets have been put forward.
Much of this data is still under debate though, making it quite difficult to formulate
a consensus theory. The involvement of ER membranes seems to be generally
accepted and is supported by the presence of ribosomes and ER markers such as
sec61a and protein disulphide isomerase (PDI) on the surface of or inside
virus-induced double-membrane structures, and the fact that the outer membrane of
coronavirus-induced DMVs can be continuous with ER cisternae (Hagemeijer et al.
2014; Knoops et al. 2008, 2010; Snijder et al. 2006). In accordance with this link to
the ER, studies by de Haan and co-workers (Oostra et al. 2007; Verheije et al. 2008)
suggested that the secretory pathway, including coatomer protein (COP)-dependent
processes and associated factors such as GBF-1, plays an important role in repli-
cation. However, no co-localization was observed between nsp4, a marker for the
coronavirus-induced membrane structures, and secretory pathway markers. These
observations are in agreement with the results of our own siRNA screen for host
factors influencing SARS-CoV replication, which identified COPB2 (or b′-COP), a
subunit of the coatomer protein complex, as a strong proviral (or ‘dependency’)
factor (de Wilde et al. 2015). Depletion of COPB1 and GBF1, which are part of this
same machinery, also severely affected SARS-CoV replication, confirming that the
integrity of the secretory pathway is important for replication (de Wilde et al. 2015;
Knoops et al. 2010). Several reports have described the importance of phos-
phatidylinositol 4-kinases (PI4Ks) in +RNA virus replication, which was first
discovered through siRNA screens searching for cellular factors important for
picornavirus and hepatitis C virus replication (Reiss et al. 2011; Hsu et al. 2010;
Berger et al. 2009). These kinases seem to be recruited to the sites of membrane
modification and stimulate the production of PI4P lipids, which together supports
the formation and/or functionality of viral replication structures. The underlying
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mechanism is not exactly clear yet, and several hypotheses have been put forward
[reviewed in (Altan-Bonnet and Balla 2012)]. Also for SARS-CoV replication one
of the PI4K isoforms, PI4KIIIbeta, was shown to be important (Yang et al. 2012),
although it seems to play a role in entry rather than later steps of the replication
cycle. However, in our kinome-based siRNA screen, PI4Ks were not identified as
cellular factors involved in SARS-CoV replication (de Wilde et al. 2015), although
siRNA screens are known to yield false-negative results.

A long-standing hypothesis regarding coronavirus-induced double-membrane
structures is the possible involvement of the autophagy pathway, which derives
from the fact that autophagosomes also have double membranes. Some reports
suggested that coronaviruses hijack the autophagy machinery for DMV biogenesis
in support of their replication (de Haan and Reggiori 2008; Prentice et al. 2004;
Maier and Britton 2012). However, another study showed that the essential
autophagy factor Atg5 is not required at all for coronavirus replication in primary
cells (Zhao et al. 2007). Molinari and co-workers then proposed that so-called
EDEMosomes are being hijacked for the formation of coronavirus membrane
structures (Reggiori et al. 2010). These EDEMosomes are defined as
single-membrane vesicles that pinch off from the ER to remove ERAD regulators
(like EDEM1 and OS-9) when this is needed to tune the ERAD machinery (Cali
et al. 2008). The process seems a deviation from the autophagy pathway, with the
EDEMosomes accumulating LC3-I, a form that is inactive in the canonical
autophagy pathway. Reggiori and co-workers claimed that coronaviruses hijack
these vesicles to form their reticulovesicular network, and this hypothesis was later
extended to arteriviruses (Monastyrska et al. 2013). However, several questions
have remained unanswered and other published data appear to be at odds with the
EDEMosome hypothesis. For example, it has remained entirely unclear how the
small single-membrane EDEMosome vesicles would be converted into the elabo-
rate network of (much larger) DMVs, convoluted membranes (CM), and other
structures that are typical of coronavirus-infected cells. Furthermore, EDEMosomes
have been characterized as alternative transport vesicles that explicitly are not
associated with COP-coats and are independent of the canonical secretory pathway,
which—as Reggiori and co-workers argued—may explain why secretory pathway
markers do not localize to replication membranes (Reggiori et al. 2010).
Nonetheless, the integrity of the secretory pathway and the function of COP
components clearly influences coronavirus replication (Verheije et al. 2008; Oostra
et al. 2007; Knoops et al. 2010; de Wilde et al. 2015).

All in all, although a variety of studies addressed the possible host pathways and
factors involved in the formation and function of the replication-associated mem-
brane structures, our understanding of coronavirus replication organelle biogenesis
is still far from complete. Possibly, the expansion of our basic knowledge regarding
relevant cellular processes, such as membrane trafficking and autophagy, may
provide more clues on the molecular mechanisms underlying these interesting
interactions of coronaviruses with their host cells.
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5 Host Proteins Interacting with the Coronavirus Genome
and Its Replication or Expression

The 5′- and 3′-proximal regions of coronavirus RNAs contain key regulatory ele-
ments for their RNA synthesis [for a recent review, see (Yang and Leibowitz
2015)]. Although in general the precise role of host factors interacting with these
signals is poorly understood, RNA-binding proteins have been identified as fre-
quently used enhancers of coronaviral RNA synthesis (Table 2). Both termini of the
coronavirus genome fold into higher-order RNA structures, which presumably
stabilize the molecule and are also involved in inter- and intramolecular interactions
that facilitate viral replication (Brian and Baric 2005). Viral and cellular proteins
can bind to these structures to drive or modulate translation, replication, and
subgenomic RNA synthesis.

The cellular protein polypyrimidine tract-binding protein (PTB; or heterogeneous
ribonucleoprotein protein (hnRNP) I) was found to bind the 5′ leader sequence of the
TGEV (Galan et al. 2009) and MHV genome (Li et al. 1999; Choi et al. 2002). In the
case of MHV, PTB was found to bind a 5′-proximal pentanucleotide UCUAA repeat
and to be critical for RNA synthesis. HnRNP Q, or SYNCRIP, also binds the
5′-proximal part of the MHV genome and its knockdown reduced MHV RNA
synthesis and virus replication. The case for a specific role in RNA synthesis was
strengthened by the observation that neither overexpression nor downregulation
affected translation of MHV RNA (Choi et al. 2004). Zinc finger CCHC-type and
RNA-binding motif 1 (MADP1) was shown to bind the 5′ end of the SARS-CoV and
IBV genome (Tan et al. 2012). In analogy to SYNCRIP, silencing of MAPD1
reduced IBV replication by interfering with viral RNA synthesis, showing that
MAPD1 plays a proviral role in the coronavirus cycle (Tan et al. 2012).

In addition to proteins that bind the 5′ UTR of the coronavirus RNA, many
RNA-binding proteins have been identified that interact with the 3′ UTR and/or
poly(A)-tail, although the role of these proteins is poorly understood. First, mito-
chondrial aconitase, stabilized by a complex of heat-shock protein (hsp) 40, hsp60,
and mitochondrial hsp70, binds the 3′-terminal 42 nucleotides of the MHV 3′ UTR,
just upstream the poly(A) tail (Nanda et al. 2004; Nanda and Leibowitz 2001). The
protein p100 coactivator was found to bind the TGEV 3′ UTR and/or poly(A) tail
(Galan et al. 2009) and the PABPs interact with the TGEV, BCoV and IBV genome
to promote its efficient replication (Spagnolo and Hogue 2000; Galan et al. 2009;
Emmott et al. 2013). It has been proposed that binding of PABPs to the viral RNA
ensures efficient translation and mRNA stability (Enjuanes 2005). In addition, by
using an RNA-affinity purification and mass spectrometry approach, Galan et al.
(2009) identified several hnRNPs that bind the 3′-terminal *500 nucleotides of the
TGEV genome. Several of these are presumed RNA-binding proteins for other
coronaviruses and were proposed to play a role in viral RNA synthesis (Table 2).
However, the exact function and relevance of hnRNPs and other RNA-binding
proteins in coronavirus replication is still not fully understood. The majority of
RNA-binding proteins were identified in co-immunoprecipitation studies that made
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use of in vitro transcribed RNA and the importance of many of these factors has not
been tested in the context of virus replication. For example, hnRNP A1 was
reported to have affinity for the complement of the MHV leader sequence and the
TRS that regulates mRNA7 synthesis (Li et al. 1997; Zhang and Lai 1995).
Interestingly, however, Shen and Masters (Shen and Masters 2001) showed that
MHV replicates equally well in hnRNP A1−/− CB3 cells and parental CB3 cells,
which lack and express hnRNP A1, respectively. This strongly suggests that
hnRNP A1 itself is not pivotal for MHV replication. On the other hand, Lai and
co-workers showed that multiple hnRNPs can bind to the same viral RNA and
postulated that hnRNPs may be able to functionally substitute each other in MHV
infection (Shi et al. 2003). These apparent contradictions also highlight the tech-
nical complexity of dissecting the precise role of RNA-binding proteins in coron-
avirus replication.

On a different level, RNA-binding proteins were investigated as potential
modulators of the efficiency of the coronavirus ORF1a/1b frameshift event during
replicase gene translation. For example, annexin A2 binds the IBV slippery
sequence, on which ribosomes are repositioned and engage in expression of
ORF1b. Host proteins may also affect the activity of the viral RTC indirectly. Using
an in vitro assay, the RNA-synthesizing activity of semi-purified SARS-CoV RTCs
was shown to depend on an as yet unidentified cytosolic host factor, which is not
directly associated with the viral RTC (van Hemert et al. 2008).

6 Host Innate Immune Responses Against Coronaviruses,
and Viral Countermeasures

Cells generally respond to a virus infection by mounting an innate antiviral
response to limit the spread of the infection and aid in inducing an adaptive immune
response that will eventually clear the virus. Many viruses have evolved strategies
to suppress and/or evade these (innate) immune responses, which can dramatically
influence the course of the infection, including pathogenesis and persistence in the
host. In the case of +RNA viruses, the innate immune system is often triggered by
the dsRNA and 5′-triphosphate-bearing RNA molecules that arise as replication
intermediates in the cytosol. These molecules are foreign to the cell and can be
recognized by the intracellular sensors of the Rig-I-like receptor (RLR) family, such
as retinoic acid-inducible gene 1 (RIG-I) and melanoma differentiation-associated
protein 5 (MDA-5) which are expressed in almost all cells [reviewed in (Wilkins
and Gale 2010; Bruns and Horvath 2014)]. For recognition of coronavirus RNAs,
MDA-5 seems the most important cytosolic sensor (Zust et al. 2011; Zalinger et al.
2015; Kindler and Thiel 2014), although in some cell types RIG-I also seems to
play a role (Li et al. 2010). Also the toll-like receptors which are expressed on the
cell surface or reside in the endosomes of immune cells can recognize viral nucleic
acids or proteins. TLR3 plays a role in the recognition of coronaviruses (Totura
et al. 2015; Mazaleuskaya et al. 2012) and also TLR4 was shown to be relevant
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during MHV infection in mice (Khanolkar et al. 2009). Recently it was shown that
the SARS-CoV M protein is recognized via a TLR-like pathway that is independent
of the canonical TRAF3-mediated signaling pathway (Wang and Liu 2016).
Activation of one or more of these sensors generally leads to the activation of the
transcription factors IFN-regulatory factor 3 and 7 (IRF3, IRF7) and NF-jB. These
stimulate the expression and excretion of Type-I IFN and pro-inflammatory
cytokines, which in turn activate the JAK-STAT signaling cascade that induces the
expression of a myriad of antiviral interferon-stimulated genes (ISGs). This ulti-
mately results in an antiviral state of the infected cell, as well as neighboring cells.
ISGs were shown to target virtually all steps of the viral cycle in order to restrict
viral replication (Schoggins and Rice 2011). The p38 mitogen-activated protein
kinases (MAPKs) play a role in the induction of inflammatory cytokines IL-6 and
IL-8, and were linked to countering coronavirus infections through several studies
[reviewed in (Mizutani 2007)]. IBV has evolved a strategy to counteract IL-6 and
IL-8 expression by inducing the expression of dual-specificity phosphatase 1
(DUSP1), a negative regulator of p38 MAPK, although it has remained unclear
which viral protein(s) is responsible (Liao et al. 2011). Innate immune and
inflammatory signaling pathways are extensively regulated in order to prevent
adverse effects of their over-stimulation. Apart from phosphorylation and other
regulatory mechanisms, the system is controlled by ubiquitination at numerous
points in the signal transduction cascade. For example, RIG-I, TANK-binding
kinase 1 (TBK1), and TNF receptor-associated factor 3 (TRAF3) were shown to be
activated by Lys63-linked ubiquitination (Jiang and Chen 2012).

The importance of the innate immune system in the context of coronavirus
infections can be illustrated in at least three ways. First, in severe cases of SARS the
pathology was associated with aberrant or hyper-activation of innate immune sig-
naling. This resulted in the aberrant production of interferons and high levels of
pro-inflammatory cytokines such as IL-1, IL-6, IL-8, CXCL-10 and TNF-alpha in the
lungs [reviewed in (Totura and Baric 2012)]. Interestingly, a systems biology study
that evaluated the transcriptome after infection of cultured cells with two different
human MERS-CoV isolates (MERS-CoV Eng 1 vs. SA 1) suggested that viral
sequence differences relate to variations in innate immune evasion, which may in turn
result in different immune responses. These differences may link to differential
STAT3 activation leading to activation or inhibition of, e.g., IFN, NF-jB, and IRF7
(Selinger et al. 2014). Second, as described in Chap. 4, coronaviruses employ
elaborate mechanisms to shield the viral replication machinery from the innate
immune sensors in the cytosol. Third, besides the presumed shielding of viral PAMPs
by the replication organelles, coronaviruses seem to encode numerous gene products
that actively counteract or help to circumvent innate immune responses [reviewed in
(Totura and Baric 2012; Kindler and Thiel 2014; Vijay and Perlman 2016)].

To illustrate the multitude of activities coronaviruses employ to actively sup-
press innate immunity, and the diversity of viral gene products involved, some
examples are discussed below. First, besides inhibiting cellular mRNA translation
(see paragraph above), SARS-CoV nsp1 was shown to block IFN signaling by
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reducing the amount of phosphorylated STAT1 (p-STAT1) in infected cells
(Wathelet et al. 2007). Also nsp1 proteins of other alpha- and betacoronaviruses
were shown to inhibit type-I IFN signaling, mostly through the host-shut-off
activity of this N-terminal subunit of the coronavirus replicase polyprotein (re-
viewed in Narayanan et al. 2015). Further downstream in the pp1a polyprotein, the
papain-like protease 2 domain (PL2pro) of many coronaviruses and the TGEV
PL1pro domain, which reside in nsp3, exhibit deubiquitination (DUB) activity in
biochemical experiments [reviewed in (Mielech et al. 2014)]. This DUB activity
may remove ubiquitin from innate immune signaling factors to suppress the
induction of an antiviral state, and indeed was shown to reduce IFN signaling in
biochemical experiments using PL2pro overexpression for several coronaviruses,
including SARS-CoV (Matthews et al. 2014a; Li et al. 2016) and MERS-CoV
(Chen et al. 2007; Clementz et al. 2010; Bailey-Elkin et al. 2014). Similarly,
experiments suggested that MHV PL2pro deubiquitinates and binds TBK1, as well
as IRF3 (Zheng et al. 2008; Wang et al. 2011). For the distantly related arterivirus
EAV, infection with a mutant lacking a similar papain-like protease-driven DUB
activity resulted in an increased innate immune response after infection, indicating
that the viral DUB activity indeed has a function in suppression of innate immune
response during infection (van Kasteren et al. 2013). Adjacent to the PL2pro

domain, some coronaviruses contain a domain originally coined ‘SARS-CoV
unique domain’ (SUD). The two domains together were recently also implicated in
innate immune suppression by binding and stimulating a cellular ubiquitin E3
ligase, RCHY1, resulting in augmented degradation of p53 (Ma-Lauer et al. 2016).
The main protease, nsp5, of PEDV was shown to cleave NEMO, an important
innate immune regulator protein (Wang et al. 2015). When independently expres-
sed, coronavirus nsp6, which is probably one of the most hydrophobic proteins
encoded in the genome, seems to induce and/or influence autophagy. However the
relevance of this observation for virus-infected cells and possible links to innate
immune responses against coronaviruses remain to be investigated (Cottam et al.
2014; Cottam et al. 2011). A conserved domain in the coronavirus nsp16 directs 2′-
O methylation of the viral RNA, thereby preventing its recognition by MDA5
(Menachery et al. 2014; Zust et al. 2011).

Besides conserved replicase subunits, also several of the less-conserved products
of downstream open reading frames, i.e., the so-called ‘accessory proteins’, have
innate immunity suppressing features. In fact, these proteins may have been
acquired by different coronavirus lineages for this purpose, since they are generally
dispensable for replication in cell culture. The phosphodiesterase (ns2) encoded by
ORF2a in MHV and related viruses antagonizes RNAse L activation, and this was
show to be important for replication in natural host cells (Zhao et al. 2012; Li and
Weiss 2016). Observations supporting a role in blocking IFN production and/or
signaling were also made for the ORF3b and ORF6 proteins of SARS-CoV
(Kopecky-Bromberg et al. 2007) and the ORF3b proteins of other SARS-like
coronaviruses (Zhou et al. 2012). Also the proteins encoded by MERS-CoV ORFs
4a, 4b and 5 (Siu et al. 2014; Yang et al. 2013; Niemeyer et al. 2013; Matthews
et al. 2014b) all seem to block IFN signaling, although many of the initial reports
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were based only on overexpression experiments, which should be interpreted with
caution. Recently however, more insight into the mechanisms by which some of
these viral proteins suppress antiviral responses was obtained. Like MHV ns2 (see
above), the MERS-CoV ORF4b protein and its homologs from other betacoron-
aviruses were shown to have phosphodiesterase activity. They can block activation
of the RNAse L-mediated innate immune response during infection by degrading
2′,5′-oligoadenylate, which is the activator of RNAse L (Thornbrough et al. 2016).
Additionally, MERS-CoV ORF4a prevents activation of the PKR-stress granule
route by binding dsRNA, in the context of an infection (Rabouw et al. 2016). The
SARS-CoV ORF6 protein was shown to block p-STAT1 import into the nucleus by
interacting with the nuclear pore, and this block was suggested to reduce innate
immune responses and the expression of genes that affect virus-induced patho-
genesis (Frieman et al. 2007; Kopecky-Bromberg et al. 2007; Huang et al. 2015a).
Interestingly, MERS-CoV, along with the other coronaviruses not belonging to the
SARS-CoV cluster, lacks an ORF6 homolog, and since MERS-CoV is also more
sensitive to treatment with type-I interferons, it was hypothesized that this could—
in part—be explained by this difference (de Wilde et al. 2013b). Also the coron-
aviral structural proteins seem to possess innate immunity-modulating activities,
although also here most studies involved overexpression experiments. The
SARS-CoV and MERS-CoV M proteins bind TRAF3 to prevent its binding to
TBK1 and eventually to prevent nuclear translocation of this complex, which
blocks IRF3-mediated signaling (Siu et al. 2009; Lui et al. 2016). Overexpression
experiments showed a negative impact of the SARS-CoV N protein on (the early
stages of) innate immune signaling (Frieman et al. 2009; Kopecky-Bromberg et al.
2007; Lu et al. 2011). MHV N protein also seems to counteract type-I IFN sig-
naling, and could do this in the context of a recombinant vaccinia virus infection
(Ye et al. 2007). Purified SARS-CoV spike (S) protein stimulates inflammatory and
other innate responses, possibly through TLR2 activation (Dosch et al. 2009).
Finally, the SARS-CoV E protein, is a viroporin, and influences inflammatory
processes by boosting the activity of the NLRP3 inflammasome, leading to IL-1beta
overproduction and development of immunopathology in the host (Nieto-Torres
et al. 2015).

7 Coronavirus-Induced Deregulation of the Cell Cycle

The cell cycle is a series of highly regulated events that leads to cell division. The
process can be divided into four distinct phases: G1, S, G2, and M. Cell cycle
regulation is critical for cell survival, as well as the prevention of uncontrolled cell
division. The molecular mechanisms that control the cell cycle are ordered,
directional, and controlled by cyclin-dependent protein kinases (CDKs). Cell cycle
progression requires activation of different CDKs by, e.g., cyclin regulatory sub-
units. To reach the stage of DNA replication, CDK/cyclin complexes
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phosphorylate, and thereby activate or inactivate, their target proteins to coordinate
progression towards the next phase of the cell cycle (Nigg 1995).

Like many other viruses [reviewed in (Bagga and Bouchard 2014)], coron-
aviruses have been shown to extensively manipulate and arrest cell cycle pro-
gression, to benefit from the physiological state of cells arrested in that specific
phase. For example, IBV-infected cells were shown to go into cell cycle arrest in
the S phase, by activating the cellular DNA damage response (Xu et al. 2011). This
is beneficial to virus replication since factors that are normally needed for DNA
replication and are upregulated in the S phase, can now be recruited to the cyto-
plasm by the virus. For example, DDX1, a cellular RNA helicase of the DExD/H
family, interacts with coronavirus nsp14 (Xu et al. 2010) and was reported to be
hijacked by coronaviruses to enhance their replication. DDX1 also interacts with
the IBV N protein (Emmott et al. 2013) and facilitates, in complex with the
phosphorylated form of the MHV-JHM N protein, the balanced synthesis of sg
mRNAs and the genomic RNA (Wu et al. 2014).

Bhardwaj et al. have shown that coronavirus nsp15 interacts with and inhibits
retinoblastoma protein (pRb), a tumor suppressor protein. This results in the
enhanced expression of genes that are normally repressed by pRb and in an
increased proportion of cells entering the S phase of the cell cycle (Bhardwaj et al.
2012). Similar effects have been observed in MHV-infected cells, which showed
decreased hyperphosphorylation of pRb, an event that is necessary for the pro-
gression from G1 to S phase (Chen and Makino 2004; Chen et al. 2004). Yuan and
colleagues showed that overexpression of the SARS-CoV 3a protein also leads to
G1 arrest and inhibition of cell proliferation (Yuan et al. 2007).

The cyclin-dependent kinase 6 (CDK6) is downregulated upon MHV infection
and seems to play a role in a virus-induced cell cycle arrest in the G0/G1 phase that
promotes virus replication (Chen and Makino 2004). Similar observations have
been made for SARS-CoV, with (overexpression of) the N protein limiting cell
cycle progression by reducing CDK4 and CDK6 kinase activity (Surjit et al. 2006).
CDK6 is a kinase involved in cell cycle progression from G1 to S phase
(Jimenez-Guardeno et al. 2014) and depletion of CDK6 results in G1 phase cell
cycle arrest. A host kinome-directed siRNA screen confirmed the antiviral role of
CDK6 in SARS-CoV infection, as replication was enhanced in cells depleted for
CDK6 (de Wilde et al. 2015).

Several coronaviruses induce activation of p53 to mediate cell cycle arrest in the
S or G2/M phase. For example, TGEV N protein activates p53 which leads to
accumulation of cell cycle-related kinases, like cdc-2 and cyclin B1.
Synchronisation of cells in the S or G2/M phase favors TGEV RNA and virus
production (Ding et al. 2013, 2014) and IBV replication (Dove et al. 2006).
For MHV nsp1 a similar mechanism has been proposed: nsp1 activates p53, leading
to increased p21 and decreased CDK2-cyclin E levels. This ultimately leads to
hyperphosphorylation of pRb and G1 cell cycle arrest (Chen et al. 2004). In con-
trast, SARS-CoV infection leads to reduction of p53 expression levels. To coun-
teract the inhibitory effect of p53, its expression is reduced by a mechanism that
involves stabilization of the E3 ligase RCHY1 by SARS-CoV nsp3. RCHY1
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mediates the ubiquitination and degradation of p53. However, the exact role of this
mechanism in cell cycle regulation, viral replication and/or pathogenesis remains
unclear (Ma-Lauer et al. 2016). Nevertheless, in cells that lack p53 expression,
SARS-CoV replication was significantly enhanced (Ma-Lauer et al. 2016).
Degradation of p53 by the SARS-CoV or HCoV-NL63 PL2pro is another mecha-
nism to counteract the antiviral effect of p53. The deubiquitinating activity of
PL2pro promotes the degradation of p53, thereby lowering the p53-mediated
antiviral immune response (Yuan et al. 2015).

In conclusion, coronaviruses appear to favor a specific stage in the cell cycle for
their replication. This stage can differ per coronavirus and may even differ per cell
type. A wide variety of coronavirus proteins have been implicated in inducing cell
cycle arrest, but it must be noted that many studies involved overexpression of
individual viral proteins and therefore should be interpreted with caution since their
expression levels are likely different than during virus infection. When expressed
outside the context of virus replication, these proteins may also behave differently
(e.g., due to lack of viral interaction partners) and/or localize differently (e.g., in the
absence of virus-induced membrane structures), which might lead to less mean-
ingful observations.

8 The Role of Cyclophilins in Coronavirus Replication

Cyclosporin A (CsA) is a well-known immunosuppressant that binds to cellular
cyclophilins (Cyps), yielding a Cyp-CsA complex that inhibits calcineurin activity.
This in turn prevents dephosphorylation and translocation of nuclear factor of
activated T cells (NF-AT) from the cytosol into the nucleus, which prevents the
transcription of immune genes, such as IL-2 [reviewed in (Tanaka et al. 2013; Davis
et al. 2010; Barik 2006)]. Thus far, 17 Cyps have been identified, of which nine are
targeted by CsA. Cyps are also known as peptidyl–prolyl isomerases (PPIases) and
many of them have chaperone and foldase activities (Barik 2006; Davis et al. 2010)
that facilitate protein folding. Cyps are involved in various signaling pathways
[reviewed in (Barik 2006)], apoptosis (Schinzel et al. 2005), and RNA splicing
(Teigelkamp et al. 1998; Horowitz et al. 2002).

Cyclophilins, and in particular the cytosolic CypA and the ER-associated CypB,
have been implicated in the replicative cycle of many RNA viruses as essential host
components [reviewed in (Baugh and Gallay 2012)]. For example, (i) Cyps are
essential in the remodeling of cellular membranes into HCV replication organelles,
(ii) CypA aids in HCV polyprotein processing, (iii) HIV-1 capsids are stabilized by
low levels of CypA to ensure entrance into the nucleus before the virion could be
destabilized in the cytosol [(Hopkins and Gallay 2015), and references herein]. The
use of CsA analogs, like Alisporivir (Paeshuyse et al. 2006), that lack the immuno-
suppressive properties of the parental compound, has been explored in clinical trials
for the treatment of chronic HCV infection, again illustrating the prominent role of
Cyps in HCV replication and the druggability of Cyps (Flisiak et al. 2012).
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Along the same lines, the inhibition of coronavirus replication by Cyp inhibitors
like CsA and Alisporivir suggested important roles for Cyps. In cell culture
infection models, low-micromolar concentrations of CsA or Alisporivir inhibit a
variety of coronaviruses, including SARS-CoV, HCoV-229E, MHV, HCoV-NL63,
and FCoV (Pfefferle et al. 2011; de Wilde et al. 2011; Tanaka et al. 2012;
Carbajo-Lozoya et al. 2012; de Wilde et al. 2017). The mitochondrial CypD is part
of the mitochondrial permeabilization transition pore and involved in
caspase-independent apoptosis induced by porcine epidemic diarrea virus (PEDV)
and HCoV-NL63 (Favreau et al. 2012; Kim and Lee 2014), an event that is
inhibited by CsA. However, most studies on the presumed role of Cyps in coro-
navirus replication have focused on CypA. Initially, CypA was identified as an
interaction partner of the SARS-CoV N protein (Luo et al. 2004) and by mass
spectrometry it was also detected in purified SARS-CoV virions (Neuman et al.
2008). Yeast two-hybrid experiments identified multiple Cyps (CypA, CypB,
CypH, and CypG) and related PPIases (FK506-binding protein 1A and 1B) as
potential binding partners of SARS-CoV nsp1 (Pfefferle et al. 2011). In addition, in
Caco-2 or Huh7 cells, shRNA-mediated knockdown of CypA expression to less
than 3% of the normal levels was reported to near-completely block HCoV-NL63
replication and reduce HCoV-229E replication by >1 log (Carbajo-Lozoya et al.
2014; von Brunn et al. 2015). Recently, by using PPIA or PPIB knockout rather
than knockdown cells, it was shown that FCoV depends on both CypA and CypB
expression (>95% reduction in FCoV-infected CypA or CypB-KO cells).
PPIase-deficient mutants, expressed in cells that also contained endogenous CypA
and CypB, marginally reduced FCoV infection (two- to fivefold reduction in
FCoV RNA compared to cells that express wt CypA or wt CypB only) (Tanaka
et al. 2016). Furthermore, the work of von Brunn and colleagues suggested that
HCoV-229E replication was reduced by various CypA single-nucleotide poly-
morphisms that affect the protein’s stability and function (von Brunn et al. 2015).
Although these results suggested a role for CypA in coronavirus replication, the
siRNA-mediated depletion of CypA and CypB did not affect the replication of
SARS-CoV (de Wilde et al. 2011), despite the fact that the same knockdown did
affect the replication of the distantly related arterivirus EAV (de Wilde et al. 2013a).
The differences reported using either knockout or knockdown of CypA with dif-
ferent efficiencies (100%, >97%, and *75% for CypA knockout cells, and CypA
shRNA- or siRNA-mediated knockdown, respectively) suggest that low CypA
expression levels may suffice to support efficient coronavirus replication and that
the (near-)complete depletion of CypA may be needed to inhibit virus replication.

The major role of Cyps in cellular signaling is in the NF-AT signaling pathway.
Pfefferle et al. described that SARS-CoV activates the NF-AT signaling pathway
(Pfefferle et al. 2011) and the replication of various coronaviruses, including
SARS-CoV, HCoV-229E, and HCoV-NL63, is inhibited by the drug FK-506,
which—like CsA—also blocks NF-AT signaling (Carbajo-Lozoya et al. 2012).
Feline coronavirus replication seemed not to depend on a functional NF-AT sig-
naling pathway since it was blocked by CsA concentrations that did not affect
NF-AT signaling in fcwf-4 cells (Tanaka et al. 2012).
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In conclusion, further studies, are needed to dissect the precise role of Cyps in
coronavirus replication, with special attention for the (remaining) levels of CypA
expression, and the relevance of NF-AT signaling following coronavirus infection.
Such experiments should include the production and use of knockout cells for one
or multiple Cyps or other members of this protein family. Although Cyp inhibitors
have been shown to be potent anti-coronavirus drugs in cell culture, a first attempt
to validate this effect for Alisporivir in a SARS-CoV animal model was unsuc-
cessful (de Wilde et al. 2017). Therefore, although Cyp inhibitors may help to
understand the role of host factors in coronavirus replication, they are at this
moment less promising as host-directed therapeutics for the treatment of coron-
avirus infections.

9 Systems Biology Approaches to Identifying Host Factors
in Coronavirus Replication

The application of systems biology approaches in virology has provided a wealth of
information on the role of individual proteins and cellular pathways in the repli-
cation of RNA viruses. This relatively young, interdisciplinary field focuses on the
complexity of the virus–host interactions that occur within the cell or even the
whole organism. The aim is to provide an unbiased perspective, by applying
techniques like transcriptomics, metabolomics, proteomics, and functional geno-
mics to the infected system as a whole.

For coronaviruses, one of the first systematic studies into the role of host factors
concerned an oligonucleotide microarray-based transcriptomic analysis of
SARS-CoV-infected peripheral blood mononuclear cells, which revealed the
upregulation of the expression of various cytokines, including IL-8 and IL-17, and
the activation of macrophages and the coagulation pathway (Ng et al. 2004).
A microarray analysis of lung autopsy tissue samples provided more insight into the
pathogenesis of and host response to SARS-CoV infection, in particular the
inflammatory and cytokine responses involved (Baas et al. 2006). MHV-JHM
infected cultures of central nervous system cells showed 126 differentially
expressed transcripts, the majority of which were related to intracellular regulation
of innate immunity (e.g., NF-jB signaling and genes involved in IFN signaling)
(Rempel et al. 2005). Microarray analysis of MHV-A59-infected L cells provided
insight into transcriptional changes during infection, including those related to
chemokine production, RNA and protein metabolism and apoptosis (Versteeg et al.
2006). Subsequently, a genome-wide microarray analysis of MHV-infected LR7
cells revealed the downregulation of a large number of mRNAs, including many
encoding proteins involved in translation, implying that the host translational
shut-off that occurs in MHV-infected cells is due to a stress response and con-
comitant mRNA decay (Raaben et al. 2007). There is not necessarily a direct
correlation between changes in mRNA levels and protein abundance in the cell.
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Therefore, microarray data should be interpreted with caution and need to be val-
idated with follow-up experiments including the direct analysis of changes in cel-
lular protein levels.

Another approach to obtain more insight into coronavirus–host interactions is to
systematically map the cellular interactome of individual coronavirus proteins.
A yeast two-hybrid (Y2H) screen of this type identified subunits (BTF3 and ATF5)
of the RNA polymerase complex and a subunit of cytochrome oxidase II (NADH
4L) as interaction partners of SARS-CoV nsp10 (Li et al. 2005a). The authors
suggested the latter interaction to contribute to the SARS-CoV-induced cytopathic
effect, but the interaction and its relevance for virus-induced cell death still awaits
confirmation in the context of SARS-CoV-infected cells, as the rather artificial Y2H
system is known to frequently yield false-positive hits. Indeed, another Y2H study
with the SARS-CoV helicase (nsp13) demonstrated that out of the seven primary
hits only one, DDX5, could be validated by independent methods as a true inter-
actor of the helicase nsp13 (Chen et al. 2009). The functional significance of the
interaction between nsp13 and the multifunctional cellular helicase DDX5, and
whether the interaction is direct or mediated through RNA, remains to be deter-
mined. Using a similar Y2H screening approach, Xu and colleagues found that
DDX1 bound to SARS-CoV and IBV nsp14, an interaction that enhanced IBV
replication. The presence of one or more cellular helicases in the viral RTC supports
their importance in virus replication. Indeed a later study reported that DDX1,
regulated by the GSK-3-mediated phosphorylation of the N protein, is involved in
the regulation of sg mRNA synthesis (Wu et al. 2014). A very comprehensive
systematic analysis of the SARS-CoV-host interactome was performed by Pfefferle
et al. using a high-throughput genome-wide Y2H screen with all 14 SARS-CoV
ORFs and fragments thereof (Pfefferle et al. 2011). Network analysis revealed
particularly striking interactions between nsp1 and the members of the immuno-
philin family, including CypA (see Chap. 8). Furthermore, the cellular E3 ubiquitin
ligase RCHY1 was shown to interact with the SARS-CoV nsp3 SUD domain and
might be involved in the downregulation of the antiviral factor p53 (Ma-Lauer et al.
2016).

Stable isotope labeling with amino acids in cell culture (SILAC) is a mass
spectrometry-based proteomics technique to determine differences in protein
abundance between samples from two different experimental conditions, e.g.,
comparing virus-infected with uninfected cells. The first SILAC-based quantitative
proteomics study of infected cells demonstrated the upregulation of NF-jB and
AP-1 dependent pathways during IBV infection (Emmott et al. 2010).
A combination of SILAC on 293T cells that express the IBV N protein, pull-down
and mass spectrometry was used to map the cellular interactome of the IBV N
protein, leading to the identification of 142 cellular proteins as potential binding
partners (Emmott et al. 2013). Many of these proteins are interacting with RNA,
e.g., ribosomal and nucleolar proteins, helicases, and hnRNPs (Emmott et al. 2013)
and therefore likely bind the IBV N protein indirectly. Nevertheless, detailed val-
idation and mechanistic follow-up studies confirmed the functional importance of
several of the identified binding partners for IBV replication (Emmott et al. 2013).
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The Baric laboratory used a systems genetics approach using the Collaborative
Cross mouse panel to gain insight into the host loci that affect the outcome of
SARS-CoV infection (Gralinski et al. 2015). This study—among other findings—
identified the ubiquitin E3 ligase Trim55 as an important determinant of disease
severity through its role in vascular cuffing and inflammation. A study by Selinger
et al. (2014) documented differences in immune and inflammatory responses in
MERS patients, which may codetermine the outcome of the infection and likely
result from both differences in host response (genetic make-up) and MERS-CoV
strain-specific properties. To better understand the molecular basis of the different
immune and inflammatory responses to two different MERS-CoV isolates, a
comparative transcriptome analysis was done on human airway cells infected with
MERS-CoV strains SA1 and Eng1 (Selinger et al. 2014). This study suggested that
differences in genome replication and/or proteins involved in innate immune eva-
sion (PLpro and ORF4a) were responsible for different transcriptional responses,
resulting in the differential activation of the STAT3 pathway, which is likely
involved in lung inflammation and cellular repair. These effects are mainly seen
during later stages of infection, and with the MERS-CoV Eng1 strain triggering a
more rapid host response than the SA1 strain.

A SILAC-based quantitative proteomics study that compared the proteome of
SARS-CoV replicon-expressing BHK-21 cells with that of control cells identified
43 host proteins whose expression was upregulated and 31 that were downregulated
(Zhang et al. 2010). BAG3, a multifunctional regulator of many cellular processes
was identified as one of the upregulated proteins and knockdown studies revealed
that BAG3 is important for efficient replication of SARS-CoV and a number of
other viruses. In addition, many proteins involved in translation and the signaling
proteins Cdc42 and RhoA were shown to be downregulated, as discussed in more
detail in Sect. 3 (Zhang et al. 2010). A SILAC-based quantitative proteomics study
of Golgi-enriched subcellular fractions revealed that upon MHV infection several
proteins of the secretory pathway were depleted, while ribosomal proteins were
found to be enriched (Vogels et al. 2011). SiRNA-mediated knockdown of three of
the depleted proteins, C11orf59, GLG1, and sec22b, increased replication or release
of infectious progeny, while overexpression of these proteins had the opposite
effect. This study highlighted the importance of the secretory pathway in coron-
avirus replication.

A role for secretory pathway proteins was also confirmed by a proteomic
analysis of purified SARS-CoV virions, which identified, besides several viral
proteins including nsp2, nsp3, and nsp5, 172 host proteins in virions (Neuman et al.
2008). Several proteins from the COPI pathway were identified, which is in line
with the site of virion biogenesis (ERGIC). The role, if any, of most of the identified
host proteins in SARS-CoV replication or virion biogenesis remains to be
elucidated.

Protein kinases are key regulators in signal transduction, control a wide variety
of cellular processes, and have been shown to play important roles in the replicative
cycle of many +RNA viruses. A kinome-wide siRNA screen identified a variety of
host cell kinases that influence SARS-CoV replication, including 40 ‘proviral’
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proteins that promote efficient replication (de Wilde et al. 2015). Among these,
proteins involved in the metabolism of complex lipids and the early secretory
pathway (COPI-coated vesicles) were found to play an important role. The antiviral
effect of PKR was confirmed in this study and CDK6 was identified as a novel
antiviral factor. A relatively large number of antiviral hits (90 of 778 factors;
*12% of all factors tested) was identified for SARS-CoV compared to human
kinome-directed screens performed with other viruses (Supekova et al. 2008;
Lupberger et al. 2011; Moser et al. 2010). This might indicate that, compared to
other viruses, SARS-CoV replication is more extensively influenced by cellular
factors. Multiple of these factors could be linked to cellular immune responses, like
interleukin (IL) signaling, which (IL-6 and -8) was also implicated in controlling
coronavirus infection and coronavirus-induced inflammation in other studies
(Zhang et al. 2007; Baas et al. 2006). Also several proteins from the p38 MAPK
pathway were identified, which had also been implicated in coronavirus replication
earlier and regulates IL-6-, IL-8-, and IL-10-mediated pro-inflammatory cytokine
signaling (Chang et al. 2004; Zhang et al. 2007; Song et al. 2013). The interaction
between coronaviruses and the innate immune response was already discussed in
more detail in Chap. 6. A similar, genome-wide, siRNA screen identified host
proteins important for the replication of IBV (Wong et al. 2015), including 83
proviral proteins, 30 of which could be mapped to networks that interact with viral
proteins. Many of the identified proteins are involved in RNA binding/processing,
membrane trafficking and ubiquitin conjugation. The importance of the secretory
pathway that was demonstrated by de Wilde et al. (2015) was in line with an earlier
study that demonstrated that MHV replication was sensitive to Brefeldin A treat-
ment and dependent on GBF1-mediated ARF1 activation, which appear to be
involved in RTC formation (Verheije et al. 2008). Similar results were also
obtained for IBV (Wong et al. 2015) and this study also identified an early role in
IBV infection for the valosin-containing protein (VCP) which may be involved in
the maturation of virus-loaded endosomes. VCP is also important for the early
stages of HCoV-229E replication (Wong et al. 2015). An RNAi screen of the
druggable genome identified several endocytosis-related proteins that are required
for efficient infection of HeLa cells with MHV (Burkard et al. 2014). Subsequent
validation and mechanistic studies, demonstrated that—as discussed above—
clathrin-mediated endocytosis and trafficking to lysosomes are crucial for MHV
fusion and entry, which required the activity of lysosomal proteases. This is dif-
ferent for MERS-CoV, which contains a furin cleavage site upstream of the fusion
peptide in the Spike protein, and therefore requires furin activity, but not lysosomal
proteases (Burkard et al. 2014).

RNAi screens have revolutionized functional genetics, but major concerns are
the possibility of false-positive hits due to off-target effects (including downregu-
lation of multiple transcripts), stimulation of the immune response, or saturation of
the RNAi machinery leading to a block in processing of essential cellular (mi)
RNAs [reviewed in (Jackson and Linsley 2010)]. Insufficient knockdown of host
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factors can lead to false-negative results. Therefore, hits from siRNA screens need
to be thoroughly validated, preferably using an independent technical approach.
They should be considered as a mere starting point for further analysis rather than
providing a definitive list of host factors involved in virus replication.
Technological advancements and novel screening approaches, e.g, those based on
CRISPR/Cas9-mediated genome editing or haploid genetic screens (Shalem et al.
2014; Carette et al. 2009), will likely lead to the more reliable identification of host
factors important for coronavirus replication.

10 Concluding Remarks

Insight into coronavirus-host interactions, obtained, e.g., using systematic screening
approaches, does not only yield valuable information on the molecular details of the
replicative cycle and pathogenesis, but can also be a starting point for the devel-
opment of antiviral strategies. Virus binding and entry are the first steps of the
replication cycle that can be targeted with inhibitors. Several well-known inhibitors
of endosomal acidification, like ammonium chloride and the FDA-approved
anti-malaria drug chloroquine, have been shown to block entry of coronaviruses
(Takano et al. 2013; Keyaerts et al. 2009; Krzystyniak and Dupuy 1984; Payne
et al. 1990; Kono et al. 2008), including SARS-CoV and MERS-CoV (Keyaerts
et al. 2004; de Wilde et al. 2014). In addition, peptides have been developed that
block fusion by interfering with the interaction between the HR1 and HR2 domains
of the S protein, preventing the formation of a fusogenic complex or blocking S
protein oligomerisation [reviewed in (Du et al. 2009)].

Interferon (IFN) was shown to trigger the innate immune response in
coronavirus-infected cells, leading to transcription of many ISGs that have a role in
controlling infection (Schoggins and Rice 2011). Treatment with type-I IFNs
inhibits coronavirus replication in cell culture (Garlinghouse et al. 1984; Taguchi
and Siddell 1985; Haagmans et al. 2004; Paragas et al. 2005; Zheng et al. 2004; de
Wilde et al. 2013b) and, for example, protected type-I pneumocytes against
SARS-CoV infection in macaques (Haagmans et al. 2004). Despite the potency of
IFN as an antiviral agent, its side effects like fatigue, malaise, apathy, and cognitive
changes (Dusheiko 1997) emphasize the need for developing IFN-free therapeutic
strategies. Besides inhibitors directed at viral enzymes (Kim et al. 2016), such
therapeutic strategies could also involve host-directed approaches, based on the
knowledge obtained on coronavirus–host interactions. The host-directed approach
might lower the chance of development of antiviral resistance and could yield a
broad-spectrum therapeutic strategy to treat infections with currently problematic
coronaviruses and new variants that will undoubtedly emerge in the future.
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Roles of Pro-viral Host Factors
in Mosquito-Borne Flavivirus Infections

Rafael K. Campos, Mariano A. Garcia-Blanco
and Shelton S. Bradrick

Abstract Identification and analysis of viral host factors is a growing area of
research which aims to understand the how viruses molecularly interface with the
host cell. Investigations into flavivirus–host interactions has led to new discoveries
in viral and cell biology, and will potentially bolster strategies to control the
important diseases caused by these pathogens. Here, we address the current
knowledge of prominent host factors required for the flavivirus life-cycle and
mechanisms by which they promote infection.
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1 Introduction

The flaviviruses comprise one of four genera within the Flaviviridae, a family of
positive-strand RNAviruses that derives its name from the prototypical yellow (Latin:
flavus) fever virus (YFV). Many flaviviruses are emerging or re-emerging global
health threats (Bhatt et al. 2013; Garske et al. 2014;Weaver et al. 2016;Wilder-Smith
and Byass 2016). Prominent human pathogens among the >50 flavivirus species
include dengue viruses (DENV), Japanese encephalitis virus (JEV), West Nile virus
(WNV), YFV and Zika virus (ZIKV). Mosquito-borne flaviviruses are distributed
mainly in tropical and subtropical regions of the globe and over half of the world’s
population is estimated to be at risk for infection by DENV, the most widespread of
the pathogenic flaviviruses (Bhatt et al. 2013). The continuing threat of DENV, the
deadly YFV outbreak in Africa in 2016, and the emerging ZIKV pandemic highlight
the significant burden these viruses place on humanity. Flaviviruses are transmitted
mainly by mosquito or tick bites, although sexual and vertical transmission has
recently been documented for ZIKV (D’Ortenzio et al. 2016; Harrower et al. 2016). In
this review, we focus on flaviviruses transmitted by mosquitoes.

Flaviviruses are enveloped viruses with icosahedral-shaped particles of 40–50 nm
in diameter. Although icosahedral symmetry is shared between flavivirus species, the
surface topology varies significantly between viruses (Kostyuchenko et al. 2016;
Zhang et al. 2013). The virion is composed of three structural proteins, two of which
[membrane (M) and envelope (E)] are embedded within the lipid bilayer envelope.
The remaining structural protein, capsid (C), is located within the interior of the viral
particle, closely associated with the single-stranded RNA genome. The genomes of
flaviviruses share a similar organization: all are *11 kb positive-strand RNA
molecules that contain a single open reading frame flanked by 5′ and 3′ untranslated
regions (UTRs). Flavivirus genomes are modified with a 5′ m7G cap structure but
lack the 3′ poly (A) tail that is characteristic of most cellular mRNAs.

2 Anti- and Pro-viral Host Factors

To carry out all steps in the life-cycle, flaviviruses must rely on hundreds of host
gene products and other factors. Pro-viral host factors are comprised of RNAs,
proteins and lipids from humans and mosquitoes that are required for efficient
flavivirus infection. In contrast, anti-viral host factors block infection and are often
associated with innate immunity and interferon responses. In this review, we focus
specifically on pro-viral host factors known to be required at various phases of the
virus life-cycle and mechanisms underlying these requirements. Pro-viral host
factors are sometimes termed dependency factors or simply host factors.
Understanding what factors are required for successful infection and how they assist
the virus will permit a full understanding of flavivirus biology and could yield novel
targets that could be exploited to treat flaviviral diseases.
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2.1 Attachment

The flaviviral life-cycle starts with attachment, mediated by the viral E protein, to
cellular receptor(s) on the plasma membrane (Fig. 1a). A large number of candidate
receptors or co-receptors that mediate flavivirus attachment have been described in
different cell types (Perera-Lecoin et al. 2014), but which of these receptors and
co-receptors are used by the virus during natural infections is not known. Different
flaviviruses appear to have evolved to utilize distinct receptors and co-receptors,
which may partly explain the divergent syndromes associated with these viruses
(Jindadamrongwech et al. 2004; Thepparit and Smith 2004). It is likely that fla-
viviruses require multiple co-receptors to facilitate virus binding, similar to the
distantly related hepatitis C virus (Zeisel et al. 2013).

2.1.1 Glycosaminoglycans

Several studies suggest that flaviviruses make initial contact with the host cell by
binding to glycosaminoglycans (GAGs), which are long and unbranched sulfated
polysaccharides linked to core proteins (e.g., syndecans) prominently exposed on
cellular surfaces of all tissues. Implicated GAG molecules, which include heparin
sulfate (Artpradit et al. 2013; Avirutnan et al. 2007; Chen et al. 1997; Dalrymple
and Mackow 2011; Kroschewski et al. 2003; Lee and Lobigs 2000; Liu et al. 2004;
Roehrig et al. 2013) and syndecan proteoglycans (Okamoto et al. 2012), may
concentrate flavivirus particles at the target cell surface before their interaction with
protein receptors. If this model is correct, GAGs in general may play an ancillary
role in attachment and entry, not being absolutely required for infection but instead
controlling the extent of virus interaction with the outer cell surface.

2.1.2 C-Type Lectin Receptors

Another class of molecules implicated in flavivirus attachment are C-type
(calcium-dependent) lectin receptors. These are carbohydrate binding proteins
and include the dendritic cell-specific intercellular adhesion molecule (ICAM)-
3-grabbing non-integrin (DC-SIGN) (Navarro-Sanchez et al. 2003; Pokidysheva
et al. 2006; Tassaneetrithep et al. 2003; Wang et al. 2016) expressed in macro-
phages, monocytes, and immature dendritic cells. Several flaviviruses, including
DENV, WNV, and JEV interact with DC-SIGN, and this interaction is greatly
affected by types and location of glycosylation on the envelope of the virus (Davis
et al. 2006; Dejnirattisai et al. 2011). For example, DC-SIGN has higher affinity for
high-mannose oligosaccharides and fucosylated glycans. These requirements for
type and location of glycosylation may render viruses produced in certain cells
unable to use DC-SIGN (Davis et al. 2006; Dejnirattisai et al. 2011). Internalization
of DC-SIGN is not essential for DENV infection. Consequently, these lectins may
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not function as receptors but rather help concentrate virus on the cell surface
(Lozach et al. 2005; Miller et al. 2008).

Another protein of this family reported to bind flaviviruses is liver/lymph
node-specific ICAM-3 grabbing non-integrin (L-SIGN) (Davis et al. 2006;
Dejnirattisai et al. 2011). L-SIGN binds preferentially high-mannose oligosaccha-
rides, but unlike DC-SIGN it does not seem to bind fucosylated glycans (Guo et al.
2004). Macrophages express other lectins, known as mannose receptors, which bind
DENV and JEV. In contrast to DC-SIGN and L-SIGN these proteins bind
specifically to terminal mannose, fucose, and N-acetyl glucosamine (Miller et al.
2008). It has been hypothesized that mannose receptors may promote step(s)
subsequent to viral attachment since they have been observed to internalize during
infection, unlike DC-SIGN which remains on the plasma membrane (Lozach et al.
2005; Miller et al. 2008). CLEC5A is another transmembrane protein expressed by
macrophages and monocytes that is important for attachment of DENV (Chen et al.
2008; Tung et al. 2014). The binding of CLEC5A to DENV was inhibited by free
mannose and fucose, suggesting these molecules are avid binders of CLEC5A. In
mosquitoes, the galactose-specific binding C-type lectin (mosGCTL-1) was found
to be important for WNV attachment (Cheng et al. 2010) and several mosGCTL
proteins were found to interact with DENV envelope protein (Liu et al. 2014).

2.1.3 Phosphatidylserine Receptors

The lipid bilayer envelope of flaviviruses is known to contain phosphatidylserine
(PS). The presence of PS in the viral envelope may mimic the surface of apoptotic
bodies and induce engulfment of the viral particle in a phenomenon termed
apoptotic mimicry (Moller-Tank and Maury 2014). Many PS receptors are present
in antigen-presenting cells (Kobayashi et al. 2007; Seitz et al. 2007) and were
identified as pro-viral host factors in a screen for genes that rendered poorly per-
missive 293T cells susceptible to DENV infection (Meertens et al. 2012).

JFig. 1 Host dependency factors and their implicated roles in the flaviviral life-cycle. a.
Flaviviruses bind to co-receptors which facilitate interaction of the virus with one or more
receptors. The virus enters the cell by receptor-mediated endocytosis which can occur through
different endocytic pathways. Uncoating of viral RNA by fusion of the virus with the endosomal
membrane requires endosomal acidification which triggers a conformational change in the virus. b.
Translation of the viral genome may initiate in the cytosol prior to ER localization where synthesis
and processing of the viral polyprotein takes place. c. Viral RNA metabolism involves diverse host
factors. Viral replication takes place in membranous vesicles that are induced by viral
nonstructural proteins. d. Particle assembly require host factors that associate with viral RNA,
capsid or are involved in ER membrane restructuring. Some viral glycosylation events take place
in the lumen of the ER. e. Egress of the virus requires the secretory machinery of the Golgi where
additional glycosylations of viral proteins take place. After transit thought the Golgi, vesicles
containing viral particles become acidified, promoting furin cleavage of prM and subsequent
release from the cell by exocytosis. Pro-viral factors that do not have well defined roles at a
specific phase of the life-cycle include DDX6, DNAJB7, DNAJC10, SSB and NF90
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Two important families of PS receptors are T-cell immunoglobulin and mucin
domain (TIM) and TYRO3-AXL-MERTK (TAM). The TIM members TIM-1,
TIM-3 and TIM-4, and TAM receptors (TYRO3, AXL, and MERTK), were
identified as DENV, WNV and YFV entry factors (Meertens et al. 2012).
For ZIKV, AXL was proposed as an entry receptor by functional genomic analysis
(Savidis et al. 2016), and is important for infection of human skin cells (Hamel et al.
2015) and placental trophoblasts (Tabata et al. 2016b); however, AXL was not
required for ZIKV infection of cells within the murine eye (Miner et al. 2016) or
human neural progenitor cells (Wells et al. 2016), indicating that it plays a cell
type-specific role. Another PS receptor that is expressed on myeloid cells, named
CD300a, was also described as a DENV host factor (Carnec et al. 2016) that binds
directly to DENV particles and enhances infection through recognition of phos-
phatidylethanolamine and, to a lesser extent, PS present in the viral envelope
(Carnec et al. 2016).

2.1.4 Fc Receptors and Antibody-Dependent Enhancement
of Attachment and Entry

Antibodies seem to be a double-edged sword in flavivirus infections, acting to both
disrupt and enhance infection. Antibodies may contribute to flavivirus attachment
and entry in a phenomenon known as antibody-dependent enhancement
(ADE) (Acosta and Bartenschlager 2016). ADE occurs when cross-reactive,
non-neutralizing antibodies from a prior infection with a different virus facilitate
viral entry into the cell via Fc receptors, cell-surface proteins that bind to the
antibody constant region. This is known to happen among serotypes of DENV, and
may explain why ADE is associated with more severe disease in the context of
secondary DENV infections. However, ADE can also occur between different
flavivirus species. For example, anti-DENV antibodies may drive ADE of ZIKV
infection (Dejnirattisai et al. 2016). Ligation of Fc gamma receptor IIB by DENV–
antibody complexes may induce a signal transduction pathway leading to an
anti-viral type I interferon response. To abrogate this induction, DENV–antibody
complexes co-ligate the leukocyte immunoglobulin-like receptor-B1 (LILRB1),
which in turn inhibits Fc gamma receptor signaling and induction of ISGs (Chan
et al. 2014).

2.1.5 Other Receptor Types

Several chaperones and other factors have been implicated in DENV entry. Heat
shock proteins 70 and 90 (HSP70/90) were proposed to be DENV receptors in
human neuroblastoma and lymphoma cells (Reyes-Del Valle et al. 2005), although
these proteins are not necessary for entry of DENV in the hepatoma cell line,
HepG2 (Cabrera-Hernandez et al. 2007). The HSP70 cofactors DnaJC18, DnaJC9
and DnaJC16 were reported to be required for entry in HuH7 hepatoma cells
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(Taguwa et al. 2015). It was reported that DENV-2 interacts with GRP78/BiP
(Jindadamrongwech et al. 2004) while DENV-1 was suggested to bind the 37/67
kDa high-affinity laminin receptor, also known as ribosomal protein SA (RPSA)
(Thepparit and Smith 2004). A subsequent study, however, observed that DENV-1,
2 and 3 all interacted with RPSA (Tio et al. 2005), but did not find evidence for
DENV-2 binding to GRP78/BIP. Although several protein chaperones likely par-
ticipate in the flaviviral life-cycle (see below), their roles in viral entry remain
obscure.

2.2 Endocytosis

After attachment, the virus enters the cell by endocytosis (Fig. 1a) which,
depending on the virus and cell type analyzed, is either clathrin-dependent or
-independent (Acosta et al. 2009; Kalia et al. 2013; Smit et al. 2011; van der Schaar
et al. 2008). For instance, JEV infects fibroblasts in a clathrin-dependent manner,
but entry into neuronal cells is clathrin-independent (Kalia et al. 2013). Using
single-particle tracking analysis of DENV in living cells, virions were noted to
move along the cell surface, presumably over distinct attachment factors, until they
bound to one or more entry receptors (van der Schaar et al. 2008). For DENV in
mammalian cells, entry was independent of clathrin but dependent on dynamin
(Acosta et al. 2009). In hepatoma cells, the G protein-coupled receptor kinase 2
(GRK2) was found to be required for efficient DENV entry independently of
b-arrestins (Le Sommer et al. 2012), suggesting a non-canonical pathway that
involves GRK2 (Evron et al. 2012).

Upon clathrin-mediated entry, DENV particles are transported to an early (Rab5
positive) endosomal compartment, which subsequently matures into late endosomes
through acquisition of Rab7 and loss of Rab5 (Krishnan et al. 2007; van der Schaar
et al. 2008). Acidification of the late endosome mediated by the vacuolar-type H+-
ATPase (vATPase) complex induces conformational changes in the E protein that
lead to irreversible trimerization (Luca et al. 2013) and exposure of fusion peptides
that promote merging of the viral envelope and endosomal membrane. This process
is likely enhanced by the transmembrane protein ribonuclease kappa (RNASEK).
RNASEK localizes to the plasma membrane and endosomes, and functionally
associates with the vATPase proton pump to promote endocytosis of several diverse
viruses (Hackett et al. 2015; Perreira et al. 2015). It has been proposed that virus
particles fuse preferentially with small endosomal carrier vesicles and the release of
the nucleocapsid into the cytosol depends on a second, cell-mediated membrane
fusion event (Nour et al. 2013). In addition to low pH, phospholipid composition is
also important to promote fusion with endosomal membranes. For example, anionic
lipids, such as bis (monoacylglycero) phosphate, a lipid specific to late endosomes,
are important for DENV fusion with endosomal membranes (Zaitseva et al. 2010).
This highlights the role of endosomal membrane lipids and host proteins which
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mediate endosomal acidification as pro-viral host factors required for membrane
fusion and nucleocapsid release.

Components of the endoplasmic reticulum membrane complex (EMC) were first
identified in an RNAi-mediated screen for YFV host factors (Le Sommer et al.
2012) and recently confirmed in CRISPR/Cas9 screens for viral infection (DENV,
WNV and ZIKV) or protection against virus-induced apoptosis (WNV) (Ma et al.
2015; Marceau et al. 2016; Savidis et al. 2016; Zhang et al. 2016). The EMC is
required for early step(s) in the life-cycle of DENV and ZIKV, possibly at the entry
stage (Savidis et al. 2016). Indeed, the EMC’s putative role in the biogenesis of
cellular membrane proteins (Richard et al. 2013; Satoh et al. 2015) suggests that
expression of a flavivirus receptor may depend on the EMC. Nonetheless, it is also
possible that flaviviruses have co-opted the EMC for efficient synthesis and/or
processing of the viral polyprotein. Additional study will be required to define roles
for the EMC in the flaviviral life-cycle.

2.3 Uncoating

The uncoating step is not well understood but a recent study has shed light on this
phase of the life-cycle. Byk and colleagues determined that ubiquitination is crucial
for DENV RNA release into the cytoplasm (Byk et al. 2016). Although ubiquitin
was required, proteasome activity was dispensable for genome uncoating, and
stabilization of incoming capsid protein by proteasome inhibition did not impair
early viral translation (Byk and Gamarnik 2016). These data favor a model in which
capsid does not need to be degraded, and may be displaced from the RNA by
translating ribosomes (Garcia-Blanco et al. 2016). Inhibition of ubiquitin-activating
enzyme UBA1 was found to block uncoating of the genome during infection,
preventing access of the viral genome to the translation machinery (Byk et al.
2016). The ubiquitin ligase CBLL1 may play a similar role since it was found to be
required for WNV entry (Krishnan et al. 2008).

2.4 Viral Translation

2.4.1 Translation Initiation

Flaviviral translation (Fig. 1b) is likely similar to cellular cap-dependent mRNA
translation, but distinct requirements for flaviviruses have not been sufficiently
explored. Flavivirus genomes possess a 5′ type 1 cap structure that is required for
efficient initiation of translation (Chiu et al. 2005). The viral RNA, after uncoating
in the cytosol, is thought to bind the eukaryotic initiation factor eIF4F complex via
the cap structure and poly(A) binding protein via its 3′ UTR (Polacek et al. 2009).
Based on translation of human mRNAs, the 43S pre-initiation complex is then
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recruited to scan the *90–120 nt (depending on viral species) 5′ UTR to identify
the start codon. To correctly initiate at the first AUG, DENV requires an RNA
hairpin, named the cHP element, located 14 nucleotides downstream of the AUG
codon, to stall the ribosome at the correct AUG codon (Clyde and Harris 2006). In a
similar fashion to translation of human mRNAs, hydrolysis of GTP bound to eIF2
and release of initiation factors is thought to allow joining of the 60S ribosomal
subunit to form an intact 80S ribosome poised for elongation.

The eIF4F complex is composed of eIF4E (cap-binding protein), eIF4A (heli-
case), and eIF4G (scaffolding protein). While flavivirus translation is generally
believed to be cap-dependent, it has been reported that DENV protein synthesis
remains active under conditions where cellular cap-dependent translation is
repressed. Indeed, depletion of eIF4E by RNAi did not affect DENV protein syn-
thesis or infectivity (Edgil et al. 2006). Thus, it is possible that DENV initiates
translation independently of eIF4E or eIF4F altogether, at least under certain
physiological conditions.

Although the genomes of flaviviruses all lack a 3′ poly(A) tail, the 3′ UTR of the
DENV genome was shown to bind poly(A) binding protein (PABP) (Polacek et al.
2009), an important trans-acting factor that regulates mRNA stability and trans-
lation (Kahvejian et al. 2005). Interaction between PABP and eIF4G is thought to
circularize cellular mRNAs and stimulate multiple aspects of translation. The
addition of PABP-interacting protein 2 (PAIP2; a PABP inhibitor) reduced trans-
lation of a DENV reporter, suggesting that interaction of PABP with DENV 3′ UTR
is important for DENV translation (Polacek et al. 2009). However, it has not been
established whether eIF4G–PABP interaction is required for efficient translation of
flaviviral genomes.

2.4.2 RNA Recruitment to the ER

Little is known about how flaviviral genomes become associated with the ER
membrane, but it is likely that this depends, at least in part, on the signal recognition
particle (SRP) pathway (Walter and Johnson 1994). In flavivirus genomes the first
signal sequence is encoded at the C-terminal end of the capsid sequence (Lobigs
et al. 2010). Once the first initiating ribosome synthesizes the signal sequence, SRP
recognizes the nascent peptide and delivers the entire RNP complex to the SRP
receptor and translocon embedded within ER membranes (Walter and Blobel
1981a, b; Walter et al. 1981). While this model has not been experimentally tested
for flaviviruses, and recent studies find that many cellular mRNAs are recruited to
the ER independently of SRP (Ast et al. 2013; Jan et al. 2014), evidence from
high-throughput screens identified components of the SRP [SRP54 (Le Sommer
et al. 2012), SRP9, SRP14 (Marceau et al. 2016)], translocon-associated protein
complex [SSR1, SSR2 and SSR3 (Marceau et al. 2016)] and translocon [SEC61
subunits (Le Sommer et al. 2012; Marceau et al. 2016; Sessions et al. 2009; Zhang
et al. 2016), SEC63 (Zhang et al. 2016)] as important flavivirus host factors,
suggesting that genome recruitment to the ER depends on the SRP.
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2.4.3 Translation Elongation

After 60S subunit joining, the ribosome is poised for elongation and synthesis of the
viral polyprotein. Several proteins known to participate in elongation have been
implicated as potent YFV host factors based on siRNA screen data (Le Sommer
et al. 2012). The elongation factor eEF2, which stimulates ribosomal translocation,
was a candidate YFV host factor. Exportin-T, another putative YFV host factor, is
required for tRNA export from the nucleus (Kutay et al. 1998), and thus likely
maintains sufficient cytoplasmic tRNA pools to enable viral translation. Among the
most highly represented class of genes that are high-confidence YFV host factors
are ribosomal proteins of the large subunit, such as the heterodimeric ribosomal
proteins RPLP1 and RPLP2 (Campos et al. 2017), which are likely required for
efficient function of the 80S ribosome during the elongation phase of translation,
(see ribosomal protein section below).

2.4.4 Translation Termination and Recycling

Ribosomes terminate and dissociate at the stop codon, which precedes a relatively
structured 3′ UTR in flaviviruses. Termination factors eRF1 and eRF3 recognize
ribosomes in which a stop codon is located within the A-site and catalyze the final
hydrolysis reaction by the 60S subunit which releases the nascent protein
(Zhouravleva et al. 1995). For cellular mRNAs this process is enhanced by PABP
(Ivanov et al. 2016). Ribosomes then disassemble and are recycled back into the
pool of free subunits. It is currently unknown whether translation termination on
flavivirus genomes occurs by the conventional mechanism or involves distinct
factors not required for most cellular mRNAs.

2.4.5 Ribosomal Proteins

Functionality of specific ribosomal proteins (RPs) has become increasingly rec-
ognized as important for RNA virus infection. The majority of these approximately
80 proteins interact with rRNA and the functions of most RPs are not well
understood. However, recent studies have revealed that, while some RPs are nec-
essary for core ribosomal activities, others promote translation of specific subsets of
mRNAs or viral RNAs. RPS25, an RP previously implicated in driving translation
mediated by internal ribosome entry sites (Landry et al. 2009), was shown to be
required for efficient RNA accumulation of DENV, WNV, and ZIKV, but not YFV
(Marceau et al. 2016). Similarly, RPL18 was shown to be required for an early
phase of the DENV life-cycle, possibly translation or RNA synthesis, but its
knockdown did not affect general protein synthesis as measured by metabolic
labeling (Cervantes-Salazar et al. 2015). The heterodimer formed by RPLP1 and
RPLP2 has also been shown to be required for flavivirus infectivity (Campos et al.
2017; Le Sommer et al. 2012) and is likely required for flaviviral translation while
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exerting cell type-specific effects on host translation (Campos et al. 2017). It is
important to note that RPs have been ascribed “moonlighting” roles in processes
independent of the ribosome (Blumenthal and Carmichael 1979; Friedman et al.
1981; Kim et al. 1995; Zhou et al. 2015); their role in the flaviviral life-cycle could
be unrelated to translation. For example, RPSA, also known as laminin receptor 1,
may be important for flavivirus attachment (Tio et al. 2005).

2.4.6 Polyprotein Biogenesis and Processing

The flavivirus polyprotein is cleaved co- and post-translationally by NS3 and cel-
lular proteases into three structural and seven nonstructural proteins. Most of the
cleavage events, particularly those that produce mature NS proteins, are mediated
by NS3 and its co-factor NS2B on the cytoplasmic face of the ER (Lindenbach et al.
2013). It was recently shown that the signal peptidase complex (SPC), which
cleaves signal peptides from the N-termini of secretory and membrane proteins, is
responsible for efficient cleavage at capsid-prM, prM-E, E-NS1 and 2K-NS4B
junctions (Zhang et al. 2016). The SPC is composed of five subunits (Evans et al.
1986), three of which (SPCS1, SPCS2, and SPCS3) have been shown to be required
for infection of human and mosquito cells by DENV and WNV (Zhang et al. 2016).
SPCS1 and SPCS3 have additionally been shown to be important for infection by
ZIKV, JEV, and YFV. In contrast, SPCS1 knockdown caused only modest
decreases in replication of chikungunya virus (Togaviridae), Rift Valley fever virus
(Bunyaviridae) and vesicular stomatitis virus (Rhabdoviridae). Thus, flaviviruses,
but not RNA viruses representing three different families, depend on the SPC
(Zhang et al. 2016).

Protein chaperones have also been identified to be important for flavivirus
infection (Das et al. 2009; Padwad et al. 2010; Taguwa et al. 2015; Ye et al. 2013).
HSP70 isoforms were shown to be important for DENV and JEV at multiple steps
of the life-cycle (Das et al. 2009; Taguwa et al. 2015; Ye et al. 2013). Upon
inhibition of HSP70, the levels of all DENV proteins analyzed were decreased, but
NS5 and capsid proteins were disproportionally reduced (Taguwa et al. 2015).
HSP70 appears to be required for proper folding of NS5, since the addition of
proteasome inhibitors restored NS5 levels but did not rescue viral infection in
HSP70-depleted cells. In addition, HSP70 proteins also associate with capsid
protein and are required for viral assembly. HSP70 substrate selection depends on
DNAJ proteins, many of which (DnaJA2, DnaJB6b, DnaJB7, DnaJB11 and
DnaJC10) were also found to be important for DENV infection. The EMC, a host
factor for ZIKV, DENV and YFV (Le Sommer et al. 2012; Marceau et al. 2016;
Savidis et al. 2016; Zhang et al. 2016), has also been suggested to be important for
protein folding and stability (Jonikas et al. 2009; Louie et al. 2012; Richard et al.
2013; Satoh et al. 2015). However, it is currently unknown whether it is necessary
for viral polyprotein folding or processing.

Roles of Pro-viral Host Factors in Mosquito-Borne Flavivirus … 53



2.5 Viral RNA Synthesis

Although the virus encodes its own helicase (NS3), polymerase (NS5) and other NS
proteins that function in RNA synthesis, several host factors were identified to be
required for RNA replication (Fig. 1c). A conundrum faced by positive-strand RNA
viruses is the fact that the genome must serve as a template for both translation and
synthesis of negative-strand RNA. Assuming that infection begins with entry of a
single genome into a cell, the virus must “switch” from protein to RNA synthesis
because of the incompatibility of elongating ribosomes and viral polymerase acting
on the same RNA molecule. For poliovirus, this is controlled by the viral 3CD
intermediate protein which inhibits translation and facilitates negative-strand RNA
synthesis (Gamarnik and Andino 1998). For flaviviruses, we envision an oscillating
system, in which concentrations of viral and host proteins determine the fate of the
RNA for translation or replication (Garcia-Blanco et al. 2016).

2.5.1 Replication Complex (RC) Formation and RNA Synthesis

Viral translation and RNA synthesis are spatially separated. Flaviviral nonstructural
proteins induce extensive rearrangements of ER membranes to form subcellular
factories, known as replication complexes (RCs), which are sites of vRNA syn-
thesis (Pena and Harris 2012). RCs are devoid of ribosomes and other translation
machinery (Romero-Brey and Bartenschlager 2014), so nascent viral genomes
destined for translation must relocate from the RC to nearby sites on the ER that
favor protein synthesis. The RC is formed by rearranged ER membranes containing
viral nonstructural proteins necessary for replication (Romero-Brey and
Bartenschlager 2014). In addition to concentrating factors required for viral RNA
synthesis, the RC has been postulated to protect dsRNA from detection by pattern
recognition receptors (Uchida et al. 2014).

It is well known that diverse positive-strand RNA viruses induce significant
membrane rearrangements associated with RNA synthesis (Diaz and Ahlquist
2012; Nagy et al. 2016). Structurally, flavivirus RCs are composed of membrane
invaginations into the lumen of the ER and contain a single pore that allows access
to the cytosol. Once the replication complex is formed, negative-strand synthesis
ensues. The negative-strand subsequently serves as template for synthesis of mul-
tiple genomes, resulting in asymmetric abundances of positive- and negative-strand
RNAs. Progeny genomes go on to serve as mediators of additional viral protein
and/or negative-strand synthesis.

RCs are enriched with cellular components necessary for RNA synthesis.
Certain host lipids and enzymes, such as lysophosphatidic acid, phosphatidic acid,
and flippase, have been shown to favor curvature of membranes (Devaux et al.
2008; Kooijman et al. 2003) and may possibly facilitate membrane rearrangement
by NS proteins. The oligosaccharyltransferase (OST) complex, located within the
ER membrane, was found to be required for DENV RNA synthesis and associated
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with viral NS proteins. Interestingly, the catalytic function of the OST complex is
not required for DENV replication, suggesting that the complex serves a structural
role in formation of RCs (Marceau et al. 2016). STT3A and STT3B, the catalytic
subunits that differentiate variant OST complexes were both required for DENV
replication, however, only STT3A promoted YFV, ZIKV, and WNV infectivity,
highlighting differences in the requirement for OST among flaviviruses (Marceau
et al. 2016).

Fatty acid synthase (FASN) and acetyl-CoA carboxylase alpha (ACACA) were
found to be important for DENV RNA synthesis and FASN relocalized to sites of
viral RNA synthesis after infection, likely through interaction with NS3 and Rab18
(Heaton et al. 2010). Localization of FASN to sites of viral RNA synthesis may
assist in RC formation since the process of membrane invagination would be
hypothetically facilitated by local de novo fatty acid synthesis. Interestingly, the
requirement for FASN is conserved in mosquito cells where lipid species associated
with RCs are dramatically perturbed compared to endomembranes from uninfected
cells (Perera et al. 2012).

The autophagy pathway has been widely implicated as important to virus
infection and innate immunity. Autophagy can be either pro- or anti-viral,
depending on the virus, and can regulate different steps of the life-cycle. For DENV
it has been shown that processing of triglycerides within autophagosomes increases
the levels of free fatty acids that are used to generate ATP through b-oxidation
(Heaton and Randall 2010). This process is necessary for efficient viral RNA
synthesis and a requirement for autophagy was obviated by supplementing cells
with free fatty acids (Heaton and Randall 2010). Another study reported that
autophagy was important for DENV morphogenesis in addition to promoting RNA
synthesis (Mateo et al. 2013). Interestingly, autophagy has been variously reported
to restrict WNV replication (Kobayashi et al. 2014) or have no effect at all
(Beatman et al. 2012). Thus, requirements for autophagy processes appear not to be
conserved among flaviviruses.

2.5.2 RNA-Binding Proteins

There are many examples of pro-viral host factors that are RNA-binding proteins
and promote RNA replication. Polypyrimidine tract-binding protein was reported to
be a DENV, but not YFV, host factor that interacts with NS4A and promotes viral
RNA synthesis (Agis-Juarez et al. 2009; Anwar et al. 2009; Jiang et al. 2009).
Exoribonuclease family member 3 (ERI3) is a host factor for both DENV and YFV.
ERI3 is normally enriched in the Golgi but upon infection localizes to sites of
DENV replication and enhances RNA synthesis by an unknown mechanism (Ward
et al. 2016). In addition to these factors, the La protein (Garcia-Montalvo et al.
2004; Vashist et al. 2009) and NF90 (Gomila et al. 2011) have each been reported
to associate with flavivirus RNA, although their roles in infection are undefined. In
the context of WNV, the translation elongation factor, eEF1-a, was surprisingly
found to be necessary for negative strand synthesis through binding to the 3′
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terminal stem loop of genomic RNA (Davis et al. 2007). Another RNA-binding
protein, AU-rich binding factor 1, p45 isoform (AUF1 p45), was reported to exert
RNA chaperone activity that promotes WNV genome cyclization, which is
important for RNA synthesis (Friedrich et al. 2014). AUF1 p45 affinity for
WNV RNA is enhanced by methylation via arginine methyltransferase (PRMT1)
which was shown to be important for WNV infection by stimulating RNA synthesis
(Friedrich et al. 2016). DDX6 is an RNA helicase that was shown to bind the
DENV 3′ UTR and act as a host factor by an unknown mechanism (Ward et al.
2011). Taken together, it is clear that flavivirus genomes have evolved to hijack
cellular RNA-binding proteins to promote multiple phases of the life-cycle.

2.6 Particle Assembly

Assembly of virus particles (Fig. 1d) initiates with association between capsid
protein and the viral genome to form the nucleocapsid. The structure of the
nucleocapsid remains elusive (Kostyuchenko et al. 2016; Mukhopadhyay et al.
2003; Sirohi et al. 2016; Zhang et al. 2013). Association of the nucleocapsid with E
and prM heterodimers inserted into the ER membrane precedes budding of
immature viral particles into the ER lumen. This is thought to occur in close
proximity to the RC pore (Junjhon et al. 2014; Welsch et al. 2009). Viral particles
are transported via the secretory pathway to the Golgi apparatus where maturation
and N-linked glycosylation of prM and E proteins take place. Transition from the
ER to the trans-Golgi network is associated with a reduction in pH, which triggers a
conformational change in prM/E spikes. Furin protease cleaves prM in this acidified
compartment, converting the immature viral particle into a fully infectious virus that
is subsequently released from the cell by vesicular fusion with the plasma mem-
brane (Stadler et al. 1997).

How nascent viral genomes are extruded from RCs through the pore to nearby
sites of viral assembly is unknown. However, once viral genomes destined for
packaging clear the RC, they associate with capsid protein (Ivanyi-Nagy et al.
2008) located on ER membranes. Capsid also localizes to the surface of lipid
droplets (LDs), organelles that function in neutral lipid storage and are often
associated with ER membranes (Iglesias et al. 2015; Samsa et al. 2009), and this
association is possibly important for viral particle formation. On the other hand,
localization to LDs may reflect a mechanism for storage of capsid protein, pre-
venting premature association with viral RNA and/or modulation of lipid meta-
bolism in ways that benefit virus replication (Byk and Gamarnik 2016). Either way,
mutations in capsid that disrupt targeting to LDs restrict infection (Samsa et al.
2009). Importantly, several host factors have been identified that are important for
capsid localization to LDs. Golgi brefeldin A resistant guanine nucleotide exchange
factor 1 (GBF1) and coatomer protein b (COPB) are two such factors (Iglesias et al.
2015). In addition, the concerted actions of ADP-ribosylation factor 1 (Arf1) and
Arf4 were also required for capsid LD localization (Iglesias et al. 2015).
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These factors likely mediate localization of capsid from the site of synthesis
(ER) directly to LDs.

The nucleolar helicase DEAD-Box Helicase 56 (DDX56) was found to be
important for morphogenesis of WNV particles (Xu and Hobman 2012).
Knockdown of DDX56 inhibited WNV infection and this could be rescued by a
siRNA-resistant DDX56 expression construct, but not by a mutant form lacking
helicase function. DDX56-depleted cells produced and exported the same amount
of capsid protein to the supernatant as control cells; however, the amount of viral
RNA in the supernatant was lower due to DDX56 knockdown, indicating a defect
in RNA packaging (Xu and Hobman 2012). Since DDX56 also binds to the WNV
capsid (Xu and Hobman 2012), it may facilitate transfer of viral RNA from the RC
to ER membranes enriched with local capsid protein.

Src kinases have also been implicated in late stages of the flavivirus life-cycle.
Knockdown or chemical inhibition of c-Src inhibited the accumulation of DENV
particles in the ER without affecting viral gene expression. In addition, the Src
kinase, c-Yes, was reported to promote WNV trafficking through the secretory
pathway (Hirsch et al. 2005). Although it is unknown how these kinases promote
the late stages of flavivirus infection, they represent druggable targets that could be
used as anti-viral therapies.

Several endosomal sorting complex required for transport (ESCRT) proteins
were found to be important for JEV and DENV infectivity (Tabata et al. 2016a).
The depletion of specific ESCRT factors strongly reduced the production of
infectious virus but had no effect on a JEV replicon, indicating that ESCRT proteins
are not required for RNA replication (Tabata et al. 2016a). Microscopic analyses
revealed that ESCRT proteins localize to sites of virus assembly and may promote
virion biogenesis by inducing membrane deformations that enable budding of viral
particles into the ER lumen (Tabata et al. 2016a).

2.7 Particle Egress

Once the flavivirus particle buds from the ER, it enters the secretory pathway where
final maturation steps take place (Fig. 1e). Multiple host factors are co-opted by
flaviviruses at this late stage of infection. Proteasome function was shown to be
important for the egress of DENV and the proteasome inhibitor, bortezomib,
reduced DENV production in primary monocytes and DENV-associated pathology
in mice (Choy et al. 2015). Notably, this drug was recently identified to potently
antagonize ZIKV infection (Barrows et al. 2016), although the mechanism of action
for ZIKV is unknown.

Ras-related in brain (Rab) proteins are known to play roles in vesicular traf-
ficking and are important for egress in addition to viral entry. Rab8b was identified
in a siRNA screen of 18 Rab genes to promote WNV egress (Kobayashi et al.
2016). The ADP-ribosylation proteins Arf4 and Arf5, which play important roles in
endomembrane trafficking and metabolism, were found to interact with prM and

Roles of Pro-viral Host Factors in Mosquito-Borne Flavivirus … 57



stimulate DENV and YFV egress (Kudelko et al. 2012). DENV prM has also been
shown to interact with KDEL receptors (KDELR), transmembrane proteins that
cycle between ER and Golgi to prevent ER-resident factors from “leaking” into the
Golgi. Disruption of KDELR–prM interaction decreased virus egress at the stage of
viral particle transport from the ER to Golgi (Li et al. 2015).

2.7.1 Glycosylation

Flaviviruses encode three proteins that are glycosylated by host machinery: prM, E,
and NS1. Glycosylation of prM may promote correct folding and heterodimeriza-
tion with E protein, leading to enhanced virion morphogenesis and infectivity
(Courageot et al. 2000). The N-linked glycosylation of E and prM is important for
viral entry (Davis et al. 2006; Dejnirattisai et al. 2011; Guirakhoo et al. 1993) and
pathogenicity in animal models (Beasley et al. 2005; Kim et al. 2008). In addition,
glycosylation of particular asparagine residues on E and prM differentially pro-
motes infection of animal and mosquito cells (Hanna et al. 2005), indicating
species-specific functions for viral glycosylation (Mondotte et al. 2007). For NS1,
glycosylation has been shown to be important for DENV and YFV replication and
pathogenesis (Crabtree et al. 2005; Muylaert et al. 1996). Furthermore, glycosy-
lation of NS1 stimulates secretion and stabilization of the secreted hexameric form
(Crabtree et al. 2005; Flamand et al. 1999; Somnuke et al. 2011). In summary,
flaviviruses strongly depend on glycosylation for infection of both human and
mosquito hosts.

2.7.2 Furin-like Protease Cleavage

Shortly before the virus exits the cell, the viral structural proteins undergo reversible
conformational changes caused by low pH in the exocytic compartment. The
vATPase, a flavivirus entry host factor, is required for egress of DENV, due to its
role in acidification of exosomes (Duan et al. 2008). Structural changes that occur
due to reduced pH expose the furin cleavage site on prM (Li et al. 2008; Stadler
et al. 1997; Yu et al. 2008). Cleavage by furin or furin-like proteases causes the
conformational changes to become irreversible. After release from the cell by
exosome fusion with the plasma membrane, pr peptides dissociate in the neutral pH
of the extracellular milieu, converting the particle into a fully infectious virus (Li
et al. 2008; Zybert et al. 2008).
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Role of Innate Genes in HIV Replication

Kerstin Schott, Maximilian Riess and Renate König

Abstract Cells use an elaborate innate immune surveillance and defense system
against virus infections. Here, we discuss recent studies that reveal how HIV-1 is
sensed by the innate immune system. Furthermore, we present mechanisms on the
counteraction of HIV-1. We will provide an overview how HIV-1 actively utilizes
host cellular factors to avoid sensing. Additionally, we will summarize effectors of
the innate response that provide an antiviral cellular state. HIV-1 has evolved
passive mechanism to avoid restriction and to regulate the innate response. We
review in detail two prominent examples of these cellular factors: (i) NLRX1, a
negative regulator of the innate response that HIV-1 actively usurps to block
cytosolic innate sensing; (ii) SAMHD1, a restriction factor blocking the virus at the
reverse transcription step that HIV-1 passively avoids to escape sensing.
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1 Introduction

Cells use an elaborate surveillance system to detect incoming viruses so they can
respond quickly to foreign invaders. Induction of these intracellular innate immune
defense mechanisms strongly relies on a variety of cellular pattern recognition
receptors (PRRs) to detect viral proteins or nucleic acid structures, called
pathogen-associated patterns (PAMPs). The recognition of these patterns results in
the activation of inflammatory responses and the interferon (IFN) system. IFN
mediates its antiviral effects by inducing the expression of antiviral
interferon-stimulated genes (ISGs). The PRRs include membranous Toll-like
receptors (TLRs), cytoplasmic RIG-I-like receptors (RLRs), NOD-like receptors
(NLRs), and DNA sensors that signal through the adapter protein stimulator of
interferon genes (STING) [reviewed in Takeuchi and Akira (2010), Chen et al.
(2016)]. They survey almost every cellular compartment and alert neighboring
cells, building up a protective antiviral state.

Interestingly, even so human immunodeficiency virus (HIV)-1 is highly sensi-
tive to the action of IFN and can be inhibited by antiviral ISGs, the virus is a poor
inducer of IFN [reviewed in Doyle et al. (2015), McMichael et al. (2010)]. For
many years, it has been unknown how the virus evades the detection of the innate
immune system. More than a decade ago, the discovery of the first restriction
factors, and within recent years, the identification of intracellular DNA sensors,
paved the way to unravel the conundrum of HIV-1 sensing and restriction.

Here, in this chapter, we provide a brief summary of how HIV-1 is sensed by the
innate immune system. Moreover, we provide recent discoveries that cytosolic
sensing is amajor contributor inmonocyte-derived dendritic cells (MDDCs) and other
myeloid cells mediated by the cyclic GMP-AMP synthase (cGAS) together with
polyglutamine binding protein 1 (PQBP1). We will provide an overview how HIV-1
utilizes host cellular factors to avoid sensing by either degrading excess PAMPs or
shielding its capsid and cargo from premature uncoating and sensing in the cytosol.
Additionally, we will summarize known restriction factors providing, as effectors of
the innate response, an antiviral cellular state. We review in detail two prominent
examples of cellular factors that recently got into research focus. The first one, NLR
family member X1 (NLRX1), a member of the NOD-like receptor family, is a
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dependency factor that HIV-1 actively usurps to block cytosolic innate sensing.
Second, it seems that HIV-1 passively avoids infection of myeloid cells that contain
enzymatically active SAM and HD domain containing deoxynucleoside triphosphate
triphosphohydrolase 1 (SAMHD1), a restriction factor that blocks reverse tran-
scription of the virus, to prevent innate immune responses.

2 Sensors of the Innate Response

2.1 TLR Sensors

The presence of “non-host” nucleic acid structures upon viral infection suggests
that nucleic acid sensing PRRs are important components of the innate immune
surveillance machinery. The first and acute cell responders to viral infections are
plasmacytoid dendritic cells (pDCs) (Swiecki and Colonna 2015), that express
TLR7/8 and TLR9 in their endosomal compartments responding to single-stranded
RNA (ssRNA) and CpG-DNA, respectively and mediate an IFNa response mainly
through interferon regulatory factor 7 (IRF7) and nuclear factor kappa B (NF-jB)
(Takeuchi and Akira 2010). In fact, pDCs respond rapidly to HIV-1 (Yonezawa
et al. 2003), this response is endosome-dependent (Schmidt et al. 2005) and seems
to be more potent when HIV transfer occurs through cell-to-cell contact rather than
by endocytosis of HIV virions (Lepelley et al. 2011). HIV virions contain two
copies of single-stranded RNA that are non-covalently linked and can build a
self-complementary loop sequence resulting in short double-stranded RNA
(dsRNA) regions (Paillart et al. 1996). It has been suggested that HIV-1 ssRNA
represents a physiological ligand to stimulate TLR7/8 (Heil et al. 2004; Meier et al.
2007). There is a substantial body of evidence indicating that TLR7/8 signaling
pathways regulate HIV-1 infection in pDCs (Beignon et al. 2005; Lepelley et al.
2011), though TLR9 may play a role as well (Mandl et al. 2008; Beignon et al.
2005). Besides “non-host” nucleic acids, viral proteins, such as HIV-1 envelope
gp120, have been reported to trigger proinflammatory responses through TLR2 and
TLR4 (Nazli et al. 2013). The importance of TLR signaling in the outcome of
HIV-1 infections is reflected by reported associations between specific polymor-
phisms of TLR4, TLR7, and TLR9 genes and HIV disease progression and/or
higher viral loads (Oh et al. 2009; Pine et al. 2009).

2.2 Cytosolic Sensors

The HIV life cycle suggests that “non-host” nucleic structures or viral proteins
could be detected in the cytosol as well. HIV-1 fuses with the plasma membrane
and releases its capsid into the cytoplasm. The capsid disintegrates and could
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potentially expose viral RNA and reverse transcribed DNA before the latter is
transported to the nucleus and integrated into the host genome. During these pro-
cesses, viral nucleic acids and reverse transcription intermediates (RTIs) such as
ssRNA, RNA:DNA hybrids, ssDNA, and dsDNA could potentially serve as
PAMPs for cytosolic sensors.

Notably, studies demonstrated that IRF3-dependent pathways participate in HIV
recognition (Lepelley et al. 2011; Doehle et al. 2009; Manel et al. 2010). IRF3 is a
master regulator of cytosolic responses known to regulate expression of IFNb and a
subset of ISGs independent of the action of IFN (Hiscott 2007; Honda et al. 2006).
Interestingly, HIV seems to counteract the IRF3 pathway (Doehle et al. 2009, 2012;
Okumura et al. 2008; Hotter et al. 2013) though this has been controversially
reported and discussed (Rustagi and Gale 2014; Hotter et al. 2013). Still, these data
hint toward the importance of cytoplasmic sensors.

Viral RNA can be sensed by cytosolic DexD/H box RNA helicases RIG-I and
melanoma differentiation-associated protein 5 (MDA5) that recognize shorter
dsRNA structures or ssRNA containing 5’triphosphates and longer dsRNA struc-
tures, respectively, and signal through the adapter mitochondrial antiviral-signaling
protein (MAVS) (Schlee 2013). Some reports suggest the involvement of the
RIG-I/MAVS pathway in controlling HIV-1 replication (Wang et al. 2013; Gupta
et al. 2016). RIG-I has been demonstrated to recognize secondary structured
HIV-derived RNA to trigger a MAVS and IRF3-dependent response (Berg et al.
2012). HIV-1 counters the response by sequestration of RIG-I with a HIV
protease-dependent mechanism (Solis et al. 2011). These observations have not
been confirmed so far. Newest evidence suggests that the RNA helicase DDX3
serves as a sensor for abortive HIV-1 RNA in MDDCs via the adaptor protein
MAVS (Gringhuis et al. 2017).

In recent years, it became clear that cytosolic DNA can activate IRF3-dependent
innate immune responses (Stetson and Medzhitov 2006). A plethora of novel DNA
sensors have been identified since then (Dempsey and Bowie 2015). For the first
time, in 2010, a cell-intrinsic recognition of HIV was reported in MDDCs resulting
in activation of IRF3 (Manel et al. 2010) suggesting a novel cytosolic sensor.
Intriguingly, a screening approach identified a number of host factors involved in
retroviral sensing including STING, TANK-binding kinase 1 (TBK1), and IRF3
(Lee et al. 2013). Not long after, the cyclic GMP-AMP synthase (cGAS) was
identified as a novel cytosolic DNA sensor (Sun et al. 2013) that was capable of
activating the adapter protein STING and IRF3 through the synthesis of the second
messenger cyclic GMP-AMP (cGAMP) (Wu et al. 2013). In fact, Gao et al. could
prove that cGAS can sense HIV-1 and other retroviruses in myeloid cells (Gao et al.
2013). Interestingly, they reported that inhibitors of reverse transcriptase, but not
integrase, abrogated IFNb induction by the virus suggesting that cytosolic RTIs
might be the PAMPs for recognition through cGAS, but a direct association with
the viral PAMP has not been demonstrated. Very recently, a targeted RNAi screen
in MDDCs revealed PQBP1 as a proximal sensor for HIV-1 (Yoh et al. 2015)
(Fig. 1). The authors demonstrated that PQBP1 directly binds to reverse transcribed
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Fig. 1 HIV-1 exploits cellular factors to escape innate immune sensing. After fusion with a target
cell, HIV-1 capsid is released into the cytoplasm and a timely and spatially highly organized
process is initiated. Host cell factors like cyclophilins (CypA) cloak the viral capsid and aid in
preserving its structural integrity on its travel to the nucleus. Reverse transcription takes place en
route or at the nuclear pore complex, where the reverse transcribed genome is translocated into the
nucleus with help of several nuclear pore complex proteins including NUP358 and CPSF6
together with TNPO3 involved in orchestrating this process. These processes are susceptible to
perturbations resulting in unproductive infections. Destabilization of the viral capsid within the
cytoplasm due to viral capsid mutations may result in premature loss of capsid structural integrity
and exposure of viral PAMPS (reverse transcription intermediates, RTIs) to cellular cytoplasmic
PRRs. Sensing of the viral PAMP by PQBP1 and cGAS initiates production of second messenger
cGAMP by cGAS, which activates STING triggering TBK1 to induce downstream pathways NF-
ĸB and IRF-3. These initiate production of mainly IFNb followed by expression of IFN stimulated
genes (ISGs) and antiviral restriction factors. Cellular proteins are exploited by the virus to prevent
recognition by innate PRRs: SAMHD1 not only acts as an innate antiviral restriction factor, but it
also supports the virus in staying under the radar of innate immunity. TREX1 is a cytoplasmic
nuclease that degrades excess cytoplasmic DNA. Cytoplasmic or mitochondria-associated ER
membranes localized NLRX1 is a negative regulator of the central innate sensing node STING.
Upregulated NLRX1 activity aids the virus in attenuating antiviral innate responses
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HIV-1 DNA and physically associates with cGAS. They conclude that PQBP1
would function as a specific co-sensor to retroviruses upstream of cGAS to initiate
the IRF3-dependent response. In concordance with Gao et al., the response is
dependent on reverse transcription but not integration, further supporting the notion
that RTIs are sensed. The exact nature of the RTI is not yet defined. It has been
known that dsDNA stretches minimally 24 bp long, but better 45 bp long, are
inducers of the DNA response (Stetson and Medzhitov 2006). However, a recent
publication reported that shorter (12–20 bp) dsDNA structures flanked by unpaired
guanosines simulating short stem-loop structures in single-stranded HIV-1 reverse
transcripts were highly stimulatory (Herzner et al. 2015).

Notably, the second messenger cGAMP produced by cGAS to activate STING
and type I IFN production can be transferred to bystanding cells by different
mechanisms. HIV-1 virions from cGAS-expressing producer cells incorporate
sufficient amounts of cGAMP to trigger a STING-dependent antiviral response in
newly infected cells (Bridgeman et al. 2015; Gentili et al. 2015). Additionally,
horizontal cGAMP transfer can be achieved by membrane fusion of Env-expressing
donor cells with CD4/co-receptor-expressing target macrophages. This study
demonstrates that virions released from infected, IL-2/PHA-stimulated primary T
cells did not incorporate measureable amounts of cGAMP (Xu et al. 2016). These
findings underline the importance of direct cell-to-cell transmission of cGAMP and
raise the question whether cGAMP incorporation into HIV virions might be rele-
vant in vivo. Nevertheless, both potential mechanisms of cGAMP transfer induce a
STING-dependent type I IFN response, thereby antiviral state that could protect
HIV target cells from de novo infection.

In macrophages, another cytosolic DNA receptor was reported to sense HIV-1.
The interferon gamma inducible protein 16 (IFI16) was shown to bind to stem-loop
containing ssDNA derived from HIV-1 proviral DNA and initiated a
STING-TBK1-IRF3 pathway (Jakobsen et al. 2013, 2015). Intriguingly, very recent
evidence suggests that IFI16 regulates DNA sensing in macrophages and ker-
atinocytes by promoting the activity of STING and efficient cGAMP production
(Almine et al. 2017; Jønsson et al. 2017). Intriguingly, IFI16 is a host DNA sensor
that initiates pyroptosis in abortively infected CD4 T cells through an inflammatory
response triggered mainly by IL-1b (Monroe et al. 2014; Doitsh et al. 2014). This
response requires cell-to-cell transmission and was observed only in resting T cells
derived from lymphoid tissues (Galloway et al. 2015; Munoz-Arias et al. 2015).
Interestingly, the situation seems to differ in activated infected T cells: the activa-
tion of DNA-dependent protein kinase (DNA-PK) during sensing of the viral
integration process plays a central role in CD4 T cell depletion (Cooper et al. 2013).
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3 HIV-1 Utilizes or Avoids Cellular Factors
to Escape Sensing

3.1 Cloaking of HIV-1 Cargo

Only in recent years, it became clear that HIV avoids certain host factors, while on
the other hand utilizes several cellular factors to evade sensing followed by innate
immune signaling resulting in an antiviral state. Still, it stays controversial to what
time point during infection and under which cellular prerequisites sensing of HIV-1
does occur in myeloid cells (Landau 2014).

It is common knowledge that conventional DCs (cDCs) per se do not respond to
HIV infection with production of type I IFNa (Smed-Sorensen et al. 2005) resulting
in incomplete cDC maturation (Luban 2012), probably due to inefficient infection.
In order to establish efficient replication in MDDCs and other myeloid cells, so that
—in consequence—sensing of the viral PAMPs could occur, the addition of the
lentiviral accessory protein Vpx is required as a means to overcome the restriction
posed by SAMHD1 (Manel et al. 2010; Laguette et al. 2011; Hrecka et al. 2011;
Berger et al. 2011). We will review SAMHD1 and its function in detail in the
upcoming paragraph.

For that reason, Gao et al. used virus-like particles (VLPs) containing Vpx to
trigger innate immune responses in their experiments to identify cGAS as a sensor
for HIV-1 (Gao et al. 2013). Other labs reported that HIV-1 is not sensed even after
removal of SAMHD1. They report that capsid mutations that increase the affinity
for the peptidylprolyl isomerase A (CypA) allow for sensing. In that case, the HIV
capsid is a determinant of innate sensing of viral DNA after integration (Lahaye
et al. 2013). In a third scenario, HIV-1 is not sensed by cGAS because capsid and
the cargo is cloaked and protected by CypA and the cleavage and polyadenylation
specific factor 6 (CPSF6) (Rasaiyaah et al. 2013).

HIV utilizes several host cell factors to promote timely capsid uncoating and
initiation of reverse transcription (RT) and efficient nuclear import [reviewed in (Le
Sage et al. 2014; Campbell and Hope 2015)]. These include CypA (Braaten et al.
1996), Pin1 (Misumi et al. 2010), PDZD8 (Henning et al. 2010), CPSF6 (Lee et al.
2010; Hori et al. 2013), TNPO3, Nup358, and Nup153 (Brass et al. 2008; Konig
et al. 2008; Zhou et al. 2008; Bushman et al. 2009).

Perturbation of the uncoating process by polymorphisms in CypA binding
affinity to HIV-1 capsid (An et al. 2007; Rits et al. 2008) or by cytoplasmic located
CPSF6 (Lee et al. 2010; Hori et al. 2013; Iaco et al. 2013) induces premature capsid
disassembly which may lead to exposure of viral RT products to cytosolic sensors
(Lahaye et al. 2013; Rasaiyaah et al. 2013). In fact, it was shown that capsid
mutants N74D and P90A that are impaired for interaction with CPSF6 and CypA or
Nup358, respectively, lead to type I IFN responses (Rasaiyaah et al. 2013).
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3.2 Exploitation of a Cellular Nuclease

Moreover, it is thought that incomplete or aberrant RT products in unproductive
infections due to the error-prone RT process might be removed by the three prime
repair exonuclease 1 (TREX1). It has been shown that TREX1 as a negative reg-
ulator of the IFN-stimulatory DNA (ISD) response prevents autoimmunity (Stetson
et al. 2008) by binding and degrading unwanted self-DNA in the cytosol. TREX1
was found to digest ssDNA derived from endogenous retroelements and in con-
sequence prevented triggering of cytosolic sensing (Stetson et al. 2008). Notably,
the absence of TREX1 provides a cellular state where cytosolic HIV-1 RT products
accumulate and lead to IRF3 activation (Yan et al. 2010a; Lee et al. 2013).
Additionally, TREX1 seems to prevent autointegration as part of the ER-associated
SET complex (Yan et al. 2009).

In conclusion, the steps of HIV-1 following entry into the target cells require
safe and “unrecognized” travel of the viral capsid and the cargo through the cellular
cytosol, spatially and timely tuned reverse transcription, translocation into the
nucleus and integration in the host genome. Infection is a highly organized process,
which turns out to be quite susceptible to perturbation.

3.3 Active Exploitation of NLRX1

Another recently described factor that HIV-1 actively exploits to its advantage is
NLRX1. In the next chapter, we will first review the general known functions of
NRLX1. Next, we will provide a detailed review on its involvement in the innate
signaling response toward HIV-1.

3.3.1 NLRX1—A Regulator of Innate Signaling

NLRX1 is a member of the NLR family, a group of cytosolic PRRs which are
involved in sensing microbial and danger signals to induce innate immune acti-
vation and inflammation. All protein members of this family include a
nucleotide-binding domain (NBD) and leucine-rich repeats (LRR) but while most
also contain an N-terminal CARD or PYD domain, these are absent in NLRX1.
Instead it is the only family member with an N-terminal transit peptide directing it
to mitochondria (Tattoli et al. 2008; Moore et al. 2008). Its exact localizations may
be dynamic or dependent on the inner mitochondrial transmembrane potential
(Arnoult et al. 2009) as NLRX1 has been found at both, the mitochondrial outer
membrane (MOM) (Moore et al. 2008) and within the mitochondrial matrix
(Arnoult et al. 2009; Rhee et al. 2013; Sasaki et al. 2013). A crystal structure of the
C-terminal fragment of NLRX1 revealed that the protein forms dimers that
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oligomerize into hexamers via extensive interdomain and intersubunit interactions
(Hong et al. 2012).

Intensive research has linked NLRX1 to various functions in innate immunity.
At the MOM, NLRX1 is acting as a negative regulator attenuating the innate
immune response to viral infections, including influenza virus, that are sensed
through the RIG-I/MAVS (also known as IPS-1, VISA, and CARDIF) axis by
directly competing for MAVS binding (Moore et al. 2008; Allen et al. 2011; Xia
et al. 2011). This perception was challenged by two independently generated
NLRX1-deficient mouse models (Rebsamen et al. 2011; Soares et al. 2013).
However, it is not clear why the different mouse models came to opposite con-
clusions. Of note, the observed effect on RIG-I/MAVS axis was not present in bone
marrow-derived macrophages (BMDMs) (Allen et al. 2011; Jaworska et al. 2014)
or alveolar macrophages (Jaworska et al. 2014) and pDCs (Allen et al. 2011),
arguing for a specialized role of NLRX1 in these immune cells.

Besides inhibiting RIG-I/MAVS-dependent type I IFN induction, NLRX1
emerged as essential factor to promote autophagy. Lei et al. identified a mito-
chondrial interaction network including NLRX1, MAVS, TUFM, and autophagy
induction proteins Atg5-Atg12 and ATG16L1 (Lei et al. 2012). Both, attenuation of
IFN production as well as promotion of autophagy synergistically promoted viral
infection (Lei et al. 2012). Additional evidence for the cooperative augmentation of
autophagy by NLRX1 and TUFM was provided recently as knockdown of either
factor in squamous cell carcinoma of the head and neck cells attenuated autophagy
upon EGFR inhibition (Lei et al. 2016).

It seems that the control of MAVS signaling leading to downregulation of type I
IFN and the induction of autophagy are intertwined processes mediated by a group
of proteins with dual functions at the mitochondrial outer membrane.

Resembling its negative influence on the MAVS-dependent type I IFN induc-
tion, NLRX1 also attenuates NF-jB signaling through MAVS-independent
LPS-induced TLR4 signaling via TRAF6 (Allen et al. 2011; Xia et al. 2011), but
did not affect NF-jB activity in response to TNFa treatment (Rebsamen et al. 2011;
Allen et al. 2011; Xia et al. 2011) or TCR or BCR activation (Xia et al. 2011).
Besides this direct negative regulation of NF-jB signaling, NLRX1 may also have
a positive effect on NF-jB activity by modulating reactive oxygen species
(ROS) production (Tattoli et al. 2008). NLRX1 synergistically enhances ROS
production in vitro upon bacterial (Tattoli et al. 2008; Abdul-Sater et al. 2010)/viral
(Unger et al. 2014) infection and TNFa (Tattoli et al. 2008; Hong et al. 2012)/polyI:
C (Hong et al. 2012) treatment.

Given that NLRX1 might be localized in the mitochondrial matrix, it seems
difficult to explain how this NLR may sense a microbial associated molecular
pattern (Arnoult et al. 2009). Abdul-Sater et al. provide an elegant explanation
suggesting that NLRX1 augments ROS production in a secondary step after pri-
mary ROS produced by membrane-bound NADPH oxidases NOX/DUOX diffuses
into mitochondria, triggering NLRX1-dependent ROS production (Abdul-Sater
et al. 2010). Such a link of NLRX1 to ROS production is further backed by NLRX1
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interaction with the mitochondrial respiratory chain protein UQCRC2 (Arnoult
et al. 2009; Rebsamen et al. 2011). Similarly, viral infection by rhinovirus induced
both NOX- and NLRX1-dependent ROS production in vitro (Unger et al. 2014).

Interestingly, the LRR containing part of NLRX1 can interact with dsRNA over
ssRNA ligands, but not dsDNA or ssDNA, as demonstrated with the purified
C-terminal fragment of NLRX1 (Hong et al. 2012). Binding of dsRNA analog
polyI:C was abolished by a specific mutation in NLRX1 coincident with the loss of
ROS induction upon polyI:C treatment in vitro (Hong et al. 2012), suggesting that
RNA binding to NLRX1 may also be a mechanism to trigger NLRX1-dependent
ROS production. Tattoli et al. suggested that an NLRX1-enhanced ROS production
may translate to NF-jB and JNK activation (Tattoli et al. 2008; Gloire et al. 2006).
This in vitro finding is questioned by in vivo models, though (Rebsamen et al.
2011; Allen et al. 2011; Xia et al. 2011). Recently, new results were added to this
discussion demonstrating that NLRX1 regulates basal ROS production only in
transformed, but not primary mouse embryonic fibroblasts (MEFs) (Soares et al.
2014), which is in accordance to the in vivo experiments (Rebsamen et al. 2011).
Clearly, the influence of NLRX1 on ROS production and positive or negative
effects on NF-jB activity is strongly dependent on the investigated stimulus. Thus,
it will be interesting to see whether previous results will hold true in untransformed
cell models. Further confirmation of NLRX1-RNA interaction or a solved structure
of the interaction would be much needed for physiological verification.

Recently, NLRX1 was linked to apoptosis and cancer. It exhibited neuropro-
tective capacities in a mouse model for multiple sclerosis (Eitas et al. 2014) and
directed cells toward an apoptotic pathway protecting the cells from necrosis-like
cell death (Imbeault et al. 2014). It seems that NLRX1 protects cells against
extrinsic apoptosis signals and sensitizes them to intrinsic apoptosis (Soares et al.
2014; Singh et al. 2015). Interestingly, this effect was only found in transformed,
but not in primary cells suggesting a link between NLRX1 and tumorigenesis
(Soares et al. 2014). NLRX1 was highly downregulated in transformed versus
untransformed MEFs (Soares et al. 2014), in human colon tumors (Koblansky et al.
2016) and in chronic obstructive pulmonary disease, inversely correlating with
disease severity (Kang et al. 2015). Fittingly, key cancer-promoting pathways
STAT3, NF-jB, MAPK, and IL-6 were augmented in colons of NLRX1−/− mice
(Koblansky et al. 2016) and NF-jB signaling was also significantly upregulated in
mouse NLRX1−/− cells of a splenic histiocytic sarcoma (Coutermarsh-Ott et al.
2016b). Indeed, tumor suppressor functions of NLRX1 were observed in several
tumor models (Soares et al. 2014; Koblansky et al. 2016; Tattoli et al. 2016; Singh
et al. 2015; Coutermarsh-Ott et al. 2016b; Li et al. 2016). Intriguingly, NLRX1 was
upregulated in a pulmonary metastasis model concurrent with downregulation of
RIG-I, MDA-5, LGP-2 and MAVS, which can be reverted by antitumor poly I:C
application (Ma et al. 2016), indicating an important role for NLRX1 suppression of
RIG-I/MAVS signaling in control of tumor spread (Ma et al. 2016).
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3.3.2 NLRX1—A Negative Regulator of HIV-1 Sensing

Recently, NLRX1 has been discovered as a negative regulator of the central
DNA-sensing pathway node STING to hamper activation of TBK1/IRF3/NF-jB -
axis leading to reduced expression of IFNs and inflammatory cytokines (Guo et al.
2016). Mechanistically, NLRX1 seems to sequester STING, thus preventing acti-
vation of TBK1 and downstream signaling (Guo et al. 2016). This function seems
to be actively exploited by HIV-1 and simian immunodeficiency virus (SIV) (Guo
et al. 2016; Barouch et al. 2016). Knockdown of NLRX1 reduces retroviral
infection in primary human cells and a mouse model accompanied by increased
production of innate immune signaling effectors (Guo et al. 2016). An elegant study
by Barouch and colleagues demonstrated that mucosal infection of rhesus monkeys
with SIVmac251 triggered an early proinflammatory response that intriguingly
lacks the expression of antiviral restriction factors. NLRX1 was upregulated very
early in the first 24 h upon SIV infection in the infected tissues. Its expression
correlated inversely with the expression of antiviral restriction factors (Barouch
et al. 2016). These correlations imply an inhibitory effect of NLRX1 on innate
immune signaling allowing for more efficient viral replication, similar to the find-
ings by Guo et al. in the case of HIV-1. Interestingly, another study demonstrated
upregulation of NLRX1 in the lamia propria leukocytes also at late times after SIV
infection (Mohan et al. 2012). Furthermore, the TGF-b pathway signaling was
activated after SIV infection which suppressed successful initiation of adaptive
immune responses (Barouch et al. 2016). In summary, SIV triggers host responses
in the first 24 h that suppress antiviral innate and adaptive responses and facilitate
early systemic dissemination (Barouch et al. 2016). Importantly, TGF-b is also
involved in the pathogenesis of HIV-1 in human patients as CD4 and CD8 T cell
counts are reduced with increased TGF-b levels (Wiercinska-Drapalo et al. 2004)
e.g. the antiviral cytolytic CD4 T cell response towards HIV-1 is strongly affected
by TGF-b (Lewis et al. 2016) thus, by extension, findings of SIV infection may also
translate to HIV-1 infection (Mar and Schoggins 2016).

A recent study analyzed expression of various signaling molecules of the
inflammasome and mitochondrial signaling in peripheral blood mononuclear cells
(PBMCs). They compared HIV patients on successful combination antiretroviral
therapy (cART) for at least ten months to healthy donors. Interestingly, the only
molecule that was differentially regulated was NLRX1 (Nasi et al. 2015). NLRX1
was found to be downregulated in the patient samples suggesting that it might be
modulated by the virus to avoid triggering of cell death through NLRX1 at this late
stage in infection (Nasi et al. 2015). Still, the consequences of NLRX1 regulation
on viral infection are not yet conclusively demonstrated. A study comparing CD4 T
cells of elite controllers (ECs) to HIV negative and HIV-infected patients on suc-
cessful ART could not reveal a differential expression pattern of NLRX1 (Vigneault
et al. 2011). Opposing findings may result from limited sample sizes or analyzed
stages of infection, nevertheless, a comprehensive study of all infection phases of
substantial cohort sizes would allow a more detailed picture if how HIV-1 affects
regulation of various genes during infection, including NLRX1.
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3.3.3 Localization of NLRX1 and Signal Components

Although in vitro and in vivo data clearly point to the effect of NLRX1 on
STING-mediated signaling, it seems unclear how the spatial separation of these
proteins in the cell can be explained. In the section below, we will discuss current
knowledge. We would like to point out that the localization of neither NLRX1 nor
STING excludes their functional connection.

The exact localization of NLRX1 is under debate, while several reports state
NLRX1 is localized to the mitochondrial matrix (Arnoult et al. 2009; Rhee et al.
2013; Sasaki et al. 2013), it has also been detected on the MOM (Moore et al. 2008)
and in the cytoplasm (Unger et al. 2014).

NLRX1 contains an N-terminal mitochondrial targeting signal (Moore et al.
2008; Tattoli et al. 2008), which is cleaved upon translocation to the inner side of
the mitochondrial inner membrane (MIM) (Arnoult et al. 2009). The mitochondrial
matrix pool of NLRX1 may represent its final localization (Arnoult et al. 2009;
Rhee et al. 2013; Sasaki et al. 2013), but is readily replaced with newly synthesized
NLRX1 (Arnoult et al. 2009), opening many possibilities for NLRX1 localizations
on the route. Translocation of NLRX1 to the mitochondrial matrix is dependent on
the inner mitochondrial transmembrane potential (Arnoult et al. 2009). Perturbation
of this by e.g. stress or viral infection could influence NLRX1 translocation.
Cytoplasmic NLRX1 interacts with MAVS (Moore et al. 2008; Arnoult et al. 2009;
Sasaki et al. 2013; Li et al. 2016), but not mitochondrial matrix-localized NLRX1s
(Rebsamen et al. 2011; Sasaki et al. 2013). Sequestration of NLRX1 in
supramolecular complexes (Lei et al. 2012; Moore et al. 2008) at the MOM (Moore
et al. 2008; Guo et al. 2016) possibly through MAVS (Moore et al. 2008) or TUFM
(Lei et al. 2012) interaction and release upon RIG-I stimulation (Lei et al. 2012)
could prevent NLRX1 from translocation to the mitochondrial matrix. Sufficient
activation could induce NLRX1 translocation to the mitochondrial matrix, where it
may support antimicrobial defense by additional ROS stimulation (Tattoli et al.
2008; Abdul-Sater et al. 2010; Hong et al. 2012; Unger et al. 2014). Speculations
about a cytoplasmic pool of NLRX1 have been repeatedly expressed (Xia et al.
2011; Hong et al. 2012; Sasaki et al. 2013) and translocation from cytoplasm to
mitochondria has been demonstrated upon rhinovirus infection in primary differ-
entiated airway epithelial cells (Unger et al. 2014). As discussed earlier, the picture
of NLRX1 localization and function might be more complex than we anticipate
today (Coutermarsh-Ott et al. 2016a). Given the marked difference in NLRX1
protein abundance as well as functional differences between transformed and
untransformed cell, it appears very plausible that also the localization of NLRX1
might differ between those. Additional knowledge about the temporal and spatial
organization and localization of NLRX1 and careful interpretation of in vitro and
in vivo data would be advantageous.

STING is primarily localized to the endoplasmic reticulum (Ishikawa and Barber
2008), which makes contact to various other organelles including mitochondria,
giving rise to so-called mitochondria-associated ER membranes (MAM). These
facilitate lipid and calcium exchange and are sites for autophagosome formation and
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NLRP3 inflammasome formation trough MAVS [reviewed in Raturi and Simmen
(2013); Marchi et al. (2014); Zhang and Hu (2016)]. Importantly, MAVS (Horner
et al. 2011) and STING (Ishikawa and Barber 2008; Marchi et al. 2014) both
localize to MAMs in the mitochondrial and ER sides, respectively. Upon detection
of RNA virus infection RIG-I translocates to MAMs to interact with MAVS
(Horner et al. 2011) where STING is able to interact with this complex (Ishikawa
and Barber 2008). Both, a potential cytoplasmic NLRX1 pool as well as contacts of
MOM localized NLRX1 to STING via mitochondria-associated ER membranes
would be plausible explanations to successful NLRX1-STING interaction, probably
in macromolecular complexes at the membranes. Furthermore, STING is subject of
extensive re-localization upon activation, as it is shuttled to the Golgi network and
some yet undefined signaling vesicles (Chow et al. 2015). Autophagy proteins play
important roles in translocation processes of STING (Saitoh et al. 2009; Konno
et al. 2013; Chow et al. 2015). Additionally, RIG-I/MAVS signaling is connected to
autophagy induction (Jounai et al. 2007) and, recently, NLRX1 emerged as a
positive regulator of autophagy (Lei et al. 2012). Therefore, a functional connection
of all proteins to autophagy processes would be interesting to explore.

3.3.4 Possible Impact of NLRX1 on Latent Reservoirs

NLRX1 has become a versatile player in the regulation of innate immune responses
and the recent studies underline the in vivo relevance as NLRX1 is clearly manip-
ulated by HIV/SIV virus to suppress antiviral innate immunity and support viral
infection. It is conceivable that NLRX1 affects HIV infection at further steps beyond
initial dissemination. One major obstacle of HIV eradication is the latent reservoir of
the virus. We hypothesize that NLRX1 may have functional connections to the
reservoir. First, NLRX1 dampens the innate immune response upon early infection
(Guo et al. 2016; Barouch et al. 2016), a time point at which latent reservoirs are
already initiated if not established (Lindbäck et al. 2000; Hogan et al. 2012; Chun
et al. 1998; Whitney et al. 2014), thus a patient would probably benefit from a strong
early antiviral innate response by inhibition of NLRX1 (Towers and Noursadeghi
2014). Second, NLRX1 attenuates signaling activities which affect latency:
(i) NLRX1 dampens RIG-I/MAVS signaling (Moore et al. 2008; Allen et al. 2011;
Xia et al. 2011), which can be beneficial in proviral transcriptional activation and
killing of latently infected cells (Li et al. 2016); (ii) NLRX1 may directly attenuate
the NF-jB pathway (Allen et al. 2011; Xia et al. 2011), which is enhancing HIV
transcription (Nabel and Baltimore 1987; Duh et al. 1989; Böhnlein et al. 1988;
Tong-Starksen et al. 1987) and reactivating the latent reservoir. Thus, attenuation of
both pathways by NLRX1 may drive and sustain latency. The positive effect of
NLRX1 on ROS production upon external stimuli (Tattoli et al. 2008; Abdul-Sater
et al. 2010; Hong et al. 2012; Unger et al. 2014) under certain conditions (Rebsamen
et al. 2011; Allen et al. 2011; Xia et al. 2011) may have a positive effect on NF-jB
(Gloire et al. 2006; Yang et al. 2009) and the transcriptional status of latent HIV
reservoirs.
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4 Restriction Factors as Effectors of the Innate Response

Host target cells express a diverse set of antivirally active proteins, mostly activated
by the innate immune response. Restriction factors can execute immediate blocks at
different steps of the HIV replication cycle. Therefore, they are an important
component of the innate immune response against HIV infection. All restriction
factors against viral infection share common features (Duggal and Emerman 2012;
Malim and Bieniasz 2012; Doyle et al. 2015): (i) germline-encoded, constitutive or
IFN-inducible expression; (ii) they act dominantly against viral infections in a
cell-autonomous manner; (iii) responsible for species-specific suppression, there-
fore determining the viral host range; (iv) partly counteracted by viral (accessory)
proteins, namely Nef, Vif, Vpr, Vpu, and Vpx; (v) showing evidence of positive
genetic selection, as sign of an evolutionary “arms race” between host survival/viral
replication (Table 1).

Well studied and only recently discovered examples of HIV-mediated evasion of
restriction factors involve nearly every step of the HIV replication cycle (see
Table 1). Furthermore, some restriction factors can also act as innate sensors,
namely tetherin and TRIM5a. If tetherin is present, newly formed HIV-1 virions are
retained at the plasma membrane of infected cells (Neil et al. 2008; van Damme
et al. 2008). Related to this, tetherin can induce proinflammatory responses by
activating NF-jB (Galao et al. 2012, 2014). As countermeasure, Vpu induces
tetherin downregulation from the cell surface (Neil et al. 2008; van Damme et al.
2008). TRIM5a induces AP-1 and NF-jB-dependent factors and acts as a PRR for
the HIV-1 capsid lattice (Pertel et al. 2011). In general, IFN treatment leads to
HIV-1 replication blocks at early and late stages in different cell types (Cheney and
McKnight 2010; Goujon and Malim 2010), through the induction of known and yet
to be identified antiviral ISGs (Doyle et al. 2015).

5 SAMHD1—HIV-1 is Passively Avoiding Restriction

Here, we highlight the HIV-1 restriction factor SAMHD1 to demonstrate how
cell-autonomous antiviral factors influence sensing of HIV PAMPs and thereby
actively shape the innate/adaptive immune response to HIV-1 infection.

5.1 Discovery of SAMHD1

The accessory protein Vpx, which originated from duplication of the vpr gene
(Tristem et al. 1990), is encoded by the primate lentiviruses of the HIV-2/SIVsmm

82 K. Schott et al.



T
ab

le
1

In
na
te

G
en
es

in
H
IV

-1
R
ep
lic
at
io
n

R
ol
e
in

H
IV

re
pl
ic
at
io
n

R
eg
ul
at
io
n
by

ty
pe

I/
II

IF
N

U
til
iz
at
io
n
an
d/
or

co
un

te
ra
ct
io
n
by

H
IV

Po
si
tiv

e
se
le
ct
io
n

R
ef
er
en
ce

In
na

te
se
ns
or
s

cG
A
S

se
ns
es

H
IV

-1
R
T
Is

ty
pe

I/
II
IF
N
s
(M

a
et

al
.

20
15

)
cl
oa
ki
ng

of
R
T
Is

by
ca
ps
id

up
to

in
te
gr
at
io
n
(L
ah
ay
e

et
al
.
20

13
)

ye
s
(H

an
ck
s

et
al
.
20

15
)

G
ao

et
al
.
(2
01

3)

IF
I1
6

se
ns
es

st
em

-l
oo

p
co
nt
ai
ni
ng

H
IV

-1
ss
D
N
A

in
m
ac
ro
ph

ag
es

ty
pe

I/
II
IF
N
s
(D

aw
so
n

an
d
T
ra
pa
ni

19
95

;
T
ra
pa
ni

et
al
.
19

92
)

ye
s
(M

cL
ar
en

et
al
.
20

15
;

C
ag
lia
ni

et
al
.

20
14

)

Ja
ko

bs
en

et
al
.

(2
01

3)

PQ
B
P1

bi
nd

s
re
ve
rs
e
tr
an
sc
ri
be
d
H
IV

-1
D
N
A

an
d
in
te
ra
ct
s/
co
op

er
at
es

w
ith

cG
A
S
in

M
D
D
C
s

un
kn

ow
n

Y
oh

et
al
.
(2
01

5)

R
IG

-I
(D

D
X
58

)
(p
ot
en
tia
lly

)
se
ns
es

di
m
er
ic
/m

on
om

er
ic

H
IV

R
N
A

ty
pe

I/
II
IF
N
s
(I
m
ai
zu
m
i

et
al
.2

00
4;

Su
m
pt
er

et
al
.

20
05

)

H
IV

-1
:
PR

(S
ol
is
et

al
.2

01
1)

ye
s
(V

as
se
ur

et
al
.
20

11
)

B
er
g
et

al
.
(2
01

2)
,

So
lis

et
al
.
(2
01

1)
,

W
an
g
et

al
.
(2
01

3)

T
L
R
2/
4

se
ns
e
gp

12
0
in

fe
m
al
e
ge
ni
ta
l

ep
ith

el
ia
l
ce
lls

ty
pe

I/
II
IF
N

(F
au
re

et
al
.

20
01

;
M
ie
tti
ne
n
et

al
.

20
01

)

N
az
li
et

al
.
(2
01

3)

T
L
R
7/
8

se
ns
es

ge
no

m
ic

H
IV

ss
R
N
A

ty
pe

I/
II
IF
N

(M
ie
tti
ne
n

et
al
.
20

01
)

ye
s,
fo
r

sp
ec
ifi
c

re
si
du

es
(O

rt
iz

et
al
.

20
09

)

B
ei
gn

on
et

al
.

(2
00

5)
,
H
ei
l
et

al
.

(2
00

4)
,
L
ep
el
le
y

et
al
.
(2
01

1)

T
L
R
9

se
ns
es

C
pG

D
N
A

po
te
nt
ia
lly

pr
es
en
t
in

H
IV

-1
vi
ri
on

s
un

kn
ow

n
M
an
dl

et
al
.
(2
00

8)
,

B
ei
gn

on
et

al
.

(2
00

5)
(c
on

tin
ue
d)

Role of Innate Genes in HIV Replication 83



T
ab

le
1

(c
on

tin
ue
d) R
ol
e
in

H
IV

re
pl
ic
at
io
n

R
eg
ul
at
io
n
by

ty
pe

I/
II

IF
N

U
til
iz
at
io
n
an
d/
or

co
un

te
ra
ct
io
n
by

H
IV

Po
si
tiv

e
se
le
ct
io
n

R
ef
er
en
ce

In
na

te
se
ns
or
s
an

d
re
st
ri
ct
io
n
fa
ct
or
s

T
et
he
ri
n

(B
ST

2,
C
D
31

7)

in
hi
bi
ts
re
le
as
e
of

ne
w
ly

fo
rm

ed
vi
ri
on

s
in

in
fe
ct
ed

ce
lls
;
ac
tiv

at
es

N
F-
j
B
/in

iti
at
es

pr
oi
nfl

am
m
at
or
y

cy
to
ki
ne

pr
od

uc
tio

n

ty
pe

I/
II
IF
N
s
(N

ei
l
et

al
.

20
08

;
C
ob

os
Ji
m
en
ez

et
al
.
20

12
)

H
IV

-1
:
V
pu

(g
ro
up

M
,
N
)
or

N
ef

(g
ro
up

O
)
(S
au
te
r
et

al
.

20
09
);
H
IV

-2
:
E
nv

(L
e

T
or
to
re
c
an
d
N
ei
l
20

09
)

ye
s
(L
im

et
al
.

20
10

;
M
cN

at
t

et
al
.
20

09
)

N
ei
l
et

al
.
(2
00

8)
,

va
n
D
am

m
e
et

al
.

(2
00

8)
,
G
al
ao

et
al
.

(2
01

2)

T
R
IM

5a
bi
nd

s
to

su
rf
ac
e
of

vi
ra
l
ca
ps
id
,

th
er
eb
y
in
du

ci
ng

its
di
ss
oc
ia
tio

n;
ac
tiv

at
es

T
A
K
1/
N
F-
jB

up
on

ca
ps
id

re
co
gn

iti
on

ty
pe

I/
II
IF
N
s
(A

sa
ok

a
et

al
.
20

05
)

ca
ps
id

m
ut
at
io
n
(S
tr
em

la
u

et
al
.
20

04
)

ye
s
(S
aw

ye
r

et
al
.
20

05
)

Pe
rt
el

et
al
.
(2
01

1)
,

St
re
m
la
u
et

al
.

(2
00

4)

D
ep
en
de
nc
y
fa
ct
or
s
in
te
rf
er
in
g
w
ith

se
ns
in
g

A
D
A
R
1/
2

(p
ot
en
tia
lly

)
st
im

ul
at
e
H
IV

-1
re
pl
ic
at
io
n
by

in
cr
ea
si
ng

vi
ra
l

pr
ot
ei
n
pr
od

uc
tio

n
an
d
sp
ec
ifi
c

H
IV

-1
R
N
A

ed
iti
ng

A
D
A
R
1:

ty
pe

I/
II
IF
N
s

(P
at
te
rs
on

et
al
.
19

95
);

A
D
A
R
2:

no
t
by

ty
pe

I/
II

IF
N
s
(S
am

ue
l
20

11
)

ye
s,
fo
r

sp
ec
ifi
c

re
si
du

es
(F
or
ni

et
al
.

20
15

)

D
or
ia

et
al
.
(2
00

9)
,

(2
01

1)
,P

hu
ph

ua
kr
at

et
al
.(
20

08
),
B
is
w
as

et
al
.
(2
01

2)

C
PS

F6
in
te
ra
ct
s
w
ith

C
A
;
ta
rg
et
s
H
IV

-1
in
te
gr
at
io
n
in
to

tr
an
sc
ri
pt
io
na
lly

ac
tiv

e
eu
ch
ro
m
at
in

no
t
by

ty
pe

I
IF
N

(B
ul
li

et
al
.
20

16
)

cl
oa
ki
ng

of
R
T
Is

(R
as
ai
ya
ah

et
al
.
20

13
)

no
(L
ee

et
al
.

20
12

)
So

w
d
et

al
.
(2
01

6)
,

R
as
he
ed
i
et

al
.

(2
01

6)
,
L
ee

et
al
.

(2
01

0)

C
yp

A
in
te
ra
ct
s
w
ith

C
A
;
pr
om

ot
es

R
T
;

ne
ed
ed

fo
r
H
IV

-1
in
fe
ct
io
n
of

ce
rt
ai
n
hu

m
an

ce
ll
ty
pe
s/
lin

es

ty
pe

I/
II
IF
N

(C
ob

os
Ji
m
en
ez

et
al
.
20

12
)

cl
oa
ki
ng

of
R
T
Is

(R
as
ai
ya
ah

et
al
.
20

13
)

no
(R
ib
ei
ro

et
al
.
20

05
)

L
ub

an
et

al
.
(1
99

3)
,

T
ow

er
s
et

al
.

(2
00

3)
,
Ia
co

an
d

L
ub

an
20

14
)

N
L
R
X
1

fa
ci
lit
at
es

H
IV

-1
in
fe
ct
io
n/
sp
re
ad

by
in
hi
bi
tin

g
ST

IN
G
-m

ed
ia
te
d
IF
N

re
sp
on

se

un
kn

ow
n

H
IV

-1
:
up

re
gu

la
te
s
N
L
R
X
1,

th
er
eb
y
in
hi
bi
tin

g
IF
N

in
du

ct
io
n
(B
ar
ou

ch
et

al
.

20
16
)

B
ar
ou

ch
et

al
.

(2
01

6)
,
G
uo

et
al
.

(2
01

6)

(c
on

tin
ue
d)

84 K. Schott et al.



T
ab

le
1

(c
on

tin
ue
d) R
ol
e
in

H
IV

re
pl
ic
at
io
n

R
eg
ul
at
io
n
by

ty
pe

I/
II

IF
N

U
til
iz
at
io
n
an
d/
or

co
un

te
ra
ct
io
n
by

H
IV

Po
si
tiv

e
se
le
ct
io
n

R
ef
er
en
ce

R
an
B
P2

(N
up

35
8)

in
te
ra
ct
s
w
ith

C
A
;
in
vo

lv
ed

in
nu

cl
ea
r
im

po
rt
of

H
IV

-1
PI
C
s

un
kn

ow
n

cl
oa
ki
ng

of
R
T
Is

(R
as
ai
ya
ah

et
al
.
20

13
)

ye
s

(M
ey
er
so
n

et
al
.
20

14
)

Z
ha
ng

et
al
.
(2
01

0)
,

O
cw

ie
ja

et
al
.

(2
01

1)
,
Sc
ha
lle
r

et
al
.
(2
01

1)

R
N
A
se

H
2

co
m
pl
ex

pr
om

ot
es

H
IV

-1
re
pl
ic
at
io
n
th
ro
ug

h
un

kn
ow

n
m
ec
ha
ni
sm

un
kn

ow
n

G
en
ov

es
io

et
al
.

(2
01

1)

SU
N
2

co
-f
ac
to
r
fo
r
C
yp

A
-m

ed
ia
te
d

po
si
tiv

e
ef
fe
ct
s
on

R
T
/in

fe
ct
io
n
of

C
D
4+

T
ce
lls

IS
G

lib
ra
ry

(S
ch
og

gi
ns

et
al
.
20

11
);
no

t
by

ty
pe

I/
II
IF
N
s
(D

on
ah
ue

et
al
.

20
16

)

L
ah
ay
e
et

al
.(
20

16
)

SL
X
4
co
m
pl
ex

re
cr
ui
te
d
by

V
pr

fo
r
de
gr
ad
at
io
n
of

R
T
Is
to

av
oi
d
se
ns
in
g/
IF
N

re
sp
on

se
un

kn
ow

n
H
IV

-1
:
V
pr

pr
em

at
ur
el
y

ac
tiv

at
es

SL
X
4
co
m
pl
ex

(L
ag
ue
tte

et
al
.
20

14
)

L
ag
ue
tte

et
al
.

(2
01

4)

T
N
PO

3
(T
ra
ns
po

rt
in
-3
)

in
te
ra
ct
s
w
ith

C
A
;
in
vo

lv
ed

in
nu

cl
ea
r
im

po
rt
of

H
IV

-1
PI
C
s

un
kn

ow
n

no
(M

ey
er
so
n

et
al
.
20

14
)

B
ra
ss

et
al
.
(2
00

8)
,

K
on

ig
et

al
.
(2
00

8)
,

Z
ho

u
et

al
.
(2
00

8)

T
R
E
X
-1

de
gr
ad
es

ex
ce
ss

R
T
Is

in
th
e

cy
to
pl
as
m

to
av
oi
d
se
ns
in
g/
IF
N

re
sp
on

se

ty
pe

I/
II
IF
N
s
(S
er
ra

et
al
.

20
11

;
C
ob

os
Ji
m
en
ez

et
al
.
20

12
)

Y
an

et
al
.
(2
01

0b
)

R
es
tr
ic
tio

n
fa
ct
or
s

90
K

re
du

ce
s
pa
rt
ic
le

in
fe
ct
iv
ity

by
in
te
rf
er
in
g
w
ith

m
at
ur
at
io
n
an
d
E
nv

in
co
rp
or
at
io
n
in
to

H
IV

-1
vi
ri
on

s

ty
pe

I/
II
IF
N
s
(M

ar
th

et
al
.
19

94
)

L
od

er
m
ey
er

et
al
.

(2
01

3)

(c
on

tin
ue
d)

Role of Innate Genes in HIV Replication 85



T
ab

le
1

(c
on

tin
ue
d) R
ol
e
in

H
IV

re
pl
ic
at
io
n

R
eg
ul
at
io
n
by

ty
pe

I/
II

IF
N

U
til
iz
at
io
n
an
d/
or

co
un

te
ra
ct
io
n
by

H
IV

Po
si
tiv

e
se
le
ct
io
n

R
ef
er
en
ce

A
PO

B
E
C
s
(B
,

D
,
F,

G
,
H
)

de
am

in
at
e
cy
tid

in
es

to
ur
ac
ils
,

le
ad
in
g
to

hy
pe
rm

ut
at
ed
/d
ef
ec
tiv

e
H
IV

ge
no

m
es
;i
nt
er
fe
re

w
ith

cD
N
A

el
on

ga
tio

n
st
ep

du
ri
ng

R
T

A
3G

:
ty
pe

I
IF
N

(W
an
g

et
al
.2

00
8)
;A

3F
+H

:t
yp

e
I
IF
N

(K
on

in
g
et

al
.

20
09

)

H
IV

-1
/H
IV

-2
:
V
if
(S
he
eh
y

et
al
.2

00
2;

Sm
ith

et
al
.2

01
4)

ye
s
(s
om

e)
(O

hA
in
le

et
al
.
20

06
;

Sa
w
ye
r
et

al
.

20
04

)

B
is
ho

p
et
al
.(
20

08
),

Sh
ee
hy

et
al
.(
20

02
)

R
N
F1

15
(B
C
A
2,

R
ab
ri
ng

7)

co
-f
ac
to
r
of

te
th
er
in
-m

ed
ia
te
d

re
st
ri
ct
io
n;

re
du

ce
s
ce
llu

la
r
G
ag

le
ve
ls
by

pr
om

ot
in
g
its

ub
iq
ui
tin

at
io
n
an
d
ly
so
so
m
al

de
gr
ad
at
io
n

un
kn

ow
n

M
iy
ak
aw

a
et

al
.

(2
00

9)
,

N
ity

an
an
da
m

an
d

Se
rr
a-
M
or
en
o

(2
01

4)

G
B
P5

in
te
rf
er
es

w
ith

H
IV

-1
E
nv

pr
oc
es
si
ng

an
d
in
co
rp
or
at
io
n

ty
pe

I/
II
IF
N
s
(K

ra
pp

et
al
.
20

16
)

vp
u
m
ut
at
io
ns
/in

cr
ea
se

in
E
nv

ex
pr
es
si
on

(K
ra
pp

et
al
.

20
16
)

ye
s
(M

cL
ar
en

et
al
.
20

15
)

K
ra
pp

et
al
.
(2
01

6)
,

M
cL

ar
en

et
al
.

(2
01

5)

H
E
R
C
5

in
hi
bi
ts
ea
rl
y
st
ag
e
of

H
IV

-1
G
ag

pa
rt
ic
le

as
se
m
bl
y
an
d
in
te
rf
er
es

w
ith

nu
cl
ea
r
ex
po

rt
of

R
ev
/R
R
E
-d
ep
en
de
nt

R
N
A

ty
pe

I
IF
N

(W
on

g
et

al
.

20
06

;
D
as
tu
r
et

al
.
20

06
)

ye
s
(W

oo
ds

et
al
.
20

14
)

W
oo

ds
et
al
.(
20

11
),

(2
01

4)

IF
IT
M
1-
3

in
te
rf
er
e
w
ith

vi
ru
s
en
tr
y
an
d/
or

G
ag

pr
od

uc
tio

n
ty
pe

I/
II
IF
N
s
(F
ri
ed
m
an

et
al
.
19

84
;
L
ew

in
et

al
.

19
91

)

V
pu

/E
nv

m
ut
at
io
n
(D

in
g

et
al
.
20

14
)

no
,
ra
th
er

ne
ga
tiv

e
se
le
ct
io
n

(W
ilk

in
s
et
al
.

20
16

)

L
u
et

al
.
(2
01

1)

IS
G
15

in
hi
bi
ts
T
sg
10

1
(E
SC

R
T
-I
)-
G
ag

in
te
ra
ct
io
n,

th
er
eb
y
in
te
rf
er
in
g
w
ith

ef
fi
ci
en
t
H
IV

-1
vi
ri
on

bu
dd

in
g

(m
ai
nl
y
by

)
ty
pe

I
IF
N

(K
or
an
t
et

al
.
19

84
;

Fa
rr
el
l
et

al
.
19

79
)

O
ku

m
ur
a
et

al
.

(2
00

6)
,
Pi
nc
et
ic

et
al
.
(2
01

0) (c
on

tin
ue
d)

86 K. Schott et al.



T
ab

le
1

(c
on

tin
ue
d) R
ol
e
in

H
IV

re
pl
ic
at
io
n

R
eg
ul
at
io
n
by

ty
pe

I/
II

IF
N

U
til
iz
at
io
n
an
d/
or

co
un

te
ra
ct
io
n
by

H
IV

Po
si
tiv

e
se
le
ct
io
n

R
ef
er
en
ce

K
A
P1

(T
R
IM

28
)

de
ac
et
yl
at
es

H
IV

-1
IN

in
co
m
pl
ex

w
ith

H
D
A
C
1,

th
er
eb
y
re
pr
es
se
s

in
te
gr
at
io
n

un
kn

ow
n

A
llo

uc
h
et

al
.

(2
01

1)

M
A
R
C
H
8

bl
oc
ks

E
nv

in
co
rp
or
at
io
n
in
to

vi
ri
on

s
(s
lig

ht
ly

by
)
ty
pe

I
IF
N

(T
ad
a
et

al
.
20

15
)

T
ad
a
et

al
.
(2
01

5)

M
O
V
10

pa
ck
ag
ed

in
to

vi
ri
on

s,
in
hi
bi
ts

pr
ot
eo
ly
tic

G
ag

pr
oc
es
si
ng

an
d
R
T

in
in
fe
ct
ed

ta
rg
et

ce
lls

IS
G

lib
ra
ry

(S
ch
og

gi
ns

et
al
.
20

11
)

Fu
rt
ak

et
al
.
(2
01

0)
,

B
ur
di
ck

et
al
.

(2
01

0)
,
W
an
g
et

al
.

(2
01

0)

M
xB

(M
x2

)
ac
ts
af
te
r
R
T
at

la
te

po
st
-e
nt
ry

st
ep
,

po
te
nt
ia
lly

by
in
hi
bi
tin

g
C
A
-d
ep
en
de
nt

nu
cl
ea
r
im

po
rt

an
d/
or

D
N
A

in
te
gr
at
io
n

ty
pe

I/
II
IF
N

(A
eb
i
et

al
.

19
89

)
ca
ps
id

m
ut
at
io
n
(L
iu

et
al
.

20
13
,
20

15
)

ye
s

(B
us
na
di
eg
o

et
al
.
20

14
)

G
ou

jo
n
et

al
.

(2
01

3)
,
K
an
e
et

al
.

(2
01

3)
,
L
iu

et
al
.

(2
01

3)

PA
F1

co
m
pl
ex

in
hi
bi
ts
ea
rl
y
st
ep
s
of

H
IV

lif
e
cy
cl
e

(R
T
to

in
te
gr
at
io
n)

un
kn

ow
n

L
iu

et
al
.
(2
01

1)

R
SA

D
2

(V
ip
er
in
)

(p
ot
en
tia
lly

)
in
hi
bi
ts

as
se
m
bl
y/
re
le
as
e
of

de
no

vo
sy
nt
he
si
ze
d
H
IV

-1
vi
ri
on

s

ty
pe

I/
II
IF
N
s
(C
hi
n
an
d

C
re
ss
w
el
l
20

01
)

ye
s,
bu

t
no

t
dr
iv
en

by
le
nt
iv
ir
us
es

(L
im

et
al
.

20
12

b)

N
as
r
et

al
.
(2
01

2)
,

L
im

et
al
.
(2
01

2b
)

SA
M
H
D
1

in
hi
bi
ts
H
IV

-1
re
pl
ic
at
io
n
in

no
n-
cy
cl
in
g
ce
lls

at
R
T
st
ep

by
dN

T
P
de
pl
et
io
n
an
d/
or

de
gr
ad
at
io
n

of
H
IV

-1
R
N
A

ty
pe

I/
II
IF
N
s
(L
i
et

al
.

20
00

;
B
er
ge
r
et

al
.
20

11
;

R
ie
ss

et
al
.
20

17
)

H
IV

-2
:
V
px

(B
er
ge
r
et

al
.

20
11
;
H
re
ck
a
et

al
.
20

11
;

L
ag
ue
tte

et
al
.
20

11
)

ye
s
(L
ag
ue
tte

et
al
.
20

12
;

L
im

et
al
.

20
12

a)

B
er
ge
r
et

al
.(
20

11
),

H
re
ck
a
et
al
.(
20

11
),

L
ag
ue
tte

et
al
.

(2
01

1)
(c
on

tin
ue
d)

Role of Innate Genes in HIV Replication 87



T
ab

le
1

(c
on

tin
ue
d) R
ol
e
in

H
IV

re
pl
ic
at
io
n

R
eg
ul
at
io
n
by

ty
pe

I/
II

IF
N

U
til
iz
at
io
n
an
d/
or

co
un

te
ra
ct
io
n
by

H
IV

Po
si
tiv

e
se
le
ct
io
n

R
ef
er
en
ce

SE
R
IN

C
3/
5

in
te
rf
er
e
w
ith

ef
fi
ci
en
t
vi
ru
s
fu
si
on

to
ta
rg
et

ce
ll
an
d
po

te
nt
ia
lly

ea
rl
y

po
st
-e
nt
ry

st
ep
s

no
t
by

ty
pe

I
IF
N

(R
os
a

et
al
.
20

15
;
U
sa
m
i
et

al
.

20
15

)

H
IV

-1
:N

ef
(R
os
a
et
al
.2

01
5;

U
sa
m
i
et

al
.
20

15
)

no
(M

ur
re
ll

et
al
.
20

16
)

R
os
a
et

al
.
(2
01

5)
,

U
sa
m
i
et

al
.
(2
01

5)

SL
FN

11
in
hi
bi
ts
ex
pr
es
si
on

of
vi
ra
l
pr
ot
ei
ns

by
bi
nd

in
g
tR
N
A
s
an
d
al
te
ri
ng

co
do

n
us
ag
e

ty
pe

I
IF
N
(L
ie
ta
l.
20

12
)

L
i
et

al
.
(2
01

2)

88 K. Schott et al.



lineage, not by HIV-1. In vitro, Vpx is necessary to efficiently infect non-cycling
myeloid cells (including macrophages and MDDCs) (Yu et al. 1991; Goujon et al.
2008). Vpx, which is incorporated into virions (Kappes et al. 1988), was proposed
to induce the proteasomal degradation of a myeloid-specific restriction factor acting
at an early step of the HIV-1 replication cycle. Indeed, Vpx interaction with the
DDB1-Cul4A-associated-factor-1 (VprBP/DCAF1) substrate receptor for the
Cullin-4A (Cul4A) E3 ubiquitin ligase and the proteasomal pathway are needed for
Vpx-mediated promotion of infection (Goujon et al. 2007; Sharova et al. 2008;
Srivastava et al. 2008).

Affinity purification of Vpx-associated proteins or Vpx-recruited substrates to
the CRL4-DCAF1 complex with subsequent mass spectrometry (MS) analysis were
used to identify SAMHD1 as the unknown HIV-1 restriction factor being active in
non-cycling myeloid cells (Berger et al. 2011; Hrecka et al. 2011; Laguette et al.
2011) and resting CD4+ T cells (Baldauf et al. 2012; Descours et al. 2012). Vpx
loads SAMHD1 through DCAF1 onto the Cul4A E3 ubiquitin ligase complex,
leading to its polyubiquitination and subsequent proteasomal degradation (Ahn
et al. 2012).

5.2 SAMHD1 Enzymatic Functions

SAMHD1 contains an N-terminal nuclear localization sequence (NLS), therefore
being mainly present in the nucleus (Brandariz-Nunez et al. 2012; Hofmann et al.
2012). As a dGTP/GTP-stimulated triphosphohydrolase (= dNTPase), SAMHD1 is
able to efficiently degrade dNTPs via its HD domain to the respective deoxynu-
cleoside and inorganic triphosphate (Amie et al. 2013; Goldstone et al. 2011;
Powell et al. 2011). For full dNTPase and restrictive activity, SAMHD1
tetramerization is required (Yan et al. 2013). SAMHD1-mediated restriction was
proposed to work through depletion of dNTPs. To complete reverse transcription
(RT) of its RNA genome into double-stranded DNA, HIV-1 is depending on a
sufficient supply of cellular dNTPs. With SAMHD1 being present, dNTP pools are
reduced below concentrations that support the RT step of HIV-1 (Lahouassa et al.
2012). Indeed, adding exogenous deoxynucleosides (dNs) to MDMs or resting
CD4+ T cells improves HIV-1 infection (Baldauf et al. 2012; Lahouassa et al.
2012).

Although expressed in both activated and resting CD4+ T cells, SAMHD1 is
only able to block HIV-1 infection in the latter, indicative of SAMHD1 restriction
activity being controlled by post-translational modifications. Indeed, in cycling cells
SAMHD1 is phosphorylated at threonine (T) 592 by cyclin-dependent kinase
(CDKs)/cyclin A2, while T592 phosphorylation is absent when cells are in a
non-cycling/resting state (Cribier et al. 2013; Welbourn et al. 2013; White et al.
2013). Cell cycle-related control of T592 phosphorylation is also reflected by the
phosphatase acting on SAMHD1, when cells enter G1/G0 phase: Specific protein
phosphatase 2A (PP2A) holoenzymes, containing the regulatory PP2A B55a
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subunit, remove SAMHD1 T592 phosphorylation during mitotic exit (Schott et al.,
in review)—indicating a tight control of dephosphorylation during cell cycle pro-
gression. Interestingly, innate stimuli influence SAMHD1 phosphorylation at T592
differently: Type I/II IFN treatment of activated CD4+ T cells and MDMs reduces
T592 phosphorylation level (Cribier et al. 2013), potentially to strengthen the
IFN-induced antiviral state by activating SAMHD1’s antiviral activity. On the other
hand, stimulation and activation of CD4+ T cells using anti-CD3/CD28 antibodies,
IL-2 or IL-7 results in increase of SAMHD1 T592 phosphorylation, therefore
SAMHD1 inactivation (Coiras et al. 2016; Cribier et al. 2013; White et al. 2013).

Mutation of T592 to a phosphomimetic residue (= T592D/E) abolishes
SAMHD1-mediated restriction, surprisingly, without an apparent effect on its
dNTPase activity in vitro or in SAMHD1 mutant-expressing U937 cells (Welbourn
et al. 2013; White et al. 2013). However, recent biochemical/structural studies
suggest that a change to phosphomimetic residues (T592D/E) can directly desta-
bilize active, tetrameric SAMHD1 (Tang et al. 2015; Yan et al. 2015). More
specifically, T592 phosphorylation could interfere with the formation of
“long-lived” SAMHD1 tetramers at conditions of low dNTP concentrations present
in non-cycling cells (Arnold et al. 2015). But it remains puzzling that T592
phosphorylation is not perturbing SAMHD1 tetramerization equilibrium itself, but
rather kinetics of tetramer disassembly (Bhattacharya et al. 2016). Therefore, the
strong effect of T592 phosphorylation on restriction observed in vivo still needs to
be further clarified. Further research is needed to mechanistically understand how
T592 phosphorylation is regulating SAMHD1’s dNTPase and antiviral activity,
particularly in the cellular context.

Another mechanism for SAMHD1-mediated restriction came into play only
recently. Besides a potent dNTPase, SAMHD1 is able to bind single-stranded
nucleic acids, with a preference of RNA over DNA (Goncalves et al. 2012; Tungler
et al. 2013). Interestingly, SAMHD1 oligomers induced by nucleic acid binding
seem to be distinct from dNTPase-competent tetramers (Seamon et al. 2015).
SAMHD1 was further proposed to exert an 3’-5’RNA exonuclease (= RNase)
activity (Beloglazova et al. 2013; Ryoo et al. 2014), which could be inactivated by a
single point mutation (Q548A). RNase-defective and dNTPase-competent
SAMHD1 Q548A was unable to restrict HIV-1, suggesting that direct degrada-
tion of the incoming HIV-1 RNA genome by SAMHD1 prevents replication.
Additionally, T592 phosphorylation was shown to negatively regulate SAMHD1’s
RNase activity (Ryoo et al. 2014). Subsequent studies could confirm
single-stranded nucleic acid binding by SAMHD1, but not an intrinsic nuclease
activity (Antonucci et al. 2016; Seamon et al. 2015). Different protein purification
methods or assay/buffer conditions used for in vitro nuclease assays could explain
the varying results: For instance, SAMHD1 was proposed to be a phosphorolytic
RNase depending on inorganic phosphate (Ryoo et al. 2016)—a finding which
could not be reproduced until now (Seamon et al. 2016).

Nevertheless, since reverse transcription is probably initiated in the cytoplasm, it
is challenging to apprehend how nuclear SAMHD1, although to a certain extent
being present in the cytoplasm (Baldauf et al. 2012; Ryoo et al. 2014), could be able
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to reach and degrade incoming viral genomic RNA, especially since viral nucleic
acids are shielded by the viral capsid to avoid innate immune sensing. Additionally,
reversibility of SAMHD1-mediated restriction (Hofmann et al. 2013) is challenging
to explain in the light of a proposed degradation of the HIV-1 RNA genome.
Therefore, further studies are needed, for instance involving comprehensive
investigation of SAMHD1 mutants, to clarify the contribution of SAMHD1’s
dNTPase and/or RNase activity to HIV-1 restriction.

5.3 SAMHD1 Involved in Innate Immunity

Previously, SAMHD1 has been recognized as an important part of the innate immune
system in another context: Mutations in the SAMHD1 gene are associated with the
rare autoimmune disease Aicardi-Goutières syndrome (AGS) (Rice et al. 2009),
which is associated with chronically elevated levels of the antiviral cytokine IFNa in
patients (Lebon et al. 1988). Therefore, SAMHD1 was proposed to act as a negative
regulator of the innate immune response (Rice et al. 2009). Underlining its
involvement in the innate immune response, SAMHD1 expression is induced in a cell
type-dependent manner by type I/II IFNs, for instance in monocytes (Berger et al.
2011; Riess et al. 2017), microglia (Jin et al. 2016), different cell lines and primary
hepatocytes (Sommer et al. 2016; St. Gelais et al. 2012). Mechanistically, increasing
SAMHD1 expression levels after IFN treatment correlate inversely with reduced
levels of specific microRNAs (miRs) (Jin et al. 2016; Riess et al. 2017). Interestingly,
SAMHD1 levels are differentially regulated by miRs in distinct myeloid cell types: In
monocytes, miR-181a and -30a are down-regulated after IFN treatment, concurrent
with increased SAMHD1 protein expression. miR levels and SAMHD1 expression
levels stay unchanged in macrophages and MDDCs (Riess et al. 2017).

In line with SAMHD1’s potential regulatory role Samhd1−/− mice spontaneously
produce IFN and exhibit constitutively upregulated ISGs (Behrendt et al. 2013;
Rehwinkel et al. 2013). In this context, it was proposed that SAMHD1 could be
involved in the control of endogenous retroelements, either by degrading them or
preventing their synthesis through low dNTP levels (Zhao et al. 2013). By now,
however, the exact source and identity of endogenous nucleic acids that potentially
accumulate and induce an overshooting IFN response in SAMHD1-deficient AGS
patients are unknown.

Intriguingly, restriction of HIV replication through SAMHD1 is directly
influencing the outcome of innate and virus-specific adaptive immune responses:
HIV-1 restriction imposed by SAMHD1 limits virus-induced IFN production,
activation of myeloid cells and lentivirus-specific CD8+ T cell responses (Ayinde
et al. 2015; Maelfait et al. 2016). Only in the absence of SAMHD1 HIV-1 RTIs are
efficiently produced and can be sensed through the cGAS/STING pathway
(Maelfait et al. 2016). Therefore, SAMHD1 restriction prevents innate sensing and
curtails the subsequent adaptive immune response. Related to this, PBMCs from
AGS patients lacking functional SAMHD1 are more susceptible to and produce
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increased amounts of pro-inflammatory cytokines after HIV-1 infection (Berger
et al. 2011). How SAMHD1 expression and/or activity correlate with increased
HIV control in patients, as seen in elite controllers (ECs), was shown recently in
more detail: HIV-1 challenge of conventional DCs (cDCs) from ECs lead to an
increased type I IFN production and upregulation of ISGs. Additionally, HIV-1 RT
products accumulated disproportionally in cDCs from ECs compared to
chronically-infected and HAART-treated patients. Remarkably, SAMHD1 mRNA
expression was not significantly upregulated upon HIV-1 exposure in cDCs from
ECs, whereas a significant induction of mRNA levels were observed in cDCs of
other patient groups (Martin-Gayo et al. 2015). Taken together, these findings fit the
observation that cDCs from ECs mount a better innate as well as HIV-1-specific
CD8+ T cell response (Martin-Gayo et al. 2015), a process that might otherwise be
obstructed by SAMHD1 upregulation. Moreover, treatment of CD4+ T cells with a
combination of five cytokines that are specifically upregulated in ECs suppressed
SAMHD1 mRNA expression (Jacobs et al. 2017).

Therefore, it is tempting to speculate that HIV-1 did not evolve strategies for
counteracting SAMHD1 to reduce infection of immune-competent myeloid cells
and consequently escape immune sensing (Puigdomenech et al. 2013). By avoiding
cGAS/STING-mediated RTI sensing, HIV-1 could be able to sidestep an efficient
innate as well as adaptive immune response. In contrast, HIV-2 infection of DCs
induced IFN production and DC activation (Lahaye et al. 2013). Supporting this
notion, HIV-2-infected patients display are more efficient control of the virus by the
immune system and progress less frequently as well as delayed to AIDS
(Nyamweya et al. 2013; Rowland-Jones and Whittle 2007). While SAMHD1 is
limiting the adaptive response during HIV-1 infection, strong HIV-2-specific CD8+

T cell responses could be observed that were at times even cross-reactive to HIV-1
(Rowland-Jones et al. 1995). Additionally, HIV-1 disease progression was slowed
down, which was reflected through higher CD4+ T cell counts and delayed AIDS
onset, by a preceding HIV-2 infection in patients (Esbjornsson et al. 2012).

However, viral dissemination and disease progression are severely impaired in
macaques infected with Vpx-deficient SIVsmmPBj. By facilitating the infection of
intraepithelial lymphocytes and macrophages in vivo, Vpx enables the virus to
amplify at the initial sites of viral attack (Hirsch et al. 1998). Recent studies
underline the importance of Vpx to establish and maintain infection in vivo
(Belshan et al. 2012; Shingai et al. 2015). Additionally, infected macrophages were
almost absent in vivo after infection without Vpx and, related to this, dissemination
to/loss of CD4+ T cells in the gut-associated lymphoid tissue (GALT) was mini-
mized (Westmoreland et al. 2014). In contradiction, a recent publication proposed
that Vpx may not have any influence on the infectivity of myeloid cells in various
monkey models. They propose that myeloid cells may not be a major source of SIV
in vivo (Calantone et al. 2014).

Despite its importance during SIV infections, the vpx gene was lost during the
viral transfer from Old World monkeys to hominids. SIVcpz as well as HIV-1 do
not encode vpx, but a reconstructed vif gene to efficiently antagonize hominid
APOBEC3C (A3C) proteins. For cross-species transmission, Vif adaption to
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chimpanzee A3Cs seemed to be more important than retained SAMHD1 antago-
nism through Vpx (Etienne et al. 2013). Two possible explanations could help to
solve this conundrum: On the one hand, HIV-1 and/or its viral precursors had to
evolve different strategies to establish initial as well as ongoing infection to over-
come lack of Vpx, especially in resting CD4+ T cells and macrophages at the sites
of initial infection. For instance, HIV-1 reverse transcriptase displays a higher
affinity for dNTPs compared to its HIV-2 counterpart (Lenzi et al. 2014). On the
other hand, avoiding an efficient innate response at the site of infection could be
sufficient for HIV-1 to ensure initial viral acquisition. Here, intact
SAMHD1-mediated restriction would prevent efficient replication, thereby sensing
(Ahn et al. 2012; Maelfait et al. 2016; Puigdomenech et al. 2013), in
immune-competent myeloid cells. Regardless, further elucidating the mechanism of
how HIV-1 can overcome the lack of Vpx in vivo would be of great interest.

6 Conclusion

The understanding of the complex interplay of innate sensing is still works in
progress. More than a decade ago, it was believed that HIV-1 is a more or less
stealth virus that would not induce any innate responses. Only, with the discovery
of the first restriction factors, such as APOBEC3G in 2002, and the recognition that
these factors not only underlie positive selection and a constant arms race with the
virus, but also that these factors are effectors of an innate immune response, the
HIV field appreciated the possibility of a not yet defined cryptic recognition by
PRRs. Second, the major research discoveries in the field of DNA sensing made it
possible to ask the right questions for HIV-1 sensing. This drove important dis-
coveries that cGAS together with PQBP1 and STING as well as IFI16-dependent
pathways are recognizing HIV-1. Furthermore, this led to the insights of many other
cellular factors that play important roles in protecting the viral core against sensing.
Intriguingly, HIV-1 seems to be able to shape its own fate, it actively alters the
outcome of sensing. Moreover, during evolution, HIV-1 may have lost the ability to
replicate in immune-competent cells. This evolutionary trick may have allowed
HIV-1 to escape the most prominent sensing-competent cells. A better under-
standing of this complex immune response will be helpful to develop better ther-
apeutic strategies and to improve the efficiency of HIV vaccine candidates.
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Host Factors Involved in Ebola Virus
Replication

Angela L. Rasmussen

Abstract Ebola virus (EBOV) is a highly pathogenic emerging virus that repre-
sents a serious threat to global public health and a major priority for biodefense.
The 2014 West African outbreak demonstrated the potential of EBOV to cause an
epidemic affecting thousands of people. The severity of disease and high case
fatality rate of EBOV is largely due to the host response elicited by the virus.
EBOV infection hijacks a number of host pathways to carry out replication and
stimulate potent inflammatory responses, while simultaneously subverting the host
antiviral immune response. Together, these events trigger a complex, systemic,
often lethal febrile disease characterized by high levels of inflammatory cytokines,
acute hepatitis and liver dysfunction, immune antagonism, gastrointestinal distress,
and, in some cases, hemorrhage caused by coagulopathy and vascular leakage. This
review presents current knowledge about the particular host responses induced and
disrupted by EBOV infection and how these contribute to virus replication, immune
evasion, pathogenesis, and disease outcome.

Contents

1 Introduction.......................................................................................................................... 114
2 Host Factors Required for Cell Entry and Fusion.............................................................. 114

2.1 Attachment Factors..................................................................................................... 115
2.2 Endosomal Uptake...................................................................................................... 117
2.3 Glycoprotein Processing and Fusion.......................................................................... 117

3 Host Factors Required for Viral Transcription and Translation......................................... 118
3.1 Viral Gene Expression and Genome Replication ...................................................... 119
3.2 Viral Protein Synthesis ............................................................................................... 120

4 Host Factors Required for Assembly and Egress............................................................... 121

A.L. Rasmussen (&)
Center for Infection and Immunity, Columbia University Mailman
School of Public Health, New York, NY 10032, USA
e-mail: alr2105@cumc.columbia.edu

Current Topics in Microbiology and Immunology (2018) 419:113–150
DOI 10.1007/82_2017_27
© Springer International Publishing AG 2017
Published Online: 15 July 2017

http://crossmark.crossref.org/dialog/?doi=10.1007/82_2017_27&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/82_2017_27&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/82_2017_27&amp;domain=pdf


5 Antagonism of Antiviral Responses ................................................................................... 123
5.1 Innate Immune Antagonism ....................................................................................... 124
5.2 Adaptive Immune Antagonism .................................................................................. 126

6 Cell and Tissue-Specific Host Factors Involved in Pathogenesis ...................................... 127
7 Conclusion ........................................................................................................................... 132
References .................................................................................................................................. 133

1 Introduction

Ebola virus (EBOV) has commanded the attention of the world since its emergence
four decades ago in the village of Yambuku in Zaire (now the Democratic Republic
of Congo). The first outbreak of what is now known as Ebola virus disease
(EVD) caused severe hemorrhagic fever with a mortality rate approaching 90%
(WHO 1978b). Despite the sporadic nature of most EBOV outbreaks, the severity
of symptoms and the high mortality rate triggered serious concerns about larger
epidemics. In 2014, many of those fears were realized when a variant strain of
EBOV emerged unexpectedly in Guinea and spread rapidly through West Africa
(Baize et al. 2014). By June 2016, there were 28,616 cases of EVD with 11,310
deaths (WHO 2016), devastating parts of Sierra Leone, Liberia, and Guinea, and
demonstrating the potential threat to global public health.

Scientific study of EBOV has typically focused on the function of viral proteins,
although it is clear that the host response to infection is a major determinant of
pathogenicity. Individual patients develop a diverse variety of disease manifesta-
tions ranging in severity from asymptomatic or mild febrile illness to severe, lethal
hemorrhagic fever. EBOV infection elicits a potent global transcriptional response
in multiple cell types, and severe EVD is linked to uncontrolled, systemic
inflammation in vivo. A number of host proteins also play integral roles in virus
entry, replication, and egress (Fig. Disease presentation, pathogenesis, and clinical
outcome all depend on host background and response to infection as much or more
as the viral strain causing the infection.

2 Host Factors Required for Cell Entry and Fusion

Cell entry is one of the most studied processes in the EBOV replication cycle.
However, for decades, the EBOV receptor remained unknown, as filoviruses utilize
an unconventional entry strategy that does not require a host receptor on the surface
of the cell. Recently, great advances have been made in understanding the particular
host machinery required to mediate virus entry into the cell and then into the
cytoplasm. However, many aspects of this process remain enigmatic, particularly
regarding host factors that trigger fusion of the viral envelope with late endosomal
membranes.
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2.1 Attachment Factors

A host cell surface receptor capable of independently mediating entry has yet to be
conclusively identified. Instead of binding a single host cell surface receptor
molecule or molecular complex to mediate internalization, EBOV virions interact
nonspecifically with various cell surface molecules and are subsequently taken up
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by several endocytic mechanisms, primarily macropinocytosis. There are two major
classes of EBOV attachment factors, C-type lectins (CLECs) and phos-
phatidylserine (PS) receptors that weakly attach to structural components of the
virion surface. CLECs bind the viral surface glycoprotein (GP) (Alvarez et al. 2002;
Brudner et al. 2013; Takada et al. 2004). While EBOV GP differentially binds to
CLECs and can determine infectivity, these molecules are thought to interact
nonspecifically with glycan moieties decorating GP (Marzi et al. 2007; Matsuno
et al. 2010). The composition of CLECs and other attachment factors on the cell
surface partly determines the infectivity of different Ebolavirus species and cellular
tropism (Brudner et al. 2013; Dahlmann et al. 2015; Marzi et al. 2006; Simmons
et al. 2003a; Takada et al. 2004; Usami et al. 2011). CLECs bind both N- and
O-linked glycans, although interactions with N-linked glycans are generally
stronger determinants of infectivity (Brudner et al. 2013; Lennemann et al. 2014;
Lin et al. 2003; Powlesland et al. 2008).

PS receptors interact with PS phospholipids in the viral envelope and are a
GP-independent mechanism of cellular internalization (Jemielity et al. 2013;
Moller-Tank et al. 2013; Morizono and Chen 2014). PS receptors include members
of the Tyro3/Axl/Mer (TAM) family and the T cell immunoglobulin and mucin
domain (TIM) family (Hunt et al. 2011; Kondratowicz et al. 2011). These mole-
cules mediate attachment and entry via a conserved binding pocket that directly
binds PS and triggers phagocytosis (Rhein et al. 2016). Although TIM-1 can bind
both GP and envelope PS and mediate entry through either molecule (Yuan et al.
2015), interaction between PS receptors and GP is generally not required for
internalization.

Neither CLECs nor PS receptors are required for EBOV entry, and other putative
attachment factors have been identified. b1-integrins have been proposed to mediate
attachment through interactions with GP (Takada et al. 2000), although more recent
studies demonstrated that these molecules are involved in stimulating endosomal
proteolytic processing of GP required for fusion (Schornberg et al. 2009). Integrins
have also been implicated as macrophage-specific attachment factors (Dahlmann
et al. 2015). Glycosaminoglycans such as heparin sulfate can also function as
attachment receptors (O’Hearn et al. 2015; Salvador et al. 2013), as has the folate
receptor a (Simmons et al. 2003b). Cell culture experiments have suggested that
EBOV entry is restricted to adherent cells, possibly due to the presence of an
adhesion-specific co-receptor (Dube et al. 2010). Soluble innate immune effectors
such as mannose-binding lectin (Ji et al. 2005) and ficolin-1 (Favier et al. 2016)
have both been shown to enhance EBOV infection by augmenting entry. No
individual molecule or molecular family has been shown to be required for virus
attachment and entry. However, both CLECs and TAM family members have been
shown to have immunomodulatory activity that can alter susceptibility, which may
explain cell type-specific differences in susceptibility (Bhattacharyya et al. 2013;
Zhao et al. 2016).
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2.2 Endosomal Uptake

Virus particles are internalized following association with the surface attachment
factors. In some cases, virions may remain in a cell surface-associated state for an
extended period of time prior to internalization (Reynard and Volchkov 2015).
Although both clathrin-dependent (Aleksandrowicz et al. 2011; Bhattacharyya et al.
2011; Bhattacharyya et al. 2010) and, to a much lesser extent, caveolar (Empig and
Goldsmith 2002) endocytic pathways can mediate EBOV entry, virions are pri-
marily taken up by macropinocytosis (Aleksandrowicz et al. 2011; Nanbo et al.
2010; Saeed et al. 2010). In some cell types, this may be mediated by an uncon-
ventional dynamin-driven macropinocytosis pathway (Carette et al. 2011).
Although it is not clear how CLECs induce endocytosis, PS receptors can induce
cellular uptake of PS-containing molecules either by directly binding the envelope
phospholipid or through an intermediate connecting the two molecules. The TAM
family member and TIM proteins can enhance macropinocytosis through direct or
indirect interactions with PS residues in the virion envelope (Brindley et al. 2011;
Hunt et al. 2011; Jemielity et al. 2013; Shimojima et al. 2007; Shimojima et al.
2006). In the case of Axl, this is mediated by growth arrest-specific protein 6
precursor (Gas6), which acts as an intermolecular bridge between virion envelope
PS with Axl (Brindley et al. 2011). Because this process is thought to be a normal
homeostatic mechanism for clearing apoptotic cells with exposed PS on the surface,
this entry strategy has been termed “apoptotic mimicry” (Moller-Tank et al. 2013;
Morizono and Chen 2014). Another membrane phospholipid that is also exposed by
apoptosis in certain cell types, phosphatidylethanolamine (PE), can also bind a
subset of PS receptors and facilitate virus internalization (Richard et al. 2015).
Cellular regulators of actin-dependent endocytosis and vesicular transport such as
Rho and Rac GTPases are primarily responsible for trafficking of virus-containing
endosomes (Quinn et al. 2009; Saeed et al. 2010; Saeed et al. 2008).

2.3 Glycoprotein Processing and Fusion

Endosomal acidification activates GP cleavage by host proteases, primarily
cathepsins L and B (Chandran et al. 2005; Kaletsky et al. 2007; Schornberg et al.
2006). Proteolytic processing by host cathepsins is important for generating
fusion-ready forms of GP, although specific protease dependency can be altered by
some GP mutations and host cell type (Misasi et al. 2012; Wong et al. 2010).
Cathepsin cleavage also induces conformational changes in GP that promote
membrane binding and fusion (Brecher et al. 2012). Other endosomal proteases can
functionally substitute for cathepsins for cleaving GP (Marzi et al. 2012;
Schornberg et al. 2006), although cathepsins are required for GP-mediated entry
enhanced by cell-to-cell transfer (Miao et al. 2016).
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GP molecules are disulfide-linked heterodimers consisting of two subunits, GP1
(receptor-binding domain) and GP2 (fusion domain). GP proteolysis removes the
mucin-like domain and the glycan cap from GP1. This exposes the receptor-binding
domain and binding to the endosomal cholesterol transporter Niemann–Pick C1
(NPC1) (Bornholdt et al. 2016a). Two independently performed screens demon-
strated that NPC1 is indispensable for EBOV infection (Carette et al. 2011; Cote
et al. 2011). Although NPC1 is often characterized as a cellular receptor, it is not
involved in extracellular virus uptake, but rather fusion with the endosomal
membrane and release of the viral nucleocapsid (NC) into the cytoplasm. The
ability of NPC1 to mediate EBOV fusion does not depend on cholesterol transport
function (Carette et al. 2011; Cote et al. 2011). The interaction between NPC1 and
GP is absolutely required for productive infection (Mingo et al. 2015; Spence et al.
2016), and NPC1 expression determines cell type-specific susceptibility to infection
(Martinez et al. 2013). Furthermore, this interaction may determine host species
restriction, as distinct amino acid changes in NPC1 determine susceptibility and
entry efficiency in reptiles and bats (Hoffmann et al. 2016; Ndungo et al. 2016; Ng
et al. 2015). Computational analysis has demonstrated that NPC1 modification by
phosphorylation or glycosylation at specific sites may also be critically important
for facilitating EBOV entry (Basharat and Yasmin 2015).

The precise mechanism for triggering fusion is not known, although it almost
certainly requires contributions from host endosomal proteins or processes. After
endosomal acidification, an unknown fusion trigger occurs, causing a fist-like
structure at the tip of the hydrophobic fusion loop of GP2 to insert into the mem-
brane (Gregory et al. 2011; Gregory et al. 2014). GP cleavage is insufficient to
induce fusion at physiological temperatures (Bale et al. 2011), although processed
GP can undergo fusion at higher temperatures, low pH, and/or reducing conditions
(Brecher et al. 2012). However, low pH alone cannot trigger fusion in the presence
of uncleaved GP (Markosyan et al. 2016). Combined NPC1 and TIM1 binding
cleaved GP in the late endosome may contribute to triggering fusion (Kuroda et al.
2015), while NC release into the cytoplasm also requires interaction between
cleaved GP and two-pore channel 2 (TPC2), an intracellular calcium channel
(Sakurai et al. 2015). Cysteine proteases also appear to be required for formation of
fusion pores needed to release NC into the cytoplasm, but not for fusion triggering
(Spence et al. 2016). However, many chronological and mechanistic details about
these events and interactions remain uncharacterized and warrant further study.

3 Host Factors Required for Viral Transcription
and Translation

Although viral replication has been studied in some detail, very little is known
regarding the specific host factors that are required for viral gene or protein
expression, or genome synthesis. Most studies have investigated the function of
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viral proteins and interactions with cis-acting regulatory elements, such as promoter
sequences and RNA secondary structures, in the EBOV genome itself.
Because EBOV is highly pathogenic, all work with infectious virus must be carried
out in maximum biocontainment; thus many studies directed at mechanisms of
replication have been performed with individual viral proteins, minigenomes, or
replicons expressed in cells rather than in the context of a productive infection.
These studies have been effective for determining functions of certain viral proteins,
but many of the host factors involved in virus replication remain obscure.

3.1 Viral Gene Expression and Genome Replication

Following fusion, the viral NC is released into the cytoplasm for viral protein
synthesis and genome replication. The NC is an RNA-protein complex composed
of the viral proteins VP30, VP35, the viral RNA-dependent RNA polymerase (L),
and the nucleoprotein (NP)-encapsidated *19 kb single-stranded, negative sense
EBOV genome (Muhlberger et al. 1999). The first event following fusion is viral
gene mRNA transcription using the encapsidated virus genome as a template. Host
factors required for EBOV viral gene expression are poorly elucidated. However,
transcriptional complex assembly and function critically depends on interactions
with host proteins. The transcriptional activator VP30 is phosphorylated at several
N-terminal serine and threonine residues. This phosphorylation inhibits viral
mRNA transcription (though not viral genome synthesis), and must be removed by
host cellular phosphatases for viral gene expression to proceed (Martinez et al.
2011; Modrof et al. 2002). VP30 dephosphorylation is essential for initiating
transcription, as this enables VP30 to bind RNA, bind VP35, and to stabilize the
VP35/L transcriptase complex on the template genome (Biedenkopf et al. 2016b).
The pleiotropic regulator protein phosphatase 1 (PP1) controls VP30 phosphory-
lation state (Ilinykh et al. 2014). VP30 phosphorylation—particularly at the S29
serine residue—acts as a dynamic molecular switch that determines whether the
polymerase complex acts as a mRNA transcriptase or a genome replicase
(Biedenkopf et al. 2013; Biedenkopf et al. 2016a).

A defining trait of EBOV replication is the formation of inclusion bodies in the
cytoplasm. These structures are associated with genome replication, but not viral
mRNA transcription (Hoenen et al. 2012). EBOV inclusion bodies are enriched
with viral proteins and NC components, and likely also contain host proteins,
though these are not well characterized. Importin-a7 is involved in interferon
(IFN) antagonism and also facilitates inclusion body formation. However,
importin-a7 deletion does not effect on survival in a mouse model of lethal EBOV
infection and does not appear to be a determinant of pathogenesis (Gabriel et al.
2015). Host nuclear proteins have been identified as regulators of EBOV tran-
scriptional activity, and this may be linked to the observation that large inclusion
bodies form in close proximity to the nucleus (Groseth et al. 2009; Nanbo et al.
2013). DNA topoisomerase I (TOP1) interacts directly with L and is required for
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viral polymerase activity (Takahashi et al. 2013). Another protein that binds nucleic
acid, interleukin enhancing factor 3 (ILF3, more commonly called double-stranded
RNA binding protein, DRBP76), binds both L and VP35, and can inhibit RdRp
activity and block viral transcription (Shabman et al. 2011b; Takahashi et al. 2013).

Other proteins have been implicated in EBOV transcription, but the mechanisms
by which these impact transcription are largely unknown. Interactions between
VP35 and the 8-kDa dynein light chain (LC8) stabilize the N-terminal oligomer-
ization domain of VP35 and improving its function as a polymerase co-factor
(Kubota et al. 2009; Luthra et al. 2015). The endoplasmic reticulum
(ER) membrane protein translocator subunit Sec61a co-localizes with VP24 and
regulates genome replication by altering viral polymerase activity (Iwasa et al.
2011). Additionally, heat shock protein family A (Hsp70) member 8 (HSPA8)
interacts with a stem-loop structure in the EBOV non-coding trailer region. The
HSPA8 interaction appears to be a co-factor for the stem loop to function as a cis-
acting replication enhancer (Sztuba-Solinska et al. 2016). HSPA8 also interacts
with VP40 (Yamayoshi et al. 2008), suggesting that this protein may have an
additional role in assembly and egress. A recent proteomic screen intended to
characterize the host cellular interactome with NP identified a number of Hsp70
family members (including HSPA8) and heat shock protein 90 (Hsp90) family
members (Garcia-Dorival et al. 2016), indicating that host chaperone proteins may
be needed to stabilize transcriptional complexes. Treatment with an Hsp90 inhibitor
(Smith et al. 2010) or a broad-spectrum Hsp70/Hsp90 inhibitor (Booth et al. 2016)
impaired virus growth, confirming the importance of chaperone proteins in the
EBOV replication.

3.2 Viral Protein Synthesis

Translational control of EBOV protein synthesis has not been studied extensively,
as the monocistronic, polyadenylated viral transcripts resemble cellular mRNAs.
However, they do contain large, complex untranslated regions at the 5′ and 3′ ends
of EBOV mRNAs that appear to regulate cap-dependent translation (Neumann et al.
2009; Shabman et al. 2013). Specific host factors that regulate viral protein syn-
thesis are largely unknown, although they presumably include the cellular trans-
lational machinery. Recently, hypusination of eukaryotic initiation factor 5A
(eIF5A) is shown to regulate viral transcription by modulating VP30 protein
accumulation in infected cells (Olsen et al. 2016). Viral protein accumulation in the
cytoplasm is thought to instigate a switch from viral gene expression and mRNA
production to RNA genome replication. Hijacking cellular protein synthesis
machinery to control viral protein expression represents a means of regulating viral
transcription and replication. EBOV also can evade innate antiviral defenses that
induce stress granule formation and subsequently shut down translation by
sequestering stress granules in cytoplasmic inclusions (Nelson et al. 2016).
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Transcriptional regulation of viral protein expression is also employed by EBOV
to regulate levels of GP. Most of the GP transcripts in the cell encode a small,
non-structural form of GP (sGP) (Volchkova et al. 1998), which undergoes furin
cleavage prior to secretion (Volchkova et al. 1999). RNA editing at a site consisting
of 7 adenosine nucleotides in the genomic template generates the membrane-bound,
structural form of GP. At this site, “stuttering” of the L polymerase inserts an extra
adenosine residue in approximately 20% of GP mRNAs (Mehedi et al. 2013;
Sanchez et al. 1996; Shabman et al. 2014; Volchkov et al. 1995). The editing site
also acts as a cryptic transcriptional terminator and polyadenylation signal
(Volchkova et al. 2015b). This mechanism for regulating different forms of GP is an
important determinant of pathogenesis (Volchkova et al. 2015a), and likely requires
contributions from host proteins involved in RNA binding and modification. RNA
editing has been shown to occur differentially during serial passage in a
host-dependent fashion (Volchkova et al. 2011), suggesting that this process occurs
with cell type- and species-specific efficiencies. Further study of these processes
will define the specific host proteins that regulate GP mRNA transcription and
accumulation of different forms of GP.

4 Host Factors Required for Assembly and Egress

In addition to acting as sites of transcription, cytoplasmic inclusion bodies are also
enriched sources of NC components in close proximity to newly transcribed
full-length RNA genomes, thus enabling NC assembly (Hoenen et al. 2012; Nanbo
et al. 2013; Noda et al. 2011). Assembled NCs are then transported to the cell
surface, where progeny virions complete assembly and bud from the plasma
membrane. The host cell machinery is essential to virion assembly and egress, and
numerous cellular factors assist with all aspects of this process.

The primary viral regulator of assembly and secretion is the viral matrix protein,
VP40. Expressing VP40 alone is sufficient to induce virus-like particles (VLPs) that
bud from cells in a process that imitates secretion of infectious virions (Jasenosky
et al. 2001). VP40 is a major regulator of intracellular transport required to bring
virion components to sites of assembly at the inner surface of the plasma membrane.
VP40 facilitates transport of NC from cytoplasmic or perinuclear viral inclusions to
the cell surface via interactions with the actin cytoskeleton (Adu-Gyamfi et al. 2012;
Han and Harty 2005; Lu et al. 2013; Schudt et al. 2015). VP40 interacts directly with
the ubiquitous scaffold protein IQ motif containing GTPase activating protein 1
(IQGAP1). IQGAP1 binds and stabilizes activated GTP-bound Rac and Cdc42
GTPases, and coordinates signaling related to actin cytoskeletal organization. VP40
and IQGAP1 interact directly (Lu et al. 2013), and this association likely enables
transport of NC across the long distance from viral inclusion to assembly sites
(Schudt et al. 2015). VP40 associates with Sec24C, a component of the COPII
vesicular transport system (Yamayoshi et al. 2008) through a proline-rich region near
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the C-terminus of VP40 (Reynard et al. 2011). Anterograde ER-to-Golgi transport is
responsible for transporting VP40 to the cell surface.

The VP40 late assembly (L) domain then mediates membrane fission or
“pinching off” of budding virions through a variety of interactions. The VP40 L
domain does this by recruiting a variety of host proteins, primarily endosomal
sorting complexes required for transport (ESCRT) machinery such as cell death 6
interacting protein (PDCD6IP, also called ALIX) (Han et al. 2015b), tumor sus-
ceptibility gene 101 (Tsg101) (Martin-Serrano et al. 2001), and vacuolar sorting
protein 4 (VSP-4) (Licata et al. 2003; Silvestri et al. 2007). Tsg101 is the best
characterized of the ESCRT proteins mediating viral budding through VP40.
Interactions with Tsg101 are controlled by VP40 ubiquitination by the E3
protein-ubiquitin ligase neural precursor cell expressed, developmentally
down-regulated 4 (Nedd4) (Timmins et al. 2003; Yasuda et al. 2003). Recently, the
related protein itchy E3 ubiquitin protein ligase (ITCH) has been shown to serve an
analogous function to Nedd4 (Han et al. 2016), although it is not known whether
ITCH replaces Nedd4 or serves as an additional VP40 regulator. Intracellular cal-
cium signaling and mitogen-activated protein kinase (MAPK) activity have also
been implicated in VP40 VLP budding (Han and Harty 2007), as has the calcium
channel ORAI calcium release-activated calcium modulator 1 (Orai1) (Han et al.
2015a), but the significance to Tsg101-dependent egress in the context of infection
is unclear. VP40 ubiquitination can be blocked by interferon-stimulated gene 15
(ISG15), a small, ubiquitin-like modifier that can undergo ISGylation, or attach-
ment of ISG15 to lysine residues in a similar manner as ubiquitination. ISGylation
of the VP40 L domain inhibits budding (Okumura et al. 2008).

Somewhat surprisingly, the budding process also involves components of the
inflammatory signaling machinery. Suppressor of cytokine signaling 3 (SOCS3), a
negative regulator of cytokine signaling, binds VP40 to facilitate egress (Okumura
et al. 2015). Additionally, GP binds the pattern recognition receptor (PRR) Toll-like
receptor 4 (TLR4). TLR4 signaling ultimately activates nuclear factor j B (NFKB)
signaling and inflammatory gene expression upon entry. TLR4 interactions with GP
also enhance VP40 VLP egress (Okumura et al. 2010), suggesting that viral
hijacking of RNA virus sensing and inflammatory signaling machinery can enhance
virus production and restricts cellular antiviral responses.

The final stages of assembly and budding are regulated by direct interactions
between VP40 and phospholipids in the plasma membrane. VP40 exists as a dimer
until it reorganizes at the plasma membrane into a hexameric form. In this form,
VP40 associates with lipid rafts (Adu-Gyamfi et al. 2013; Panchal et al. 2003; Soni
et al. 2013), typically at locations enriched for particular host membrane phos-
pholipids. VP oligomerization occurs in association with PS in the inner leaflet of
the cell membrane (Adu-Gyamfi et al. 2015) and selectively induces vesiculation of
PS-enriched membranes (Soni and Stahelin 2014). VP40 hexamers are then sta-
bilized by associating with phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2) in the
membrane, enhancing membrane curvature and facilitating budding (Gc et al. 2016;
Johnson et al. 2016).
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While VP40 is a major regulator of budding, virus egress is also determined by
interactions with or modifications by host proteins. GP plays an important role in
virion secretion as well as in entry. After GP is synthesized in the ER, it is cleaved
to its mature form by the proprotein convertase furin (Volchkov et al. 1998), and
transported to the cell surface. The host surface protein bone marrow stromal cell
antigen 2 (BST-2, also called tetherin) restricts budding by enveloped viruses. GP
blocks BST-2 interactions with VP40 by steric shielding through the mucin domain,
and enhances VLP budding (Gustin et al. 2015; Kaletsky et al. 2009). The
membrane-spanning domain and glycan cap domains of GP are also important for
tetherin antagonism and efficient egress (Gnirss et al. 2014; Kuhl et al. 2011; Vande
Burgt et al. 2015). However, high cellular levels of GP1,2 impair assembly, and
reduce virus production (Mohan et al. 2015), resulting in shedding of GP from the
cell surface. Shed GP is a truncated form that is cleaved from the surface by tumor
necrosis factor a converting enzyme, and can reduce cytotoxicity caused by high
levels of cellular GP (Dolnik et al. 2015). Shedding may be a regulatory mechanism
to balance GP cytotoxicity with virus production.

The minor matrix protein VP24 is also integrally involved in assembly and
secretion. Together with NP, VP40, and VP35, VP24 mediates NC formation
(Bharat et al. 2012; Huang et al. 2002; Mateo et al. 2011a), and appears to be
important for packaging RNA genomes of the proper length (Watt et al. 2014).
Linkages between VP24 and VP35 also stabilize NC structures inside the virion,
dependent on post-translational NP modification by host glycosyltransferases
(Beniac et al. 2012; Huang et al. 2002) or kinases (Peyrol et al. 2013). These
processes likely require either direct or indirect interactions with host proteins, to
modify, scaffold, or transport virion components. However, the specific host factors
have not been characterized. There remains much to be determined about the host
factors that contribute to the budding process. A proteomic screen identified 8
proteins incorporated into EBOV virions that were significantly associated with
EBOV replication in subsequent siRNA knockdown experiments (Spurgers et al.
2010). One of these proteins, heat shock protein family A (Hsp70) member 5
(HSPA5), is an ER chaperone protein that is important to VP40-mediated budding,
although its specific function is not known (Reid et al. 2014).

5 Antagonism of Antiviral Responses

Virus pathogenicity depends on the ability to subvert the host’s innate immune
responses. Ebolaviruses have evolved multiple strategies to antagonize or evade
antiviral immunity and the IFN system, which both improve the efficiency of viral
replication and enhance virulence and disease pathology. EBOV effectively eludes
host defenses by targeting multiple cellular and molecular key immune mediators.
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5.1 Innate Immune Antagonism

The innate antiviral response is a critical determinant of pathogenesis. The host
interferon (IFN) response in particular is a potent tool for blocking or attenuating
virus infection, and cells have numerous ways of sensing virus, transducing signals,
and producing interferon-stimulated genes (ISGs). There are hundreds to thousands
of ISGs depending on cell type, and these genes encode diverse effector molecules
that prevent entry, disrupt replication, impair assembly, or mitigate pathology.
EBOV has thus developed mechanisms to counteract IFN responses at various
critical points in the pathway. Gene expression studies of hepatic cells or macro-
phages infected with ebolaviruses of varying pathogenicity indicate extensive
disruption of Toll-like receptor (TLR), IFN, and NFjB signaling, suggesting that
the intensity of the host antiviral response is a substantial virulence determinant
(Kash et al. 2006; Melanson et al. 2015; Wahl-Jensen et al. 2011).

The primary viral immune antagonists are VP35 and VP24. VP35 antagonizes
innate immunity in multiple places in the pathway, both by blocking sensing by
pattern recognition receptors (PRRs), inactivating downstream transcriptional
activators required for ISG expression, and directly inhibiting ISG activity. PRRs
are a fundamental component of initiating innate immunity, as they recognize
pathogen-associated molecular patterns (PAMPs), or molecular motifs common to
certain classes of pathogens. Double-stranded RNA (dsRNA) is a potent PAMP
associated with RNA virus infections, as this is generally associated with viral
genomes or replicative intermediates. Numerous classes of PRRs recognize dsRNA,
including the DExD/H-box helicase 58 (DDX58), more commonly known as
retinoic acid-inducible gene I (RIG-I). RIG-I is a helicase that recognizes dsRNA in
the cytoplasm, where EBOV RNA replication occurs and dsRNA replication
intermediates are likely to be present. The VP35 C-terminal domain coats the
phosphodiester backbone and caps the ends of double-stranded RNA (dsRNA),
sequestering it from RIG-I, and preventing sensing and IFN induction (Bale et al.
2013; Cardenas et al. 2006; Edwards et al. 2016; Kimberlin et al. 2010; Leung et al.
2009; Leung et al. 2010).

VP35 has a general affinity for interacting with dsRNA or dsRNA-binding
proteins, and this appears to be important for its function as an IFN antagonist.
VP35 mutations in the dsRNA-binding domain attenuate EBOV lethality in a
guinea pig model, demonstrating that dsRNA binding is critical for virulence (Prins
et al. 2010). VP35 also inhibits activation of eukaryotic translation initiation factor
2 a kinase 2 (EIF2AK2), more commonly known as interferon-induced
double-stranded RNA protein kinase (PKR). During a viral infection, PKR phos-
phorylates eukaryotic initiation factor 2 a (eIF2a), which shuts down translation.
VP35 prevents PKR activation and thus prevents shutdown of viral protein trans-
lation (Schumann et al. 2009). Furthermore, VP35 also interacts with the cellular
dsRNA-binding protein activator of interferon-induced protein kinase EIF2AK2
(PRKRA, also known as PACT). PACT can also activate RIG-I, and VP35 can bind
PACT and disrupt RIG-I ATPase activity. PACT, however, can also reduce EBOV
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replication (Luthra et al. 2013), similar to other dsRNA-binding proteins. DRBP76,
which is phosphorylated by PKR (Shabman et al. 2011b), interacts with VP35 and
may disrupt EBOV replication and IFN antagonism.

Interference with RNA sensing is not the sole VP35-specific means of innate
antiviral antagonism. VP35 can also directly inactivate transcriptional activators
required to induce IFN gene expression, specifically interferon regulatory factors 3
and 7 (IRF3; IRF7). Typically, cytoplasmic IRF-3 and IRF-7 are phosphorylated by
TANK binding kinase 1 (TBK1) and inhibitor of j light chain polypeptide gene
enhancer in B cells kinase e (IKBKE, commonly known as IjKe). Activated IRF3
then either homodimerizes or heterodimerizes with activated IRF7. These com-
plexes translocate to the nucleus and activate IFN-b transcription. VP35 prevents
TBK1 and IjKe from phosphorylating IRF3 (Prins et al. 2010), hindering type I
IFN transcriptional activation (Basler et al. 2003; Hartman et al. 2008). This
inhibition is a critical virulence determinant in vivo (Hartman et al. 2008). VP35
inhibits IRF7-dependent IFN transcription by a different mechanism: it modulates
the activity of the E3 SUMO ligase protein inhibitor of activated STAT1 (PIAS1).
This increases IRF7 SUMOylation and targets the protein for degradation (Chang
et al. 2009).

The antiviral functions of VP35 result in immune cell inhibition. Blocking RIG-I
sensing and the subsequent failure to induce type I IFNs prevents both inflamma-
tory gene expression and dendritic cell (DC) maturation (Yen et al. 2014; Yen and
Basler 2016). EBOV infection induces weak expression of IFNs and DC maturation
marker genes (Ilinykh et al. 2015). Mutations that impair or disable the C-terminal
domain of VP35 completely restore DC maturation, as well as enable normal
migration from peripheral sites to secondary lymphoid organs (Lubaki et al. 2013).
Additionally, VP35 can block DC maturation induced by other viruses, exogenous
IFN, or other PAMPs such as lipopolysaccharide (LPS) (Jin et al. 2010). These
effects are specific to conventional DCs (Leung et al. 2011b), and are a major cause
of T cell suppression during EBOV infection.

While VP35 generally acts to inhibit virus sensing and IFN induction, VP24
desensitizes host cells to IFNs to inhibit ISG induction. Several ISGs have been
implicated in EBOV restriction, including cholesterol-25-hydroxylase and various
interferon-inducible transmembrane protein (IFITM) family members inhibit
EBOV entry (Huang et al. 2011; Liu et al. 2013; Wrensch et al. 2015) and tetherin
inhibits viral egress (Gnirss et al. 2014; Gustin et al. 2015; Kaletsky et al. 2009;
Kuhl et al. 2011; Vande Burgt et al. 2015). VP24 reduces ISG effector expression
by multiple mechanisms. First, VP24 blocks signal transduction through IFN
receptors to inhibit ISG expression. IFN receptor-binding results in the activation of
Janus kinase (JAK) family adaptor proteins Jak1 or tyrosine kinase 2 (Tyk2), which
are associated with the IFN receptor intracellular domain. Jak1/Tyk2 then phos-
phorylate signal transducer and activator of transcription 1 and 2 (STAT1, STAT2),
which subsequently form homo- or heterodimers and associate with IRF9. This
complex then translocates to the nucleus and activates ISG transcription. VP24
interferes with JAK/STAT signaling in two ways: by binding STAT1 directly
(Zhang et al. 2012) and by preventing nuclear import of activated STAT dimers by
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acting on karyopherin a (KPNA) family members, other nuclear importins, and
associated host factors (Gabriel et al. 2015; Garcia-Dorival et al. 2014; Mateo et al.
2010; Reid et al. 2006; Reid et al. 2007; Shabman et al. 2011a; Xu et al. 2014). As
with VP35, innate immune antagonism by VP24 is a major molecular virulence
determinant (Mateo et al. 2011b).

VP24 can also block induction of inflammatory responses. VP24 impairs MAPK
activation in a cell type-specific manner, and can block IFN-b-dependent p38-a
phosphorylation (Halfmann et al. 2011). MAPK signaling is critical for regulating
inflammatory responses, and the systemic loss of inflammatory regulation is
thought to be a major mechanism of pathology in EVD. EBOV production can be
induced in persistently infected cells by modulating Ras/MAPK signaling (Strong
et al. 2008); thus, modulation of MAPK signaling may serve the dual function of
deregulating cellular inflammation and stimulating virus replication.

5.2 Adaptive Immune Antagonism

Viral proteins can directly interfere with lymphocyte-mediated antigen-specific
immune responses, as well. VP35 interferes with DC maturation and blocks surface
expression of many T cell costimulatory molecules (Ilinykh et al. 2015; Jin et al.
2010; Lubaki et al. 2013; Yen et al. 2014; Yen and Basler 2016), and likely plays a
significant role in quelling effective T cell immunity to EBOV. GP in the membrane
of DC and other antigen-presenting cells (APC) shields major histocompatibility
complex (MHC) molecules (Reynard et al. 2009) and effectively impairs antigen
presentation to T cells, resulting in widespread suppression of T cell function.

Another mechanism for evading cellular immunity is the widespread lymphocyte
death that occurs during infection. Lymphocytes are not susceptible to EBOV
infection, but undergo bystander apoptosis in cultured PBMC and in vivo (Baize
et al. 1999; Bradfute et al. 2007; Bradfute et al. 2010; Cross et al. 2015; Geisbert
et al. 2000; Gupta et al. 2007; Reed et al. 2004; Wauquier et al. 2010). Both the Fas
death receptor (extrinsic) and mitochondrial (intrinsic) pathways trigger lymphocyte
apoptosis (Bradfute et al. 2010; Gupta et al. 2007). However, this lymphocyte death
is not absolute. Populations of CD8 + T cells emerge late in infection, indicating
that some lymphocyte subsets survive and function normally as immune effector
cells (Bradfute et al. 2008). This likely has an effect on disease severity, as sus-
tained T cell function is associated with EVD survival (Baize et al. 1999; Dahlke
et al. 2016). The means by which certain T cell subsets survive is not known.
However, reduced expression of CD45 resulted in reduced lymphocyte apoptosis
and improved survival in a mouse model of lethal EBOV infection (Panchal et al.
2009). CD45 is a tyrosine phosphatase that acts as a pleiotropic regulator of lym-
phocyte receptor signaling, suggesting that T and B cell fate may be linked to
regulation of signaling through antigen receptors. Interference with antigen pre-
sentation and expression of T cell costimulatory molecules can further limit effector
function in surviving T cells.
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Due to both B cell depletion and impaired CD4 + T cell help, EBOV infection
also damages humoral immune responses. Antibody responses can be reduced by
elimination of B cells by apoptosis or interfering with B cell signaling and differ-
entiation processes. Immunity to EBOV is dependent on CD4 + -dependent neu-
tralizing antibody responses in hamsters and non-human primates (Fisher-Hoch
et al. 1992b; Prescott et al. 2015). However, as with T cell responses, diverse and
sustained neutralizing antibody responses are observed in survivors of EBOV or
Sudan virus (SUDV) (Bornholdt et al. 2016b; Flyak et al. 2016; Natesan et al. 2016;
Schibler et al. 2015; Sobarzo et al. 2013; Wauquier et al. 2009), suggesting that
antibody responses are important for controlling EBOV. Sequence analysis of
EBOV strains from the 2014 outbreak demonstrated that major antigenic epitopes
were under greater selection pressure to accumulate mutations leading to escape
variants (Ramaiah and Arumugaswami 2016), although this varies and does not
include all epitopes (Ni et al. 2016). Thus, a combination of virus evolution and
impaired antibody production provide a means for EBOV to escape host humoral
immunity.

Another means of tempering host antibody responses is antigenic subversion by
EBOV sGP. Because the majority of GP transcripts encode sGP, high levels of sGP
are secreted from infected cells into circulation and dominate the pool of potential
antigens. This skews antibody responses to immunodominant epitopes shared by
sGP and membrane-bound GP on the virion surface (Mohan et al. 2012).
Membrane-bound GP also can be concealed from antibody recognition by steric
shielding mediated by the mucin domain (Francica et al. 2010; Noyori et al. 2013;
Reynard et al. 2009).

EBOV can also affect other types of immune cells, in some cases, eliminating
them through apoptosis. Monocytes and natural killer cells are both depleted in
human cases and animal models (Bradfute et al. 2007; Geisbert et al. 2003b; Ludtke
et al. 2016; Reed et al. 2004). EBOV infection also reportedly activates triggering
receptor expressed on myeloid cells 1 (TREM1) on neutrophils, resulting in
degranulation and potent induction of inflammatory responses (Mohamadzadeh
et al. 2006).

6 Cell and Tissue-Specific Host Factors Involved
in Pathogenesis

Although EVD has been studied in non-human primates for over two decades,
many aspects of EVD pathogenesis remain mysterious. EVD is a complex, systemic
disease that targets many different organs and cell types. Severe EVD results from
sequential infection of multiple distinct cell types and tissue compartments, and
clinical outcome is likely determined by combined mechanisms (Fig. 2).
Transmission usually occurs from exposure of infectious body fluids to wounds or
breaks in the skin, mucosal surfaces, or parenteral injury (Sanchez et al. 2007). The
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first targets of infection are myeloid-derived APCs, usually macrophages and
dendritic cells (DCs) (Connolly et al. 1999; Ebihara et al. 2013; Geisbert et al.
2003b; Gibb et al. 2001; Ryabchikova et al. 1999). Plasmacytoid DC (pDCs) do not
support efficient virus entry, possibly as a mechanism to subvert pDC IFN secretion
(Leung et al. 2011a; Leung et al. 2011b). Monocytes are not susceptible to EBOV
infection, but become susceptible upon differentiation into macrophages (Martinez
et al. 2013).

EBOV

Antigen presenting cells in periphery

DC

Secondary lymphoid organs

Macrophage

Lymphocyte cell death

Migration to spleen and
lymph nodes

X
Increased infection and virus production

Liver
High viremia
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Infection of hepatocytes
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Vascular endothelium Infection of vascular endothelial cells

Activation
Increased
vascular permeability

Fig. 2 Antigen presenting cells in periphery

128 A.L. Rasmussen



Infected macrophages and DCs exert major influences on pathogenesis and
disease outcome. Infection triggers strong proinflammatory responses as they
simultaneously repress induction of antiviral cellular functions. Chemokine secre-
tion recruits other susceptible APCs, which then subsequently become infected.
Inflammatory gene expression occurs early in infection, stimulated by GP during
cell entry (Wahl-Jensen et al. 2011; Wahl-Jensen et al. 2005a). The GP mucin
domain stimulates NFjB and MAPK activation, resulting in enhanced cytokine
production in DCs (Martinez et al. 2007). Additionally, EBOV GP induces
Syk-dependent inflammatory signaling via the CLEC LSECtin in DCs, triggering
the release of proinflammatory cytokines such as tumor necrosis factor a (TNFa)
and interleukin 6 (IL-6). The massive unregulated inflammatory response is thought
to be the primary cause of the severe immunopathology associated with EVD.
EBOV infection stimulates potent inflammatory gene expression in a variety of
myeloid lineage cells, including human macrophages (Wahl-Jensen et al. 2011),
monocyte-derived DCs (Ilinykh et al. 2015), mouse splenocytes (Cilloniz et al.
2011), and peripheral blood mononuclear cells (PBMC) from non-human primates
(Caballero et al. 2016; Rubins et al. 2007). Inflammation is further exacerbated
through other pathways, including MAPK deregulation (Halfmann et al. 2011),
TREM1-mediated neutrophil degranulation (Mohamadzadeh et al. 2006), and
inflammatory gene expression enhanced by TOP1, which also is involved in viral
genome replication (Rialdi et al. 2016).

Infected APCs will migrate to the lymph nodes, where additional naive cells are
infected, amplifying virus production, producing viremia, and inducing bystander
apoptosis in lymphocytes. Although lymphocyte apoptosis disrupts adaptive
immune responses to EBOV infection, it is not required for disease progression or
severity (Bradfute et al. 2010). Massive lymphocyte death resulting in extremely
low peripheral levels of CD4 + T cells was associated with fatal outcome in EVD
patients during an outbreak of EBOV in Gabon (Wauquier et al. 2010). Sustained
immune activation was observed in EVD patients, even after recovery from acute
disease (McElroy et al. 2015), consistent with prior experiments in mice (Bradfute
et al. 2008). EBOV spread throughout the lymphatic system intricately balances
host immunosuppression with virus-induced immune activation.

Liver cells are infected after the host becomes viremic. Hepatocytes are the main
target for infection, although resident liver macrophages (Kupffer cells) are also
susceptible. Infection has numerous negative consequences for hepatocytes,
resulting in highly dysregulated intracellular signaling and ultimately widespread
cell death (Bradfute et al. 2010). Transforming growth factor b (TGFb) signaling is
selectively activated in hepatocytes (Ebihara et al. 2013; Kindrachuk et al. 2014),
which induces cellular differentiation and an epithelial-to-mesenchymal transition
in infected hepatocytes (Kindrachuk et al. 2014). This enables virus spread
throughout the liver, further accounting for aberrant hepatic function.

Late in infection, endothelial cells lining blood vessels become infected and
simultaneously activated. This results in increased cardiovascular barrier perme-
ability, and ultimately vascular leakage, bleeding, and severely impaired coagula-
tion. Blood vessel barrier collapse does not result from directly infected, dying
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vascular endothelial cells (Geisbert et al. 2003d). Vascular leakage and hemorrhagic
disease more likely result from systemic inflammation and interactions between
both viral proteins and the endothelium. Different forms of EBOV GP can exert
effects directly on barrier function (Wahl-Jensen et al. 2005b), possibly by stimu-
lating signaling through inflammatory receptors such as TLR4 (Escudero-Perez
et al. 2014; Okumura et al. 2010).

Most EBOV infections do not produce severe hemorrhagic disease. Some
ebolavirus species, such as Taï Forest virus (TAFV) and Reston virus (RESTV) do
not apparently cause severe disease in humans, despite their high pathogenicity in
non-human primates (Fisher-Hoch et al. 1992a; Le Guenno et al. 1995). For this
reason, EVD replaced EBOV hemorrhagic fever (EHF) as the preferred term for
describing the diverse spectrum of disease presentations caused by EBOV infection.
During the 2014 West African outbreak, gastrointestinal symptoms (particularly
diarrhea) were more prevalent than bleeding characteristic of classic EHF (Bah
et al. 2015; Chertow et al. 2014; Dallatomasina et al. 2015; Lado et al. 2015;
Schieffelin et al. 2014). Many EVD patients suffer from fatal shock or organ failure
with no evidence of hemorrhagic disease or bleeding, and some patients are less
genetically predisposed to coagulopathy and vascular leakage. Animal models
produce variant EVD phenotypes in different non-human primate species infected
with different ebolavirus species (Ebihara et al. 2011; Fisher-Hoch et al. 1992a;
Martins et al. 2015; Perry et al.2012; Ryabchikova et al. 1999; Zumbrun et al.
2012), as well as in laboratory mice (Ebihara et al. 2006; Gibb et al. 2001),
genetically diverse mice (Rasmussen et al. 2014; Zumbrun et al. 2012), humanized
mice (Bird et al. 2016; Spengler et al. 2016), Hamsters (2013), guinea pigs (Cross
et al. 2015), and ferrets (Cross et al. 2016; Kozak et al. 2016). Observable disease
phenotypes observed in these models range from weight loss and lethality in
conventional laboratory mice to complete recapitulation of severe EVD with
hemorrhagic syndrome in non-human primates. Thus, host and virus genetics
cooperatively determine EVD pathological phenotype and disease outcome.

Hemorrhagic EVD results from two convergent pathologic processes: coagu-
lopathy and vascular leakage. Coagulopathy is characterized by depletion of serum
clotting factors, thrombocytopenia, and serum hypofibrinogenemia, all resulting in
deficient blood coagulation. This happens in part due to disseminated intravascular
coagulation (DIC) caused by excess systemic proinflammatory cytokines. This
widespread inflammatory milieu stimulates simultaneous activation of the blood
coagulation cascade, fibrinolysis, and fibrin D-dimer accumulation in tissues. DIC
in the bloodstream deposits microscopic blood clots called microthrombi
throughout the vasculature, obstructing small blood vessels and capillaries.
Eventually, this process exhausts the available supply of both platelets and coag-
ulation factors, which are predominantly synthesized in the liver. At this stage of
infection, most hepatocytes are infected and dying, and thus cannot restore a fresh
supply of clotting factors. DIC is thought to occur from a loss of the coagulants
tissue factor (TF) and activated protein C (Cross et al. 2015; Ebihara et al. 2011;
Geisbert et al. 2003c). Consequently, coagulation is defective and prolonged.
Clotting factor therapy significantly improved outcome and survival in
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experimentally infected macaques (Geisbert et al. 2003a; Hensley et al. 2007),
while recombinant protein C treatment induced coagulation-related gene expression
correlated with survival (Yen et al. 2011). Transcripts associated with fibrin
D-dimer clearance have also been observed in EBOV-infected non-human primates
(Rubins et al. 2007), indicating that hemorrhagic disease progression is associated
with compensatory increases in coagulation cascade regulators.

Vascular leakage is the second mechanism underlying EVD hemorrhagic syn-
drome. Although EBOV infects and destroys endothelial cells late in infection,
leakage appears to be the consequence of uncontrolled inflammation rather than
erosion of the vascular endothelium (Geisbert et al. 2003d). EBOV does directly
cause vascular pathology, although the role in hemorrhagic disease is not clear.
EBOV GP alters vascular barrier function (Wahl-Jensen et al. 2005b), and causes
endothelial detachment by a cholesterol-dependent mechanism (Hacke et al. 2015).
GP is clipped by TNFa converting enzyme and shed profusely from the cell surface
during infection (Dolnik et al. 2004; Dolnik et al. 2015), and this leads to increased
vascular permeability (Escudero-Perez et al. 2014). Interactions between TLR4 and
shed GP trigger potent proinflammatory responses and reduce barrier function
(Escudero-Perez et al. 2014; Okumura et al. 2010), possibly by upregulating
inducible nitric oxide synthase (iNOS) downstream of TLR4 signaling. iNOS
produces nitric oxide (NO), a powerful inducer of endothelial permeability.
Increased circulating NO concentrations were observed in EBOV-infected maca-
ques (Geisbert et al. 2003b; Hensley et al. 2002) and EVD patients (Sanchez et al.
2004). A number of signaling pathways relevant have been implicated in causing
hemorrhagic disease, including vascular endothelial growth factor (VEGF) and
angiopoietin signaling (Kindrachuk et al. 2014; Rasmussen et al. 2014).
Mechanisms of vascular leakage in EVD are not understood in great detail, and
identifying means of reversing barrier collapse represent a novel therapeutic para-
digm for patients with EVD as well as other coagulation disorders.

Another disease presentation that is being increasingly recognized as a manifes-
tation of severe EVD is gastrointestinal disease. During the 2014 EBOV outbreak,
vomiting and diarrhea were more common than hemorrhagic disease (Arranz et al.
2016; Baize et al. 2014;Dietz et al. 2015; Lado et al. 2015; Lu et al. 2015; Ohuabunwo
et al. 2016; WHO 2014). These symptoms were associated with severe disease and
mortality both in West Africa (Bah et al. 2015; Chertow et al. 2014; Dallatomasina
et al. 2015; Fitzgerald et al. 2016; Fitzpatrick et al. 2015; Haaskjold et al. 2016;Moole
et al. 2015; Qin et al. 2015; Schieffelin et al. 2014) and in a contemporary outbreak in
the Democratic Republic of Congo (Nanclares et al. 2016). Gastrointestinal symp-
toms have been reported in a majority of patients in historical outbreaks of ebola-
viruses (Bwaka et al. 1999; Georges et al. 1999; Khan et al. 1999; Kratz et al. 2015;
MacNeil et al. 2010; Roddy et al. 2012; WHO 1978a, b). Hypovolemia induced by
excessive vomiting or diarrhea is thought to have caused severe electrolyte imbal-
ances in EVD patients (Bah et al. 2015). Supportive care, including intravenous fluids
and renal replacement therapy, is associated with positive clinical outcomes (Liddell
et al. 2015; O’Shea et al. 2016; Uyeki et al. 2016;Wolf et al. 2015;Wong et al. 2015),
suggesting that this may be a useful therapeutic strategy in future EBOV outbreaks.
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Going forward, EVD pathogenesis studies must further explore the host responses
that produce gastrointestinal pathology, especially considering that treatment with
readily available antidiarrheal and antiemetic medications and supportive care may
substantially improve patient outcomes.

7 Conclusion

Despite the celebrity status of EBOV compared to other emerging viruses, many of
the mechanistic details regarding host cell-dependent EBOV replication and
pathogenesis remain relatively obscure. This is in part due to the challenges
inherent in conducting research on highly pathogenic viruses. There are limited
maximum containment laboratories available to safely perform studies on infectious
EBOV, and such studies are expensive and challenging. Surrogate systems such as
minigenomes and replicons have enabled detailed investigations into the function of
viral proteins and interactions with host molecules conscripted to augment virus
replication. Considerable progress has been made, particularly regarding mecha-
nisms of virus entry and egress, and viral antagonism of host immune responses.
However, much remains to be studied. Very little is known about host contributions
to virus transcription and translation, fundamental processes in the viral replication
cycle that could be targeted for host-directed treatments. Targeting host proteins
rather than viral proteins is a promising therapeutic strategy, as these have the
potential to reverse disease pathology and are unlikely to evolve resistance.

The vast majority of studies regarding filovirus pathogenesis have focused on
Zaire ebolaviruses, which is one of five known species within the genus Ebolavirus.
Two other viruses, SUDV and Bundibugyo virus (BDBV), also cause EVD in
humans, while RESTV and TAFV cause severe EVD in non-human primates. The
basis of this species-specificity is not clear, but it is probably due in part to con-
tributions from the host. The Filoviridae family also includes two other genera,
Marburgvirus and Cuevavirus. Marburgviruses are also human pathogens that
cause a severe disease sharing many clinical features with EVD, called Marburg
virus (MARV) disease (MVD). Although they are also filoviruses with similarly
organized genomes, marburgviruses have distinct mechanisms for carrying out
these functions. For example, MARV VP40 serves an analogous function to EBOV
VP24 in IFN antagonism by JAK-STAT signaling (Valmas et al. 2010), while
MARV VP24 modulates NFjB signaling (Edwards and Basler 2015). It is not
known whether Lloviu virus (LLOV), the only cuevavirus isolated to date, is
pathogenic in any species; however, LLOV proteins carry out analogous functions
to other filoviruses, such as NPC1-dependent cell entry (Ng et al. 2014) and IFN
antagonism (Feagins and Basler 2015). Host factors most likely determine
pathogenicity, tropism, and host range for all the filoviruses. Future efforts to
identify critical host contributors to filoviral disease will lead to improved strategies
for preventing and treating these important emerging pathogens.
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Role of Host Genes in Influenza Virus
Replication

Megan L. Shaw and Silke Stertz

Abstract At every step of their replication cycle influenza viruses depend heavily
on their host cells. The multifaceted interactions that occur between the virus and its
host cell determine the outcome of the infection, including efficiency of progeny
virus production, tropism, and pathogenicity. In order to understand viral disease
and develop therapies for influenza it is therefore pertinent to study the intricate
interplay between influenza viruses and their required host factors. Here, we review
the current knowledge on host cell factors required by influenza virus at the dif-
ferent stages of the viral replication cycle. We also discuss the roles of host factors
in zoonotic transmission of influenza viruses and their potential for developing
novel antivirals.
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1 Introduction

Influenza A and B viruses are the causative agents of influenza in humans leading to
an estimated 250,000–500,000 deaths per year worldwide (WHO). Influenza A
viruses are classified according to subtype which is based on their surface glyco-
proteins, hemagglutinin (HA), and neuraminidase (NA) (Shaw and Palese 2013).
All subtypes are maintained in the avian reservoir but only three, H1N1, H2N2, and
H3N2 have ever circulated in humans (Wright et al. 2013). As members of the
Orthomyxovirus family, influenza viruses have a lipid envelope and are charac-
terized by a segmented, negative sense, single-stranded RNA genome (Shaw and
Palese 2013). Specifically, the genomes of influenza A and B viruses consist of
eight segments, each of which encodes one or more viral proteins. For influenza A
virus, which is the main focus of this chapter, 11 major viral proteins have been
described and their role in the main stages of the viral replication cycle will be
reviewed in each section. Briefly, influenza viruses enter the cell via
receptor-mediated endocytosis and are trafficked to the late endosome, where they
fuse and release their genome into the cell. The genome segments are then imported
into the nucleus, where the viral polymerase catalyzes both transcription and
replication reactions, giving rise to new viral proteins and newly synthesized
genome copies. The new genome segments are exported from the nucleus and
assemble at the cell membrane together with the essential viral proteins that make
up the virion. In the final steps, the budding virus particle is pinched off from the
plasma membrane and is released into the extracellular environment.

Host factors are undoubtedly involved at every step of this life cycle and include
cellular proteins and RNAs which can be broadly divided into those that support
virus replication and those that play an antiviral role. In the past decade or so great
strides have been made to uncover both categories of factors for influenza virus, but
for the purposes of this review we have chosen to focus specifically on those that
play a supportive role. Of note, very little is known about the host factors required
for influenza B virus, as the vast majority of studies have been performed with
influenza A viruses, which are therefore the topic of this review. As a consequence
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of its small coding capacity influenza virus likely relies on a large repertoire of host
functions and for a virus that can cross the species barrier this presents an inter-
esting challenge. These critical virus–host interactions can therefore serve as
determinants of species specificity. In addition, host factors that are considered to
have druggable properties present potentially new targets for the development of
antiviral drugs (Watanabe and Kawaoka 2015; Shaw 2011).

2 Approaches to Identify Host Factors Required
by Viruses

Over the past decade, knowledge of cellular proteins that are required for viral
infections has increased tremendously due to the development of novel technolo-
gies, such as genome-wide RNA interference (RNAi) screening or quantitative
proteomic applications. These novel methodologies have enabled us to reveal
exciting new insights into the biology of virus infections but also to start assembling
a global picture of the pathogen-host interplay.

2.1 Screening Approaches for Host Dependency Factors

In the case of influenza viruses, the genome-wide RNAi screens for host depen-
dency factors represent one prominent example of such a technology-driven
development. RNAi describes the ability of RNA molecules to downregulate the
expression of a gene, either by degradation or translational inhibition of the targeted
RNA (Tijsterman and Plasterk 2004). Specificity and recognition is mediated by
sequence complementarity and the RNA is delivered either as small interfering
RNA (siRNA) or as small hairpin RNA (shRNA). While shRNA constructs are
usually delivered via lentiviral vectors, transcribed, and processed in the host cell,
siRNAs are short double-stranded RNA molecules of 20–25 base pairs that are
directly transfected into host cells. Large libraries consisting of thousands of dif-
ferent siRNAs or shRNAs designed to target most of the known human genes are
commercially available and can be used to assess the impact of individual genes on
virus infection. This requires a robust, high-throughput compatible assay to mea-
sure virus infection, such as automated fluorescence microscopy readouts for viral
protein expression or reporter activity measurements if a recombinant
reporter-encoding virus has been used (Brass et al. 2009; Konig et al. 2010).

Several genome-wide or large-scale screens using either siRNAs or shRNAs
have been performed over the past years and have generated a vast amount of data
on host dependency factors for influenza A virus in mammalian cells (Konig et al.
2010; Brass et al. 2009; Shapira et al. 2009; Karlas et al. 2010; Ward et al. 2012;
Tran et al. 2013; Watanabe et al. 2014b; Su et al. 2013). These screens differ
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substantially in their experimental set-up. For example, different cell lines, virus
strains, RNAi libraries, and virus infection assays were chosen but also the
bioinformatic analysis of the screening data was performed in many different ways.
On the one hand, it is therefore not surprising that each screen yielded a unique set
of hits found to be required for influenza A virus in the respective experimental
system. On the other hand, it can be assumed that the virus uses a core set of host
factors for its replication cycle and one would therefore expect a large number of
overlapping hits between screens. However, only a few gene hits were common to
multiple screens (Stertz and Shaw 2011). So far, the reason for this is only partially
understood but a recent meta-analysis of the screens revealed that uniform bioin-
formatic analysis of the different sets of primary screening data can uncover hidden
overlap and thereby reveal at least part of the core set of host factors required by
influenza A virus (Tripathi et al. 2015). In addition, analysis of the pathways
required by the virus rather than individual genes also discovered substantial
overlap between the screening datasets (de Chassey et al. 2012). In summary, the
RNAi screens have already revealed new insights into the interplay between
influenza virus and its host cell but the full potential has not been exploited yet as
follow-up studies on many of the identified factors are lacking and the differences in
screening results are not fully understood. At the same time, the next set of new
technologies to screen for host dependency factors is already being implemented
and used: haploid screens and CRISPR/Cas9 screening approaches (Perreira et al.
2016). In contrast to RNAi the new methods do not rely on knockdown of gene
expression but knockout of individual genes.

Haploid human cell lines, like KBM7 or HAP-1, form the basis of the haploid
screens (Carette et al. 2009). These cell lines can be targeted with a retroviral gene
trap vector to knock out individual genes. When screening for host dependency
factors a lytic virus is added so that most of the cells will be killed. If, however, an
essential host factor has been knocked out, the virus cannot infect the cell and the
cell will survive and grow out. Using deep sequencing on the surviving pool of cells
one can identify such factors and therefore current progress in deep-sequencing
technology has greatly helped this methodology (Carette et al. 2011). Already the
first description of this screening platform included a screen for host factors of
influenza A virus and two components of the glycosylation machinery, CMAS and
SLC35A, were identified (Carette et al. 2009). It was hypothesized that knockout of
these genes would yield reduced levels of sialic acid on the host cell leading to a
block in infection.

The latest developments in screening are CRISPR/Cas9 screens that are based on
the endonuclease activity of Cas9 which is targeted to a certain gene by a guide
RNA (Wang et al. 2014; Shalem et al. 2014; Zhou et al. 2014). Genome-wide
libraries of such guide RNAs have been developed and it is therefore possible to
generate huge libraries of cells with different knockouts. Selection and identification
of host factors is similar to the haploid screens, as a lytic virus can be used to select
for infection-resistant cell clones that can be identified via deep-sequencing. This
approach holds great promise and will certainly be used soon to identify host factors
for influenza virus. For both types of knockout screens, it will be interesting to see
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how well hit lists correspond within one technology but also how much overlap
with the results from the RNAi screens will be obtained. Having data on host
dependency factors available from three different technologies will hopefully enable
us to define core factors and help us identify promising drug targets for the next
generation of antivirals for influenza.

2.2 Methods to Identify Interaction Partners of Viral
Proteins

Many different techniques exist to identify interaction partners of proteins but most
often yeast-two-hybrid (Y2H) or pulldown approaches followed by mass spec-
trometry are utilized. The basis for Y2H is the binding of a transcription factor,
usually GAL4 from yeast, to a DNA element called upstream activating sequence
that induces the transcription of a reporter gene. The transcription factor is split into
two parts, one part that mediates DNA binding and one that is responsible for
transactivation. These two parts can be fused to two different proteins. If constructs
for these fusions proteins are expressed in the same cell, and binding occurs
between them, reporter gene activity can be measured. For screening approaches,
the protein of interest can carry one part of the transcription factor and this can be
combined with a library of constructs carrying the other part. Methods based on
Y2H have been utilized to find binding partners of influenza virus proteins and have
revealed important interactions between the virus and its host cell (Shapira et al.
2009; Zhu et al. 2016; Gao et al. 2015; de Chassey et al. 2013a; Hsu et al. 2013;
Tafforeau et al. 2011; Momose et al. 2001; Ma et al. 2012).

For pulldown approaches the protein of interest is expressed in cells, either at the
endogenous level or, more commonly, via overexpression, so that the protein of
interest can be fused to a short tag sequence. Biochemical isolation of the protein
complexes of interest can either be done by incubating the cell lysate with anti-
bodies to the protein of interest (or the tag) and subsequent precipitation by protein
A beads (immuno-precipitation). Alternatively, combinations of high affinity
binding partners, such as streptavidin (bound to beads and used to precipitate) and
biotin (coupled to the protein of interest) are often used. The so-called
tandem-affinity purification method proved to be particularly successful (Puig
et al. 2001; Rigaut et al. 1999): In this case the protein of interest is coupled to a tag
containing a calmodulin-binding site, a tobacco etch virus (TEV) protease cleavage
site and a protein A tag. The protein of interest, together with any associated
proteins, can be precipitated and purified in a first round by incubation with IgG
beads, then cleaved off the beads via TEV protease and subsequently subjected to a
second round of purification using calmodulin-coupled beads.

Such methods, and variations of them, have been extensively used to uncover
cellular proteins that interact with proteins of influenza virus and might therefore
play a role in the viral life cycle. These studies have identified crucial interactions
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and thereby contributed substantially to our current understanding of the virus-host
interplay. Major efforts have been applied to finding interaction partners of NS1 as
this nonstructural viral protein has been shown to antagonize the host defense system
by multiple mechanisms (Hale 2014). Its currently known interaction partners
include components of the innate immune response, such as RIG-I or PKR, members
of the splicing and mRNA processing machinery, such as CPSF30, as well as
phosphoinositide-3-kinase PI(3)K and many others (Hale et al. 2006; Nemeroff et al.
1998; Mibayashi et al. 2007; Li et al. 2006; Tawaratsumida et al. 2014; Kuo et al.
2016). In addition, a computational approach to predict high-confidence interactions
based on the available structural and interactome data has also been implemented to
identify interaction partners of NS1. Subsequent experimental verification for pre-
dicted interaction partners validated this new method (de Chassey et al. 2013b).

Recent work has aimed to identify interaction partners of all viral proteins in a
parallel approach using the same experimental system but separate pulldowns for
each viral protein (Tripathi et al. 2015; Watanabe et al. 2014b). This has resulted in
global viral interaction networks that can be combined with data from RNAi
screens and thereby help to elucidate the core factors required for influenza virus
propagation (Fig. 1). Heaton and colleagues went one step further and developed an
elegant method to uncover the interaction partners of different viral proteins in the
context of infection (Heaton et al. 2016). By performing insertional mutagenesis for
each viral segment combined with virus rescue by reverse genetics they first
determined sites that tolerate the insertion of a Flag-tag that can be utilized for
immuno-precipitation. This was successful for all structural proteins with the
exception of NP and M1, and for the nonstructural protein NS1. Different viruses,
each encoding one tagged viral protein, were then used to infect cells and purify the
complexes of the tagged viral protein with its interaction partners. Subsequent mass
spectrometry revealed at least a snapshot of the interactome of influenza A virus
during infection and can therefore help to further elucidate virus-host interactions.

Similar to the small overlap between the hit lists of the RNAi screens, the
interaction data also vary substantially between studies. While some of the dis-
crepancies can be explained by the differences in experimental systems, particularly
differences in viral strains, it is also expected that each dataset contains
false-positive and false-negative hits. In future work, it will be important to inte-
grate various sets of data on interaction partners, but also include available data on
host dependency factors.

2.3 Additional Methods to Identify Host Factors Related
to Virus Infection

In addition to the described screening methods for host dependency factors and the
studies on interaction partners of viral proteins, many more techniques have con-
tributed to our current understanding of the intricate relationship between influenza

156 M.L. Shaw and S. Stertz



A virus and its host cell. Transcriptomic approaches, such as DNA micro-arrays or
deep sequencing applications, have revealed changes on the transcriptional level
induced by infection. While transcriptomic data on their own cannot inform us
whether certain genes have a proviral, an antiviral, or no role for the virus, they can

Fig. 1 A virus-host
interaction network for
influenza virus. Integration of
available datasets from RNAi
and CRISPR/Cas9 screens,
transcriptome, proteomic and
yeast-two-hybrid (Y2H)
studies results in the assembly
of a virus-host interaction
network. The connections in
this network may reveal
candidate host proteins or
pathways to target for new
influenza antiviral strategies
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help to identify promising factors for follow-up studies when integrated with pro-
teomic or RNAi screening data as shown recently (Chasman et al. 2016). Similarly,
proteomic studies have identified host proteins incorporated into influenza virus
particles (Shaw et al. 2008; Hutchinson et al. 2014). While incorporation does not
allow for conclusions on the role of the respective host factor in the viral life cycle
such data can also help to prioritize hits from the interaction or RNAi screening
approaches. Recent developments in proteomic research further expand our toolbox
to quantify changes in the cell upon virus infection: Quantification of absolute
protein levels is now possible on a proteome-wide level with high sensitivity and
accuracy (Cox and Mann 2011). Furthermore, changes in posttranslational modi-
fications of cellular factors, such as phosphorylation, ubiquitination, or
SUMOylation, can be measured upon different stimuli, including virus infection
(Olsen and Mann 2013). Some of these technologies have already been applied to
influenza virus infection (Domingues et al. 2015; Soderholm et al. 2016; Dapat
et al. 2014); others will certainly follow.

For the future, it is expected that not only the cell culture-based toolbox as
discussed above will be improved and expanded but also in vivo screening
approaches will be developed and applied. This will likely include RNAi-based
methods for the identification of important host factors (Varble et al. 2013; Benitez
et al. 2015) but also screening of mouse strains for genetic traits that impact on viral
replication capacity and disease outcome (Ferris et al. 2013; Boon et al. 2009).
Together with the methods that have already been applied these new approaches
will help reveal the global picture of the interplay between influenza A virus and its
host cell.

3 Host Factors Involved in the Influenza Virus Entry
Process

The influenza virus entry process encompasses several steps that the virus must
accomplish in order to successfully enter its host cell [reviewed in (Edinger et al.
2014)]. First, influenza virus binds to its receptor sialic acid via the envelope protein
hemagglutinin (HA). In a second step, the virus is internalized mostly via
clathrin-mediated endocytosis but alternative, less well-described uptake pathways
also exist. This is followed by the third step, endosomal trafficking from early to
late endosomes, where the fourth event takes place, fusion of viral and endosomal
membranes. In a next step, viral uncoating, which describes the release of the viral
ribonucleoprotein (vRNP) complexes from the layer of matrix protein M1, occurs.
Lastly, the released vRNPs then get imported into the host cell’s nucleus, which
marks the completion of successful entry. For all of these steps influenza virus
depends critically on its host cell and several of the virus–host interactions during
this process have been revealed in recent years (Table 1).
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Table 1 Host factors that support influenza virus replication

Stage of virus life
cycle

Host factor Interaction with
virus

Referencea

Entry/binding Sialic acid HA Shaw and Palese (2013)

Entry/internalization Clathrin Chen and Zhuang (2008)

Epsin-1 Chen and Zhuang (2008)

Dynamin Roy et al. (2000)

EGFR Eierhoff et al. (2010)

PLCc1 Zhu et al. (2014)

MAPK1 Tripathi et al. (2015)

MAPK8 Tripathi et al. (2015)

PAK1 de Vries et al. (2011)

PI(3)K Elbahesh et al. (2014)

Src-family kinases de Vries et al. (2011)

FAK/PTK2 Elbahesh et al. (2014)

Entry/endosome
trafficking

Actin Lakadamyali et al. (2003)

Dynein Lakadamyali et al. (2003)

RAB5 Sieczkarski and Whittaker
(2003)

RAB7 Sieczkarski and Whittaker
(2003)

Prolidase Pohl et al. (2014)

HDAC8 Yamauchi et al. (2011)

Cullin-3/SPOPL Gschweitl et al. (2016)

PKC Sieczkarski et al. (2003)

Entry/fusion v-ATPase complex Guinea and Carrasco (1995)

RNASEK Perreira et al. (2015)

CD81 He et al. (2013)

Cathepsin W Edinger et al. (2015)

TMPRSS2 HA Bottcher et al. (2006)

HAT HA Bottcher et al. (2006)

Entry/uncoating ITCH M1 Su et al. (2015)

HDAC6 Banerjee et al. (2014)

Entry/RNP nuclear
import

Karyopherin/importin NP O’Neill et al. (1995)

HSP40/DNAJB1 Batra et al. (2016)

Transcription RNA POL II polymerase Engelhardt et al. (2005)

CHD1 polymerase Marcos-Villar et al. (2016)

NXP2/MORC3 polymerase Ver et al. (2015)

RRP1B polymerase Su et al. (2015)

SFPQ polymerase Landeras-Bueno et al.
(2011)

DDX19 viral transcripts Diot et al. (2016)
(continued)
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Table 1 (continued)

Stage of virus life
cycle

Host factor Interaction with
virus

Referencea

RNA synthesis Cyclin T1/CDK9 polymerase Zhang et al. (2010)

hCLE/C14ORF166 PA Rodriguez et al. (2011)

DNAJA1 PB2, PA Cao et al. (2014)

Genome replication ANP32A/PP32 polymerase Sugiyama et al. (2015)

ANP32B/APRIL polymerase Sugiyama et al. (2015)

Splicing of NS
segment

RED PB1, PB2 Fournier et al. (2014)

SMU1 polymerase (via
RED)

Fournier et al. (2014)

Splicing of M
segment

SF2/ASF M1 transcript Shih and Krug (1996)

CLK1 Karlas et al. (2010)

NS1-BP NS1 Tsai et al. (2013)

hnRNPK M1 transcript Tsai et al. (2013)

RNP nuclear export CRM1/XPO1 NEP Neumann et al. (2000)

AIMP2 NEP Gao et al. (2015)

HSC70 M1 Watanabe et al. (2014a)

NXT1 NP Chutiwitoonchai and Aida
(2016)

CHD3 NEP Hu et al. (2015)

PRC2 M1 Asaka et al. (2016)

Nucleolin NP Terrier et al. (2016)

CLUH PB2, M1 Ando et al. (2016)

RAF/MEK/ERK
pathway

Pleschka et al. (2001)

SK1 Seo et al. (2013)

RANBP3 Predicala and Zhou (2013)

SGK1 Alamares-Sapuay et al.
(2013)

CASPASE 3 Wurzer et al. (2003)

RNP transport RAB11A/RAB11B PB2 Kawaguchi et al. (Amorim
et al. 2011)

YB-1 RNP Kawaguchi et al. (2012)

HRB NEP Eisfeld et al. (2011b)

Membrane protein
transport

SEC61 HA, NA Heaton et al. (2016)

CDC42 Wang et al. (2012)

UBR4 M2 (Tripathi et al. 2015)

TRAPPC6A M2 Zhu et al. (2016)

COPI Sun et al. (2013)

Assembly/budding Actin virion Nayak et al. (2009)

Cofilin virion Liu et al. (2014)

CD81 virion He et al. (2013)

RACK1 M1 Demirov et al. (2012)

F1Fo-ATPase NEP Gorai et al. (2012)
aA representative reference is listed. Please see text for more details
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3.1 Binding and Internalization of Influenza A Virus

Influenza A virus carries two types of glycoproteins in its lipid envelope, tetramers
of neuraminidase (NA) and trimers of hemagglutinin (HA) (Shaw and Palese 2013).
HA is the virus’ receptor binding protein and recognizes N-acteylneuraminic acid
(also called sialic acid), which is the terminal sugar on oligosaccharide chains of
glycoproteins- and lipids and is usually linked to galactose as the penultimate sugar.
NA can cleave sialic acid from oligosaccharide chains and therefore possesses
receptor-destroying activity (RDA). This RDA is thought to be important for entry
in vivo when the virus has to get through layers of sialic acid-containing mucus in
the respiratory tract in order to reach the respiratory epithelium (Cohen et al. 2013;
Yang et al. 2014; Zanin et al. 2015). Binding of HA to sialic acid is of low affinity
and therefore multiple molecules of HA need to bind sialic acid at the same time to
allow for virus attachment (Sauter et al. 1989). Of note, different types of influenza
A virus bind different types of sialic acid. While the HA proteins of avian strains
display a strong preference for a-2′3′-linked sialic acid mammalian viruses rec-
ognize a-2′6′-linked sialic acid (Weis et al. 1988; Gamblin et al. 2004; Stevens et al.
2006a, b). This difference correlates with the distribution of sialic acid in the
respective host: Avian strains replicate mainly in the gastrointestinal tract of birds,
where a-2′3′-linked sialic acid is abundant, whereas mammalian strains replicate in
the upper respiratory tract where mostly a-2′6′-linked sialic acid is detected (van
Riel et al. 2010; Webster et al. 1978).

While sialic acid is present on many different glycoproteins and lipids across the
plasma membrane it is thought that successful internalization can only occur at
specific sites or patches in the membrane (Carroll and Paulson 1985). However, it is
unclear if influenza virus has the ability to specifically target such sites or even
induce the formation of them (Rust et al. 2004). Alternatively, rolling of virus
particles along the surface of the cell with continuous binding and release of
HA-sialic acid interactions until internalization-competent sites are reached could
also be a strategy for the virus to accomplish internalization. In either case, the virus
fully relies on host machinery to be taken up into the target cell. It has been shown
that clathrin-mediated endocytosis is the main internalization route for influenza A
virus (Chen and Zhuang 2008). Besides clathrin also the adaptor protein epsin-1 has
been shown to be a crucial host factor for this step. It was observed that the
formation of clathrin-coated pits at the site of virus binding occurs in combination
with the recruitment of epsin-1 (Chen and Zhuang 2008). Scission of the
virus-containing vesicles is then mediated by dynamin (Roy et al. 2000). However,
the virus can also use alternative entry routes and upon blocking of the
clathrin-mediated pathway the other routes can fully compensate (Chen and Zhuang
2008; Sieczkarski and Whittaker 2002). Virus-containing vesicles without a clathrin
coat are readily detectable by microscopy techniques but the mechanism of inter-
nalization is not entirely clear (Rust et al. 2004; Matlin et al. 1981).
Macropinocytosis, which describes the uptake of large-size cargo through
actin-dependent formation of vesicles, has been shown to be one of these alternative
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internalization routes and this seems to be especially relevant for filamentous
virions (de Vries et al. 2011; Rossman et al. 2012). In addition to the cellular
transport machinery, the virus also requires the function of cellular signaling cas-
cades at the stage of internalization. It has been shown that virus binding to the cell
triggers epidermal growth factor receptor (EGFR) signaling but also activation and
requirement of downstream components of the cascade, such as
phosphoinositide-specific phospholipase c1 (PLCc1) or mitogen-activated kinases
MAPK1 and MAPK8, have been observed (Eierhoff et al. 2010; Fujioka et al.
2013; Zhu et al. 2014; Tripathi et al. 2015). In the case of macropinocytic uptake
signaling via receptor-tyrosine kinases, PAK1, phosphoinositide-3-kinase (PI(3)K),
as well as src-family kinases and focal adhesion kinase, has been found to be
important for successful internalization (de Vries et al. 2011; Elbahesh et al. 2014).
This illustrates how a simple step of the viral life cycle, such as internalization,
requires a plethora of host factors and functions.

3.2 Endosomal Trafficking and Fusion

Once influenza A virus has been internalized, endosomal trafficking from early
endosomes (close to the plasma membrane) to perinuclear late endosomes takes
place. Initially, the virus-containing early endosomes are transported away from the
plasma membrane via actin-dependent processes as observed by live-cell micro-
scopy (Lakadamyali et al. 2003). Next, a rapid dynein-dependent movement is
thought to occur, followed by nucleus-directed movement of the endosomal vesi-
cles via microtubules (Lakadamyali et al. 2003). During trafficking the early
endosomes undergo a maturation process, which involves cellular factors such as
early endosomal antigen 1 (EEA1), Rab5, and PI(3)K (Bucci et al. 1992; Mu et al.
1995; Simonsen et al. 1998; Christoforidis et al. 1999). The transition from early to
late endosomes is mediated by fusion of early endosomes with lysosomes or other
late endosomes resulting in the formation of intraluminal vesicles (Luzio et al.
2007; Huotari and Helenius 2011). This occurs during the microtubule-dependent
transport toward the perinuclear region. The switch from Rab5 to Rab7 marks a
successful transition but Rab5 and Rab7 are not only markers of endosomal traf-
ficking, they have also been shown to be important for successful viral entry (Rink
et al. 2005; Sieczkarski and Whittaker 2003). Additional host factors required for
the endosomal trafficking of the virus include prolidase, which was shown to play a
role in early endosomal routing (Pohl et al. 2014), as well as HDAC8 and the
Cullin-3/SPOPL, which are both required for correct endosome maturation and
trafficking (Yamauchi et al. 2011; Huotari et al. 2012; Gschweitl et al. 2016). At the
stage of late endosomes protein kinase C (PKC) has also been implicated in the
entry process of influenza viruses (Sieczkarski et al. 2003).

If influenza A virus successfully travels along the endocytic route and finally
localizes to a late endosome in the perinuclear area, fusion of the viral envelope and
the endosomal membrane can occur. This requires a pH of 5.1–5.8 depending on
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the strain of influenza A virus, with human isolates generally requiring lower pH
values than avian strains (Galloway et al. 2013). The characteristic low pH of late
endosomes can be attributed to the v-ATPase complex, which consists of many
different subunits and can pump protons from the cytoplasm into the endosomal
lumen in an energy-dependent manner. It is therefore not surprising that several
subunits of the v-ATPase complex have been identified as critical host factors for
entry (Konig et al. 2010; Guinea and Carrasco 1995). In line with these findings, the
host protein RNASEK that associates with and is required for the function of the
v-ATPase was also found to be important for viral entry (Perreira et al. 2015).

When the HA protein encounters low pH it undergoes conformational rear-
rangements that culminate in the exposure of the fusion peptide, which can be
inserted into the target membrane (the late endosomal membrane) and initiate
fusion of the two membranes [reviewed in (Russell 2014)]. This process can be
observed in in vitro assays and it was therefore believed to occur without the help of
cellular factors. However, recent studies have indicated that the virus also relies on
host factors to accomplish this step of the replication cycle. The first example was
the tetraspanin CD81, for which it could be demonstrated that fusion preferentially
occurs in CD81-positive late endosomes (He et al. 2013). Upon knockdown of
CD81 a reduction in fusion events could be observed. While the molecular
mechanism is thus far unknown it is interesting to note that CD81 was also iden-
tified as cellular component of influenza virions (Shaw et al. 2008). The second
example was Cathepsin W. Depletion of this protease was shown to cause an
accumulation of influenza A virus in late endosomes and a block in fusion (Edinger
et al. 2015). Reintroduction of the catalytically active protease but not a catalyti-
cally inactive mutant released this block indicating that proteolytic cleavage of a
thus far unknown target protein by Cathepsin W is required for fusion.

In addition, the cellular proteases that mediate cleavage of HA0, the precursor
form of HA, can be considered as host factors required for fusion. Early on, it was
observed that influenza virions with uncleaved HA are not infectious and that
cleavage of HA depends on the host cell in which influenza virus is grown (Klenk
et al. 1975). A few years later it could be demonstrated that the decrease in
infectivity for uncleaved HA was due to a block at the stage of fusion (Huang et al.
1981). For highly pathogenic avian influenza viruses of the H5 and H7 subtype it
was observed that HA cleavage can occur in almost any cell type. This was found to
correlate with the presence of a stretch of basic amino acids at the cleavage site that
can be recognized by the ubiquitously expressed proteases of the furin family
(Bosch et al. 1981; Steinhauer 1999; Klenk et al. 1984). In contrast, the cleavage
site of human influenza viruses, as well as low pathogenic avian strains, contains
only one basic amino acid and cleavage is restricted to certain cell types (Garten
et al. 1981). In recent years, some of the responsible proteases have been revealed:
It was found that the Golgi-associated protease TMPRSS2 and the plasma mem-
brane resident HAT protease can both cleave HA of different strains of human or
low pathogenic avian strains, including H1N1 and H3N2 (Bottcher et al. 2006).
Moreover, it has been revealed that H1N1 viruses as well as H7N9 viruses fully
depend on TMPRSS2 for successful propagation, whereas H3N2 viruses can use
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thus far unknown alternative proteases (Tarnow et al. 2014; Sakai et al. 2014).
TMPRSS2 therefore represents a promising drug target for H1N1 and H7N9
viruses.

3.3 Uncoating and Nuclear Import of the vRNPs

Upon fusion of viral and endosomal membranes a so-called fusion pore is formed
through which the vRNPs can be released into the cytoplasm and this process is
termed uncoating. Successful uncoating requires the function of the viral protein
M2 (Wharton et al. 1994). Tetramers of M2 sit in the viral envelope and form a
small ion channel that becomes activated by low pH and possesses specificity for
monovalent cations, such as protons (Zebedee and Lamb 1988; Holsinger and
Lamb 1991; Pinto et al. 1992; Sugrue and Hay 1991; Chizhmakov et al. 1996).
During endosomal trafficking when the endosomal lumen becomes acidified and an
influx of potassium is observed M2 allows for the protons and potassium ions to
enter the viral particle (Stauffer et al. 2014; Wharton et al. 1994). Both, the acid-
ification and the increased potassium levels are thought to trigger conformational
changes in M1 which are crucial for uncoating. M1 has an important role in virus
assembly as it binds both the envelope with the glycoproteins and also the vRNPs.
The changes in M1 conformation triggered by low pH and increased potassium
levels lead to reduced interaction between M1 and the vRNPs and thereby enable
the subsequent release of the vRNPs through the fusion pore into the cytoplasm.

While the contributions of the viral proteins to this step of the replication cycle
are well understood we are only beginning to uncover the role of host factors in this
process. Recently, the E3 ubiquitin ligase Itch was found to play a role in uncoating
(Su et al. 2013). It could be shown that upon influenza virus infection Itch becomes
phosphorylated and translocates to endosomes where it ubiquitinates M1. This
posttranslational modification of M1 seems to be important for efficient release of
the vRNPs. A second study revealed a role for HDAC6 in uncoating (Banerjee et al.
2014): It was found that influenza A virus particles contain unanchored ubiquitin
chains and evidence was provided that these unanchored ubiquitin chains lead to
the recruitment of HDAC6 to the uncoating site. As components of the cellular
aggresome machinery were also found to be required for uncoating it was
hypothesized that HDAC6 can recruit the aggresome machinery which creates the
physical forces needed to release the vRNPs from the fusion site.

Early on, it was observed that upon successful uncoating, M1 stays behind in the
cytoplasm, while the vRNPs get imported into the nucleus (Martin and Helenius
1991). Import occurs through the nuclear pores via an active, energy-dependent
process accomplished by cellular karyopherins/importins (O’Neill et al. 1995). The
members of this protein family can bind to the GTP-binding protein Ran and this
interaction is important for the directionality of transport. In the cytoplasm
karyopherins bind to their cargo and mediate import into the nucleus, where cargo
is released upon Ran-GTP binding of karyopherin. In its Ran-GTP-bound form the
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karyopherin is shuttled back to the cytoplasm, where GTP hydrolysis occurs and the
next cycle of import can take place. Cargo recognition is mediated via so-called
nuclear localization signals (NLS), which usually contain a stretch of basic amino
acids. All three subunits of the polymerase complex possess an NLS but it was
found that the NLS on the viral nucleoprotein NP is sufficient for the initial import
of vRNPs during viral entry (O’Neill et al. 1995; Cros and Palese 2003). On the
side of the karyopherins, the family members alpha-1, alpha-3 and alpha-5 have
been described to be involved in the initial import (O’Neill et al. 1995; Wang et al.
1997; Melen et al. 2003). Furthermore, heat shock protein 40 (Hsp40/DnaJB1) was
shown to be required for efficient binding of vRNPs by karyopherin alpha (Batra
et al. 2016).

Successful nuclear import of the vRNPs marks the end of the viral entry process
and the beginning of the nuclear phase of the influenza virus replication cycle.

4 Host Factors Involved in Viral Replication
and Transcription

Unlike most RNA viruses, influenza viruses replicate and transcribe their genome in
the nucleus of the cell. Therefore, it is expected that the host factors involved in
these processes will be located in the nucleus, or possibly be recruited to the
nucleus upon virus infection. After entering the nucleus the viral RNPs containing
the negative sense vRNA serve as templates for transcription and replication. The
heterotrimeric polymerase complex (PB1, PB2, PA) that is associated with each
RNP is responsible for initiating primary transcription, and one of the reasons that
influenza virus requires the nucleus is that it has a unique method of priming
transcription which is referred to as “cap-snatching” (Shaw and Palese 2013). The
PB2 protein binds to the cap structure on the 5′ end of cellular pre-mRNAs (pre-
dominantly noncoding RNAs (Gu et al. 2015; Koppstein et al. 2015)), and this is
followed by cleavage of the pre-mRNA by the endonuclease function of PA. This
produces a 5′-capped, 10–13 nucleotide primer which is then used by the
RNA-dependent RNA polymerase (PB1) to initiate transcription. All viral tran-
scripts are also polyadenylated and as such they are translated just like host
mRNAs. The mRNAs from two of the segments, M and NS, are alternatively
spliced, each producing two protein products (Shaw and Palese 2013). This process
is dependent on the host cell splicing machinery, and is another reason that influ-
enza virus replicates in the nucleus. The same viral polymerase is responsible for
replicating the vRNA via a positive sense cRNA intermediate, which is a com-
plementary copy of the vRNA and lacks any 5′ or 3′ modifications. Also, in
comparison to transcription, the initiation of replication occurs without a primer. It
is still not entirely clear what drives the polymerase to switch between transcrip-
tional and replication modes but the latest structural data indicate that the poly-
merase complex undergoes substantial rearrangement (Thierry et al. 2016),
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potentially allowing for interactions with different sets of cellular factors. Suffice to
say that host functions are intimately involved in the production of both viral
transcripts and new copies of the viral genome (Table 1).

4.1 Genome-Wide “OMIC” Studies on the Replication
Complex

In attempts to define the repertoire of cellular proteins that are involved in tran-
scription and replication, protein interaction studies have been performed on the
isolated viral RNPs (Mayer et al. 2007), the polymerase complex
(Bradel-Tretheway et al. 2011; Jorba et al. 2008), and the individual protein
components (NP, PB1, PB2, PA) (Shapira et al. 2009; Bradel-Tretheway et al.
2011; Watanabe et al. 2014b; Tripathi et al. 2015). The complexity of these studies
has increased with advancing technologies, and most recently includes the use of
recombinant viruses bearing affinity tagged proteins (Heaton et al. 2016; York et al.
2014), as well as viruses expressing one half of a luciferase complementing system
(Munier et al. 2013). In all cases many interacting proteins were identified, and
when combined this dataset presents numerous candidates to explore for potential
roles in viral polymerase function. So far only a fraction of these have been further
investigated for functional roles and we will touch on these in the following
sections.

4.2 Requirements for Transcription

Within the nucleus the influenza viral polymerase machinery needs to be located
close to sites of cellular transcription in order to steal the 5′-capped RNA primers
from nascent host transcripts. As such, one of the key host interactions is between
the viral polymerase and cellular RNA polymerase II (Engelhardt et al. 2005).
Specifically, the serine-5-phosphorylated form of the Pol II C-terminal domain
which is the form involved in initiation of transcription and addition of the 5′-cap
structure (Martinez-Alonso et al. 2016). Other interactions that have been impli-
cated in localizing the viral replication machinery to specific nuclear subdomains
are associations with chromatin remodelers. CHD1, which is recruited to tran-
scriptionally active genes via interactions with the H3 K4me3 histone mark, has
been shown to associate with influenza virus polymerase (Marcos-Villar et al.
2016). RNAi depletion of CHD1 reduces viral polymerase activity, primary tran-
scription, and viral growth, leading to the conclusion that CHD1 is a positive
regulator of influenza virus replication (Marcos-Villar et al. 2016). NXP2/MORC3
may also be involved in ensuring close proximity of the virus to sites of cellular
transcription in the nucleus as there is evidence that it too recognizes H3 K4me3
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marks (Li et al. 2012, 2016). NXP2/MORC3 was originally identified as a poly-
merase interacting protein in a proteomic study (Jorba et al. 2008), and subsequent
work has verified this interaction and shown that it is required for influenza virus
transcription (Ver et al. 2015). An emerging common feature of these virus–host
interactions is that changes are observed later in infection after viral transcription
has taken place. These include degradation of both RNA pol II (Rodriguez et al.
2007; Vreede et al. 2010) and CHD1 (Marcos-Villar et al. 2016) and relocalization
of NXP2/MORC3 to the cytoplasm (Ver et al. 2015), and it is thought that this is
partly responsible for the host gene shut off observed in influenza virus infected
cells. Through this tight regulation the virus manages to balance its need for host
transcription early in the life cycle with the need to also prevent induction of the
host antiviral response.

Host factors so far implicated specifically in the production of viral transcripts
include RRP1B (ribosomal RNA processing 1 homolog B) and SFPQ (splicing
factor proline-glutamine rich). RRP1B was identified in an RNAi screen and upon
further characterization was found to interact with the trimeric viral polymerase
complex and to show partial relocalization from the nucleolus to the nucleoplasm in
infected cells (Su et al. 2015). Depletion assays indicate that it is required for
optimal transcription and specifically the ability of the polymerase to bind to 5′-
capped host mRNAs (Su et al. 2015). SFPQ was found to associate with the
influenza virus polymerase complex (Jorba et al. 2008) and knockdown has been
shown to impair virus growth and viral gene expression (Landeras-Bueno et al.
2011). Despite the role of SFPQ in cellular mRNA splicing, it was found not to be
required for viral mRNA splicing and instead lack of SFPQ results in defective
polyadenylation of viral transcripts (Landeras-Bueno et al. 2011). Most recently, it
has been shown that DDX19, a DExD-box RNA helicase, associates with viral
transcripts in the nucleus and promotes their export (Diot et al. 2016).

4.3 Requirements for Viral RNA Synthesis

Some factors have been implicated in promoting viral transcription due to their link
to RNA Pol II but in the absence of data to discriminate between transcription and
replication a fair conclusion is that they are required for all viral RNA synthesis.
Cyclin T1/CDK9 is one such factor that has been proposed to be required for
efficient virus transcription, although reductions in cRNA and vRNA were also
observed (Zhang et al. 2010). Interestingly, the kinase activity of cyclin T1/CDK9
is not required for this effect however, it does interact with the vRNP and indi-
vidually with the PB1, PB2, and PA subunits of the polymerase complex (Zhang
et al. 2010). Based on less efficient interaction of the polymerase with the
serine-2-phosphorylated form of the RNA Pol II C-terminal domain in the absence
of CDK9 it has been proposed that CDK9 serves as an adapter between the viral
polymerase and RNA Pol II (Zhang et al. 2010). However, recent data indicating a
direct interaction between influenza virus polymerase and RNA Pol II suggests that
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this may have to be investigated further (Martinez-Alonso et al. 2016).
hCLE/C14orf166 is a RNA Pol II transcriptional regulator and was first identified
as an interacting partner of the viral PA protein (Huarte et al. 2001). In the absence
of hCLE/C14orf166 reduced levels of influenza virus transcription, replication and
viral titers are observed (Rodriguez et al. 2011). Most recently, it was reported that
hCLE/C14orf166 is incorporated into influenza virions which means that the virus
is actively transporting one of its required host factors to the next cell
(Rodriguez-Frandsen et al. 2016). DNAJA1, a member of the HSP40 family,
interacts with both PB2 and PA subunits of the viral polymerase and has been
demonstrated to enhance viral RNA polymerase activity in vitro (Cao et al. 2014).
In a cellular context it was observed that DnaJA1 is recruited into the nucleus
together with the PB1-PA dimer but that it is not involved in assembly of the newly
synthesized polymerase complex (Cao et al. 2014). Therefore, this is an example of
a normally cytoplasmic protein that is specifically transported into the nucleus to
facilitate viral RNA synthesis.

4.4 Requirements for Replication

The only factors to date that have been described to specifically promote viral genome
replication are pp32 andAPRIL (also known as ANP32A andANP32B, respectively)
(Sugiyama et al. 2015). These two factors were identified from fractionated nuclear
extract and were shown to support the synthesis of vRNA from a cRNA template.
Both of these proteins had previously been identified as binding to the polymerase
complex (Bradel-Tretheway et al. 2011) and in this later study the interaction was
isolated to free polymerase complex not associated with the RNP (Sugiyama et al.
2015). Interestingly, ANP32A has been identified as a species specificity host factor
that determines the ability of avian influenza viruses to replicate in mammalian cells
(Long et al. 2016), and this will be discussed further in Sect. 6.2.

4.5 Requirements for Viral mRNA Splicing

Two of the influenza virus genomic segments produce multiple protein products by
means of alternative splicing. The M segment encodes the M1 protein from an
unspliced transcript and the M2 protein from a spliced transcript. Likewise, the NS
segment produces NS1 from the unspliced transcript and NS2/NEP from the spliced
transcript. Splicing of cellular genes is normally very efficient, but for the virus this
process must be regulated to ensure that proteins from both spliced and unspliced
mRNAs are made. Interestingly, cellular factors that have been implicated in this
regulation appear to have specific effects on either the M or NS segments. For
example, the cellular splicing factors RED and SMU1 are preferentially required for
splicing of the NS segment (Fournier et al. 2014). RED was identified as interacting
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with both PB1 and PB2 proteins, and SMU1, which is known to bind to RED,
co-purified with the RED-polymerase complex (Fournier et al. 2014). Depletion of
either RED or SMU1 was shown to reduce viral titers and a decrease in the NEP to
NS1 ratio at both transcript and protein levels were observed (Fournier et al. 2014).
Comparatively, more proteins have been implicated in splicing of theM segment. The
first host factor described to regulate M splicing, and production of M2 protein, was
SF2/ASF (Shih and Krug 1996). Specifically it was shown that SF2/ASF binds to a
purine-rich splicing enhancer sequence in the 3′ exon of the M1 transcript, and this
controls activation of the relatively weak M2 5′ splice site (Shih and Krug 1996).
SF2/ASF is phosphorylated by the kinase, CLK1, thereby regulating its activity
(Bullock et al. 2009). So when CLK1 was identified in an RNAi screen as being
essential for influenza virus replication, it was hypothesized that CLK1 kinase
activity was required for production of M2 (Karlas et al. 2010). Indeed, it was shown
that inhibition of CLK1 by siRNA or a small molecule inhibitor, lead to a reduction in
M2 mRNA, but had no effect on M1, NS1, or NEP transcripts (Karlas et al. 2010).
Another study identified the cellular proteins NS1-BP (so named because it binds to
influenza virus NS1) and hnRNPK as regulators of M splicing (Tsai et al. 2013).
NS1-BP was shown to associate with several hnRNPs which interact directly with
M1 mRNA. Of these, hnRNPK was found to facilitate M splicing as depletion of
hnRNPK, as well as NS1-BP, resulted in decreased levels of M2message and protein
(Tsai et al. 2013). Finally, there is evidence that splicing of M and NS may take place
in different subcellular locations, which potentially explains their reliance on distinct
sets of host factors. This finding comes from a study reporting that splicing of M
transcripts is dependent on their localization in nuclear speckles, which are enriched
with splicing factors, including NS1-BP and hnRNPK (Mor et al. 2016).

5 Host Factors Involved in Nuclear Export, Trafficking,
and Budding

For the final steps of the viral life cycle the virus has to export the newly syn-
thesized vRNPs out of the nucleus and traffic them to the budding site at the plasma
membrane (Shaw and Palese 2013). At the same time the viral membrane proteins,
HA, NA, and M2, traffic through the ER-Golgi secretory network and accumulate at
the site of virus assembly. The RNPs, along with M1 and NEP, are packaged into
the budding virion which then separates from the cell membrane and is released.
Our knowledge of how host factors contribute to these processes is still rather
limited, but several studies have provided more insight in recent years (Pohl et al.
2016). We also know that cellular proteins can be detected in purified influenza
virions (Shaw et al. 2008; Hutchinson et al. 2014), and that for some this reflects
their functional role in virus assembly. In the following sections, we will review the
current information regarding the involvement of host factors in the later stages of
the influenza virus life cycle (Table 1).
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5.1 Nuclear Export of RNPs

Viral RNPs are exported from the nucleus through the nuclear pore complex in an
energy-dependent process that requires the cellular exportin machinery and
Ran-GTP. Crm1, also known as XPO1, is the major exportin responsible for
transport of influenza virus RNPs from the nucleus to the cytoplasm and this is
achieved via an interaction with the nuclear export sequences (NES) in NEP
(O’Neill et al. 1998; Neumann et al. 2000; Huang et al. 2013). M1 associates with
both NEP (Yasuda et al. 1993; Shimizu et al. 2011) and the RNP (Ye et al. 1999;
Baudin et al. 2001), so therefore serves as an adapter between the RNP, NEP, and
the cellular export machinery. However, an alternative model has been proposed
where NEP makes contact with the polymerase on the RNP as well as M1, and
enhances the M1/RNP association (Brunotte et al. 2014). Regardless, it is clear that
both NEP and M1 are critical for facilitating the interaction between the RNP and
the nuclear export machinery, and not surprisingly this is regulated by several
mechanisms involving host factors. First, the levels of M1 help to ensure that RNPs
are not exported prematurely. Early in infection, M1 is subject to ubiquitination on
lysine 242 which targets it for degradation (Gao et al. 2015), but later it becomes
sumoylated on the same residue and is stabilized, allowing it to bind to newly made
RNPs in the nucleus (Wu et al. 2011). This switch from ubiquitination to
sumoylation appears to be regulated by AIMP2, which is bound and stabilized by
NEP, and depletion of AIMP2 leads to decreased virus titers, confirming that this
host factor supports virus replication (Gao et al. 2015). Hsc70 has also been
implicated in RNP export as RNAi knockdown results in decreased virus produc-
tion, and M1 and NP remain in the nucleus. Hsc70 was first reported to bind to the
C-terminal domain of M1 (Watanabe et al. 2006), and later it was shown that Hsc70
competes with NEP for binding to M1 (Watanabe et al. 2014a), which indicates that
it may be influencing the formation of the RNP-M1-NEP complex. Alternatively, it
has been suggested that Hsc70 may mediate nuclear export of RNP-M1 complexes
independently of NEP, but dependent on an interaction with Crm1 (Watanabe et al.
2008). Similarly, NXT1 has been implicated in an NEP-independent export path-
way by binding to NP (Chutiwitoonchai and Aida 2016), which has previously been
reported to interact with the Crm1 machinery (Elton et al. 2001). NXT1 is a nuclear
export factor that is involved in the final stages of Crm1-dependent export (Black
et al. 2001), and it is shown that NP, NXT1, and Crm1 form a complex that
promotes the export of NP (Chutiwitoonchai and Aida 2016).

An emerging theme from the literature is the role of host chromatin in RNP
export. This was first highlighted by a study which showed that RNPs are tethered
to chromatin when Crm1-dependent export is blocked (Chase et al. 2011). In
addition, Crm1 was found to relocalize to areas of dense chromatin in influenza
virus infected cells, and an increase in Crm1, Ran, and Rcc1 association was
observed (Chase et al. 2011). Formation of the Crm1-Ran-Rcc1 complex occurs in
order to regenerate Ran-GTP from Ran-GDP, and thus allows recycled Crm1 to
bind to new substrates. It is proposed that by targeting RNPs to the chromatin where
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these new Crm1-Ran-GTP complexes are formed, the virus is able to monopolize
the nuclear export machinery. More recently, it has been shown that NEP interacts
with chromodomain-helicase-DNA-binding protein 3 (CHD3) via its first NES, and
that CHD3 is required to localize both NEP and Crm1 to the dense chromatin (Hu
et al. 2015). The polycomb repressive complex 2 (PRC2), which is required for the
formation of facultative heterochromatin, has also been implicated in RNP export as
depletion leads to nuclear accumulation of RNPs (Asaka et al. 2016). The study
shows that PRC2 interacts with M1 and facilitates complex formation between M1
and RNP. Finally, an interaction between NP and nucleolin has been reported to
increase the association of RNPs with chromatin (Terrier et al. 2016). Taken
together these data suggest that formation of the RNP-M1-NEP-Crm1 complex is
localized to dense/facultative chromatin within the nucleus and that this ensures
access to recycled Crm1. The host protein, CLUH, which interacts with PB2 and
M1, also appears to regulate RNP export as in the absence of CLUH, RNPs, M1,
and NEP are retained in the nucleus (Ando et al. 2016). It is not required for
CRM1-dependent export but rather it appears that CLUH is important for the
subnuclear transport of RNPs and M1 via nuclear speckles prior to their interaction
with the export machinery (Ando et al. 2016).

Host cell signaling pathways play an important role in regulating the timing of
RNP export. Early on it was recognized that inhibition of the Raf/MEK/ERK
signaling pathway leads to accumulation of RNPs in the nucleus (Pleschka et al.
2001). This MAP kinase cascade is activated by virus infection later in infection
(from 4 h onwards) and it is hypothesized that certain cellular factors that play an
essential role in RNP export become phosphorylated as a result (Pleschka et al.
2001). Influenza virus infection has also been shown to increase the expression and
activation of sphingosine kinase (SK) 1, which is known to regulate several
pathways, including NF-jB, ERK MAPK, and PI3K/AKT (Seo et al. 2013). It was
found that inhibition of SK1 blocked the activation of RanBP3 by ERK MAPK and
PI3K/AKT (Seo et al. 2013), and since RanBP3 is a co-factor of Crm1 (and has
been shown to be required for influenza virus RNP export (Predicala and Zhou
2013)), this links ERK activity with the Crm1 export machinery. Another kinase,
SGK1, has also be implicated in RNP export but it is unclear whether it is regu-
lating a viral or cellular factor (Alamares-Sapuay et al. 2013).

Lastly, an alternative export pathway that is regulated by caspase activity has
been proposed. Influenza virus induces apoptosis late in infection and inhibition of
caspase 3 was shown to inhibit influenza virus and cause RNPs to accumulate in the
nucleus (Wurzer et al. 2003). Subsequently, it was shown that activation of caspase
is associated with degradation of Nup153, a subunit of the nuclear pore complex
and the size of the nuclear pore was found to be enlarged (Muhlbauer et al. 2015).
Thus, it is thought that this may represent an additional, Crm1-independent,
pathway by which influenza virus transports RNPs from the nucleus to the cyto-
plasm, particularly at late stages of infection.
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5.2 Trafficking to the Plasma Membrane

5.2.1 Cytoplasmic Transport of RNPs

Once in the cytoplasm, the RNPs use the microtubule network and vesicular
transport system to reach the budding site at the plasma membrane, where they meet
up with the structural proteins HA, NA, and M2 (Hutchinson and Fodor 2013).
During this transit it is believed that the RNPs are sorted based on unique packaging
signals, and are bundled together so that eight RNPs, each representing one of the
eight segments, are presented for packaging at the budding site. M1 may assist in
delivery of RNPs to the correct site by associating with the plasma membrane as
well as with the cytoplasmic tails of the viral glycoproteins.

Several studies have highlighted the importance of the Rab11 pathway for
transporting RNPs to the site of virus assembly. Rab11 GTPases are involved in the
transport of recycling endosomes to the apical surface, and two members of this
family, Rab11a and Rab11b, have been linked to RNP trafficking. In the absence of
Rab11 fewer virus particles are formed (Bruce et al. 2010) and RNPs fail to
accumulate at the plasma membrane late in infection (Amorim et al. 2011; Eisfeld
et al. 2011a). Moreover, it has been shown that RNPs co-localize with
Rab11-positive recycling endosomes and that there is an interaction between RNPs
and the GTP-bound form of Rab11 (Eisfeld et al. 2011a; Momose et al. 2011;
Amorim et al. 2011). This association appears to be mediated by the viral poly-
merase, specifically the PB2 subunit (Amorim et al. 2011; Momose et al. 2011;
Avilov et al. 2012). It has also been shown that RNPs accumulate at the micro-
tubule organizing center (MTOC) (Momose et al. 2007) and it is proposed that this
facilitates access to the Rab11 recycling endosomes which then carry the RNPs to
the cell surface along the microtubule network (Amorim et al. 2011). Initial
localization to the MTOC is mediated by Y-box-binding protein 1 (YB-1) which
interacts with RNPs in the nucleus and upon export it is said to act as a porter to
deliver the RNPs to the MTOC (Kawaguchi et al. 2012). Another host factor
implicated in the early cytoplasmic transport of RNPs is the human immunodefi-
ciency virus (HIV) Rev-binding protein (HRB). HRB was identified as an
NEP-interacting partner (O’Neill et al. 1998) and depletion prevents accumulation
of RNPs at the cell surface (Eisfeld et al. 2011b). Co-localization of HRB with NEP
is observed in the perinuclear region, and also with RNPs at the MTOC which has
led to the proposal that HRB mediates the transfer of RNPs from the nuclear export
machinery to the vesicular transport network at the MTOC (Eisfeld et al. 2011b).

So far there is no evidence that Rab11 stays associated with RNPs as they are
packaged into virions, so it remains to be seen how RNPs are transferred, or
diverted, from Rab11 recycling endosomes to the site of virus assembly at the
plasma membrane. It is very likely that additional host factors will be found to
facilitate this final step in RNP transport.
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5.2.2 Transport of Viral Membrane Proteins

The three integral membrane proteins, HA, NA, and M2, all traffic through the
ER-Golgi secretory network and accumulate at the apical surface of the plasma
membrane (Shaw and Palese 2013). HA and NA specifically cluster in areas rich in
cholesterol and sphingolipids (the so-called lipid rafts), and drive the formation of
the bud. In contrast, M2 is found in regions adjacent to lipid rafts and is involved in
pinching off the budding virion from the membrane, which is consistent with the
finding that there is very little M2 incorporated into virus particles. In the final step,
the neuraminidase activity of NA is required to cleave any sialic acid linkages to
release the virion from the cell.

It is well known that cholesterol, which is a key component of lipid rafts, is
essential for HA and NA localization at the plasma membrane, and for virus
assembly (Scheiffele et al. 1997). Likewise, sphingomyelin, which is another lipid
raft component, is also important. It has been shown that cells deficient in sphin-
gomyelin synthesis do not support virus assembly and that HA and NA transport is
blocked at a point beyond the trans-Golgi network (Tafesse et al. 2013). Thus, lipid
synthesis appears to be critical but much less is known about specific host factors
that participate in the transport of these viral membrane proteins through the
ER-Golgi network and beyond. Starting in the ER, viral proteins are
co-translationally folded, and thus rely on host chaperones such as calnexin and
calreticulin (Hebert et al. 1997). The translocon, which translocates polypeptides
into the ER, is also critical and a major component, Sec61, has been shown to
interact with HA and NA (Heaton et al. 2016). RNAi knockdown or small molecule
inhibition of Sec61 causes a decrease in virus production accompanied by a lack of
HA and NA surface expression, but no loss of M2 expression (Heaton et al. 2016),
so potentially this reflects a greater requirement for translocon activity for glyco-
sylated viral proteins. For transit through the ER-Golgi network to the cell surface
vesicular trafficking proteins such as Rho family GTPases could be critical, and so
far one member, Cdc42, has been shown to be important for the transport of NA
from the Golgi to the plasma membrane (Wang et al. 2012). At the moment it is
unclear whether Cdc42 also participates in trafficking of HA or M2. UBR4, which
interacts with M2, has been shown to be important for M2 trafficking from the ER
to the plasma membrane, and is relocalized from the nucleus to the ER in infected
cells (Tripathi et al. 2015). It is potentially important for HA and NA too, as
decreased surface levels of all three viral membrane proteins are observed in the
absence of UBR4, culminating in a loss of virus particle production (Tripathi et al.
2015). It has also been reported that TRAPPC6A, is required for M2 trafficking to
the cell surface and interacts with the M2 cytoplasmic tail (Zhu et al. 2016). Finally,
pharmacological inhibition of COPI complexes has been shown to inhibit surface
expression of viral glycoproteins and virus assembly (Sun et al. 2013), indicating
either a direct role in viral protein transport or a role in transport of essential host
membrane components.
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5.2.3 Budding and Release of Virus Particles

Either HA or NA alone is sufficient to initiate virus budding and it is thought that in
infected cells the accumulation of these two glycoproteins in lipid raft domains at
the plasma membrane drives formation of the budding virus particle (Nayak et al.
2009). This must be coordinated with delivery of RNPs to the assembly site for
genome packaging. Following RNP packaging, M2 is responsible for scission from
the cell membrane and then NA cleaves sialic acid linkages with HA to release the
virus particle from the cell (Shaw and Palese 2013). Several cellular proteins have
been found to be incorporated into influenza virus particles and for some this may
reflect a specific role in formation of the virion (Hutchinson et al. 2014; Shaw et al.
2008). Actin is one such example and it is proposed that actin rearrangement may
be required to push the cell membrane outwards during bud formation (Nayak et al.
2009), and to maintain lipid raft integrity (Simpson-Holley et al. 2002). It has also
been shown that cofilin (also detected in virus particles) is important for regulating
these actin dynamics (Liu et al. 2014). CD81, which is incorporated into the
membrane of virus particles and accumulates at the neck of the budding virion, was
shown to facilitate membrane scission through either direct or indirect mechanisms
(He et al. 2013). This same step may involve RACK1 which is a scaffolding protein
for signaling cascades, and interacts with the viral M1 protein (Demirov et al.
2012). Loss of this interaction or depletion of RACK1 results in an arrested budding
phenotype where virus particles remain attached to the cell membrane. Finally,
through investigation of NEP-interacting proteins, F1Fo-ATPase has been shown to
promote efficient virus budding in an ATPase dependent manner and it is thought
that local concentration of this activity at the plasma membrane helps to induce
membrane curvature (Gorai et al. 2012).

6 The Role of Host Factors in Zoonotic Transmission
of Influenza Virus

The reservoir of influenza A viruses are aquatic birds, with the exception of the
recently identified bat influenza viruses (Tong et al. 2012, 2013). Therefore,
influenza viruses have been co-evolving with birds over a long period of time
(Wright et al. 2013). They are well adapted to usurp the avian host machinery,
including signaling and transport pathways, protein translation, and glycosylation
functions and many more. If influenza A virus is transmitted to other hosts, such as
pigs or humans, in the majority of cases the virus will not be able to replicate
efficiently and start a transmission chain in the new host as it is not adapted to use
the new host’s cellular functions (Schrauwen and Fouchier 2014). While some host
proteins are highly conserved and will allow the virus to interact with them, others
will differ substantially between avian and mammalian cells and thereby pose a
barrier to cross-species transmission. Thus far, we know of a few examples of host
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factors that belong to the latter group but we are still far from having a detailed
picture of the conserved versus the barrier-posing host dependency factors. As
many more tools are available for studying host factors in human cells and such
human host factors also represent potential drug targets, most work has been per-
formed in human cells with human viruses. Very little is known about the inter-
action between avian strains and their avian host cells and it will be important to
develop more tools and assays to fill this gap in our understanding of the virus–host
interplay.

In this section, we will describe two examples of host factors known to pose a
barrier to cross-species transmission of influenza A viruses.

6.1 Restriction of Zoonotic Transmission by Host-Specific
Distribution of Sialic Acids

The best known example for a barrier to zoonotic transmission of influenza A virus
is the distribution of its receptor, namely sialic acid modifications on glycoproteins
and lipids at the plasma membrane of target cells [reviewed in (Cauldwell et al.
2014; de Graaf and Fouchier 2014)]. Sugar modifications do not represent the
typical host dependency factor. However, the distribution of the glycans depends on
the expression levels and patterns of specific sialyltransferases and these can
therefore be considered an example of host factors that pose a barrier to
cross-species transmission of influenza viruses.

In the avian host the virus replicates in the gastrointestinal tract, where the
epithelial cells display mostly a-2′3′-linked sialic acid. The numbering refers to the
linkage of sialic acid to the penultimate sugar of the glycan, which is usually
galactose. The hemagglutinin proteins of avian strains therefore bind preferentially
to a-2′3′-linked sialic acid (Rogers and Paulson 1983). In contrast, mammalian
strains of influenza A virus replicate in the mammalian upper respiratory tract,
where mostly a-2′6′-linked sialic acid is present and their hemagglutinins display
higher affinity for a-2′6′-linked sialic acid (Gambaryan et al. 1997; Matrosovich
et al. 2000). For a successful zoonotic transmission from an avian to a mammalian
host the virus needs to accomplish a change in receptor specificity, which is
mediated by amino acid substitutions in hemagglutinin that change the preference
from a-2′3′- to a-2′6′-linked sialic acid. This switch has been documented for many
viruses that underwent successful zoonotic transmission and is considered the most
important event in the evolution of a new mammalian lineage of influenza A virus
(Liu et al. 2009; Yamada et al. 2006; Glaser et al. 2005; Stevens et al. 2006a).
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6.2 Restriction of Zoonotic Transmission by the Host
Protein ANP32A

For many years, it has been known that mutations in the viral polymerase-encoding
genes are selected during adaptation of avian influenza viruses to mammalian cells.
Early on, it was recognized that an amino acid change at position 627 in PB2 is of
particular importance: While most avian strains carry a glutamic acid (E) at this
position most mammalian isolates have a lysine (K) instead, and this switch has
occurred multiple times independently (Subbarao et al. 1993; Steel et al. 2009; Van
Hoeven et al. 2009). It was further demonstrated that while avian polymerases
display almost no activity in reconstituted polymerase assays in human cells a
single change from E627 to K627 is sufficient to confer human-like activity to the
avian polymerase (Mehle and Doudna 2009; Moncorge et al. 2010). However, the
underlying molecular mechanism was unknown.

Only recently, a key host factor behind the barrier encountered by avian poly-
merases in human cells was identified. It could be demonstrated that expression of
avian ANP32A (acidic (leucine-rich) nuclear phosphoprotein 32 family, member A)
but not human ANP32A can rescue the activity of an avian polymerase in human
cells but not increase the activity of polymerases derived from human strains of
influenza A virus (Long et al. 2016). This difference could be attributed to a stretch
of 33 amino acids present in the avian version but not in mammalian ANP32A that
was necessary for the polymerase-enhancing effect. Transfer of these 33 amino
acids to the human version enabled avian polymerase activity in human cells.
Interestingly, an earlier study had shown that human ANP32A and ANP32B are
required by human polymerases for RNA replication, specifically for vRNA syn-
thesis from the cRNA template (Sugiyama et al. 2015). Furthermore, it was found
that human ANP32A and ANP32B can both interact with the trimeric complex of
PB1, PB2, and PA but not the individual subunits or the vRNP complex. Binding
properties of avian polymerases to human and avian ANP32 A or B have not been
analyzed yet but one can speculate that avian polymerases can only interact with
avian ANP32A and rely on it for RNA replication. Adaptation, by the change at
position 627 in PB2, could potentially allow the avian polymerase to recruit human
ANP32A or B to accomplish vRNA synthesis. However, further studies are
required to verify or modify this current model of action.

Many more cellular factors can impact the potential of avian strains to cross the
species barrier and successfully replicate in mammalian cells but more work, in
particular, in avian experimental systems, is required to identify the key players and
elucidate their mechanism of action.
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7 Host Factors for Antiviral Drug Development

Knowledge of critical virus–host interactions has potential translational applications
as the host factor could be targeted by small molecule inhibitors to achieve antiviral
activity (Shaw 2011; Watanabe and Kawaoka 2015). Two of the most promising
examples of this for influenza that we will highlight are inhibition of Crm1 and the
Raf/MEK/ERK pathway. Verdinexor is an orally bioavailable inhibitor of nuclear
export that targets Crm1 (also known as XPO1), which, as described in Sect. 5.1, is
required for export of viral RNPs from the nucleus. Strong antiviral activity of
verdinexor against influenza viruses has been demonstrated both in tissue culture
and in mouse models, where it reduces virus titers in the lungs and increases
survival of infected animals (Perwitasari et al. 2014). Although Crm1-dependent
export of cellular proteins is also affected by this compound, it and related com-
pounds appear to be tolerated in both animal studies and in human Phase I trials for
cancer (Abdul Razak et al. 2016), providing an opportunity for antiviral applica-
tions. Of note, due to the acute nature of influenza infections, antiviral therapies are
normally of short duration which perhaps provides greater opportunity to explore
host-directed drug strategies without adverse effects associated with long-term
inhibition of cellular pathways.

The Raf/MEK/ERK signaling pathway (involved in RNP export) has also been
targeted as an antiviral strategy, and the MEK-inhibitor U0126 has been demon-
strated to inhibit the growth of influenza viruses and shows efficacy in animal
studies (Droebner et al. 2011). In addition, when used in combination with osel-
tamivir (which targets the viral NA), MEK inhibitors exhibit synergistic activity
(Haasbach et al. 2013). This could allow lower, less toxic, doses to be used so may
prove to be advantageous. While concerns about toxicity will always plague
host-targeted approaches to antiviral development, there are some distinct benefits.
These include the fact that these compounds are unlikely to be affected by muta-
tions in the virus, so they would be effective against viruses that are resistant to
virus-directed antivirals. Also, because the requirement for the host factor is nor-
mally conserved, they will probably be effective against a wide-range and possibly
all influenza viruses. In fact, sometimes the host pathway is important for several
different virus families which provides potential for the development of a
broad-spectrum antiviral. With increasing knowledge of the host cell functions that
influenza virus depends on it is hoped that we will be able to expand the number of
potential antiviral targets and revitalize antiviral drug development for influenza.
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are zoonotic RNA viruses that cause lethal disease in humans and are designated as
Biosafety Level 4 (BSL4) agents. Moreover, henipaviruses belong to the same
group of viruses that cause disease more commonly in humans such as measles,
mumps and respiratory syncytial virus. Due to the relatively recent emergence of
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cycle is incomplete. In this chapter we describe recent loss-of-function (i.e. RNAi)
functional genomics screens that shed light on the henipavirus–host interface at a
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1 Introduction of Henipaviruses

1.1 Discovery and Classification

Paramyxoviruses (order Mononegavirales) are single-stranded RNA viruses of
negative polarity that can cause diseases in humans (rabies, measles virus, mumps
virus, respiratory syncytial virus, human parainfluenza virus, Ebola virus) and ani-
mals (Newcastle disease virus, canine distemper virus, borna disease virus). The
family Paramyxoviridae is divided into two subfamilies (Paramyxovirinae and
Pneumovirinae), with Hendra virus (HeV) being the foundation member of the
genus Henipavirus in the subfamily Paramyxovirinae. The discovery of the HeV
and Nipah virus (NiV) had a striking impact on our understanding of paramyxovirus
biology. Henipaviruses have a much wider host range and a significantly larger
genome than other paramyxoviruses, and to date are the only biosafety level (BSL)-4
agents within the family. With mortality rates of human infection between 50 and
100%, HeV and NiV are among the most deadly viruses known to infect humans.

HeV emerged in 1994 in the Brisbane suburb of Hendra, Queensland, Australia,
where it caused an outbreak of severe respiratory disease in horses that led to the
natural death or euthanasia of 14 out of 21 affected animals. Two people who had
close contact with the infected horses were infected and one of these patients died
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(Murray et al. 1995). Extensive sampling demonstrated that Australian mainland
flying foxes (family Pteropodidae, genus pteropus) were seropositive for neutralis-
ing antibodies against HeV (Young et al. 1996), while the virus was subsequently
isolated from flying fox uterine fluid and urine (Halpin et al. 2000), providing strong
evidence for Australian mainland flying foxes as the HeV reservoir. Sporadic HeV
incidents occurred in horses between 1994 and 2010, with 14 events identified. An
alarming number of HeV incidents (34 in total) occurred between 2011 and 2013,
with 18 of those occurring in 2011 alone, highlighting the unpredictable nature of
HeV outbreaks. Seven human cases of HeV disease have been observed, four of
which resulted in fatal disease. All recorded cases of HeV transmission to humans
have occurred directly from affected horses. The horses are believed to have acquired
HeV infection following direct exposure to secretions from flying foxes. More
recently, the decline of reported human cases of HeV infection is potentially due to
the development of a vaccine to inhibit HeV disease in horses (Middleton et al. 2014).

NiV was first identified during a disease outbreak on the west coast of Peninsular
Malaysia in late 1998. Commercial pig farmers suffered disease characterised by febrile
encephalitis that was linked to mild respiratory and neurological disease in pigs (Mohd
Nor et al. 2000; From the Centers for Disease Control and Prevention 1999). Nucleotide
sequencing demonstrated the virus was closely related to HeV, whilst fruit bats of the
Pteropodidae family,Pteropus genus, were confirmed as the natural reservoir (Yob et al.
2001). Epidemiological evidence suggested that human infections were caused by
transmission from pigs which likely had prior contact with fruit bats (Update: outbreak
of Nipah virus–Malaysia and Singapore 1999). By mid-1999, cases of human infection
were reported in Singapore, where abattoir workers developed NiV infection associated
with contact with pigs imported fromMalaysia. This initial outbreak of NiV inMalaysia
resulted in 265 human cases reported with 105 deaths. Since 2001, NiV outbreaks have
been reported almost every year in selected districts of Bangladesh (Hossain et al. 2008;
Luby et al. 2009a). Unlike HeV, human-to-human transmission of NiV has been doc-
umented (Luby et al. 2009b), including in a hospital setting.

An increasing focus on flying foxes as viral reservoirs has led to the discovery of
new henipaviruses. The genus was expanded in 2012 upon the isolation and
characterisation of Cedar virus (CedPV), isolated from bat urine samples from a
flying fox colony in Cedar Grove, South East Queensland. CedPV shows a
remarkably similar genome organisation to HeV and NiV, antigenic cross-reactivity
of the nucleocapsid protein between henipaviruses, and shares the same predomi-
nant entry receptor molecule, ephrin-B2 (Marsh et al. 2012). However, a critical
difference between CedPV and HeV and NiV is that the CedPV P gene lacks coding
capacity for the immune antagonising V protein, whilst the CedPV P protein shows
an impaired capacity to bind and inhibit IFN signalling via signal transducer and
activator of transcription (STAT)1 and STAT2 (Lieu et al. 2015). Accordingly,
CedPV infection induces a robust type I interferon (IFN) response in human cells
in vitro and does not cause clinical disease in ferret and guinea pig models of
disease. Such findings highlight the importance of immune evasion in the context of
henipavirus pathogenicity and demonstrate the diverse range of pathogenicity
within the same genus.
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1.2 Natural Reservoir and Other Novel Henipaviruses

In addition to these three viruses, the henipavirus genus is likely to be expanded in
the future to accommodate the discovery and characterisation of emerging viruses
from bats and other reservoirs. West African fruit bats harbour neutralising anti-
bodies against HeV and NiV in particular, demonstrating a wider geographical
range for henipaviruses not limited to pteropid bats (Hayman et al. 2008).
Furthermore, a novel henipa-like virus, Mojiang paramyxovirus, was isolated from
rats in the Yunnan Province of China in 2012 and may have caused fatal disease in
three individuals (Wu et al. 2014). Alarmingly, a recent study looking at bat and
human serum samples from Cameroon found that 3–4% of human samples were
seropositive for henipaviruses, and that this was almost exclusively among indi-
viduals who reported butchering bat meat, providing the first evidence of human
henipavirus spillover infections in Africa (Pernet et al. 2014).

2 Functional Genomics Analysis of Henipavirus Infection

2.1 Platforms for Functional Genomics and Challenges
for Studying BSL-4 Pathogens

There are currently no licensed therapies to treat human cases of henipavirus
infection. Therefore, gaining a deeper understanding of host pathways exploited by
henipaviruses for infection may identify targets for new antiviral therapies. Viruses
rely on the cell host machinery for completion of their infection cycle and therefore
have adapted to interact with or exploit host molecules. Retroviruses, most DNA
viruses, and many orthomyxoviruses replicate their genomes in the host nucleus.
Conversely, most positive-sense single-stranded viruses such as picornaviruses and
flaviviruses and negative-sense, single-stranded viruses such as filoviruses, rhab-
doviruses, and paramyxoviruses are perceived as cytoplasmic viruses and therefore
are believed to not have a nuclear stage in their life cycle, replicating their genome
entirely in the cytoplasm (Lamb and Parks 2007). However, proteins of some of
these viruses can traffic into nuclear compartments during infection (Peeples 1988;
Yoshida et al. 1976; Ghildyal et al. 2003; Monaghan et al. 2014; Wang et al. 2010)
and this movement is sometimes critical for efficient infection (Wang et al. 2010).
This evidence indicates that the host nucleus may play a significant role in the
infection cycle of henipaviruses and that the dynamics of virus–host interactions that
occur in the nuclear compartments is an understudied area of molecular biology and
virology. Furthermore, since important discoveries in cell biology often follow
studies of how viruses exploit normal host machinery, investigations into these
nuclear interactions may reveal interesting novel insights into the cell biology of the
mammalian nucleus. With this in mind, functional genomics provides a powerful
and unbiased approach to study these biological questions.
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Functional genomics refers to the development and application of global
(genome-wide or system-wide) experimental approaches to assess gene function by
making use of the information and reagents provided by sequenced genomes
(Hieter and Boguski 1997). A wide range of laboratory techniques can be con-
sidered as functional genomics, including genome interaction mapping (at the DNA
level), microarrays, transcriptomics and serial analysis of gene expression (SAGE)
(at the RNA level), yeast 2 hybrid systems and affinity chromatography and mass
spectrometry (at the protein level) and loss-of-function studies such as mutational
studies, RNA interference (RNAi) and clustered regularly interspaced short palin-
dromic repeats (CRISPR) studies. Functional genomics has demonstrated much
power in its ability to dissect the dynamic interplay between host and viral factors
during a virus infection, paving the way for novel drug targets. For instance, a
haploid genetic screen resulted in the discovery of the once elusive entry receptor
for Ebola virus (Carette et al. 2011). There have been many full- or partial-genome
RNAi screens of host–virus interactions, including orthomyxoviruses (Brass et al.
2009; Hao et al. 2008; Karlas et al. 2010; Konig et al. 2010; Shapira et al. 2009),
retroviruses (Zhou et al. 2008; Konig et al. 2008; Brass et al. 2008) and flaviviruses
(Ang et al. 2010; Sessions et al. 2009). Until recently, such information was lacking
for henipaviruses, and perhaps surprisingly, for paramyxoviruses generally.

Functional genomics screens can be technically challenging, laborious and
involve the use of robotics and advanced imaging equipment. Consequently there
are technical and practical challenges to performing high-throughput screens at
higher levels of containment. HeV and NiV are classified at BSL-4 agents due to
their association with lethal human disease and the absence of preventive measures
and effective treatments to combat infections. BSL-4 facilities feature additional
precautions to protect workers from infections and prevent exposure, such as
infectious work being conducted within class II biosafety cabinets, limited access
by secure, locked doors, HEPA filtration of laboratory air, and additional primary
containment (positive pressure air suits or class III biosafety cabinets). Due to these
limitations, previous genome-wide screens for BSL-4 viruses used surrogate viru-
ses, such as pseudotyped particles, and have been performed under BSL-2 condi-
tions (Kouznetsova et al. 2015; Kleinfelter et al. 2015).

2.2 Functional Genomics Studies on Henipaviruses

Functional genomics have been employed to study henipavirus infection. For
instance, the entry receptor of HeV and NiV, ephrin-B2, was identified by
microarray analysis of infection-permissive and infection-resistant cell lines
(Bonaparte et al. 2005). Transcriptomics and proteomics have been utilised to
uncover key differences in cellular responses to HeV infection in HeV
disease-susceptible (human) and disease-resistant (bat) cells, and suggest that
activation of apoptosis pathways via the innate immune pathway may contribute to
the tolerance of henipaviruses by flying foxes (Wynne et al. 2014). Here we largely
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focus on findings from two recent RNAi screens to identify protein-coding genes
and host-encoded microRNAs impacting the henipavirus infection cycle in human
cells. Not only can these findings be compared to published RNAi screens of host–
virus interactions, but the identification of host genes required for infection (as
opposed to those that are merely differentially expressed during infection) may
deliver new targets for the development of antiviral therapies.

The large number of HeV incidents in Australia from 2011 to 2013 prompted
researchers at our laboratory to establish the capability to perform genome-wide
RNAi screens at BSL-4. Central to this work was the development of a recombinant
HeV expressing the renilla luciferase construct, which allowed for high throughput
and rapid measurement of virus infection (Marsh et al. 2013). This recombinant
virus was shown to be lethal in the ferret model of henipavirus disease and
exhibited a pathogenesis profile comparable to the wild-type virus. Functional
genomics at high containment also required the establishment of protocols and/or
safe work procedures for the operation and decontamination of liquid handling
robots.

3 The Reliance of Henipavirus Infection on Nuclear
and Nucleolar Proteins

3.1 Genome-Wide RNAi Screening

A genome-wide analysis of host protein-coding genes required for henipavirus
infection involved a primary screen assaying 18,120 protein-coding genes, followed
by a secondary deconvolution screen and a tertiary screen determining whether
screen results obtained using recombinant HeV could be recapitulated using
wild-type HeV and NiV (Deffrasnes et al. 2016). Applying a robust Z score nor-
malisation method often used to interpret siRNA screen results (Birmingham et al.
2009; Zhang et al. 2006), 585 and 630 genes were identified that promoted or
suppressed HeV infection, respectively, without adversely impacting cell numbers.
At the completion of the primary screen, 200 proviral genes were selected based on
rank for the secondary deconvolution screen. By this measure, 20 high- and 46
medium-confidence genes (>2 standard deviations from mean mock values for 4/4
or 3/4, or 2/4 siRNAs, respectively) were identified as being required for HeV
infection. The apparent reliance of henipavirus infection on the nuclear or nucleolar
host proteins was particularly striking, as over 40% of high confidence hits localise
in the nucleus or nucleolus, with many involved in ribosome biogenesis (Table 1).

The nucleus is the site of gene expression and DNA transcription into mRNA,
and houses the early steps of the RNAi pathway. The nucleus is separated from the
cell cytoplasm by the nuclear envelop which contains nuclear pores and
import/export proteins allowing the passage of small molecules such as mRNA.
Nuclear import/export proteins such as XPO1 and KPNA3, which are required for

196 C.R. Stewart et al.



trafficking of larger molecules like proteins, were identified by RNAi screen as
required for henipavirus infection (Deffrasnes et al. 2016).

The nucleolus is a highly dynamic structure and has increasingly been shown to
play a critical role in virus–host interactions (Rawlinson and Moseley 2015; Xu
et al. 2016). The nucleolus contains three regions composed of the fibrillar centre
(FC) in the middle, surrounded by the dense fibrillary component (DFC) and the
granular component (GC). This membrane-less structure contains a high concen-
tration of proteins and RNAs and is the site of ribosomal RNA (rRNA) synthesis
and ribosome production but is also a multifunctional structure in eukaryotic cells.
Cell cycle progression, stress response, genetic silencing, regulation of apoptosis,
cell migration and invasion are all functions associated with the nucleolus or partly
regulated in this compartment (Rawlinson and Moseley 2015; Xu et al. 2016;
Pederson 2010).

3.2 Fibrillarin and Its Role in Henipavirus Infection

Fibrillarin is the main nucleolar protein responsible for the chemical modification of
ribosomal RNA (rRNA). This 34–38 kDa 2′-O-methyltransferase transfers methyl
groups from its substrate, the S-adenosylmethionine (SAM), to the 2-hydroxyl
groups of ribose target in rRNA. Fibrillarin has also been shown to methylate
glutamine residue 104 of the human histone H2A, weakening its binding to the
FACT (facilitator of chromatin transcription) complex and impacting chromatin
remodelling and rDNA transcription by RNA Pol I (Tessarz et al. 2013), which
points at an additional role for fibrillarin in ribosome biogenesis and translation.

Table 1 Nuclear or nucleolar host protein-coding genes required for HeV infection

Entrez gene Function

DDX10 Pre-rRNA cleavage and component of the U3 small subunit processome

EIF2S3 Recruitment of methionyl-tRNA to the 40S ribosomal subunit, initiation factor

ESF1 RPL & RPS family member, pre-rRNA processing

FBL Pre-ribosome processing, chemical modification of pre-rRNA

GTPBP4 Ribosome subunit assembly

KPNA3 Nuclear export/import

IMP4 Pre-rRNA cleavage and component of the U3 small subunit processome

MRPL12 Structural constituent of the mitochondrial ribosome

POLR3E rDNA transcription

PWP2 RNA binding and snoRNA binding

RPL13A Pre-ribosome processing, modification of pre-rRNA

RPL7A Component of the 60S ribosomal subunit

SP7 Transcriptional regulation

XPO1 Nuclear export
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Fibrillarin itself is methylated on several arginine residues by protein arginine
N-methyltransferase 1 (PRMT1), which is thought to influence its activity
(Rodriguez-Corona et al. 2015).

Expression levels of fibrillarin have been shown to be regulated by p53 through
direct binding to fibrillarin intron 1. Abnormal levels of fibrillarin have been
detected in p53-inactivated cancer cells and a decrease in p53 levels has been
associated with an increase in fibrillarin expression, and conversely an increase in
p53 expression results in decreased fibrillarin expression (Marcel et al. 2013). High
levels of fibrillarin lead to changes in the rRNA methylation pattern, diminished
translation fidelity and increase in IRES-mediated translation of some cancer genes.
Moreover, ribosome biogenesis is often dysregulated and over-activated in cancer
cells that have a decreased or absent p53 expression (Marcel et al. 2013).

In its N-terminal region, fibrillarin contains a glycine- and arginine-rich region
(the GAR domain) enabling interaction with cellular and viral proteins, and acting
as a nucleolar retention signal. Its C-terminal region (MTase) contains multiple
RNA-binding domains, a catalytic site allowing for fibrillarin methyltransferase
function, and is the site for NOP56/58 interaction. Fibrillarin is a part of at least one
nucleolar ribonucleoprotein (snoRNP) complex comprising the NOP56, NOP58
and 15.5 K nucleolar proteins. X-ray data have suggested that the methylation of
rRNA requires the formation of this complex with involvement of four fibrillarin
molecules interacting with different regions of the target rRNAs. The yeast
equivalent of fibrillarin, NOP1, has been more extensively studied than the human
counterpart but fibrillarin is a well-conserved protein in most organisms, reinforcing
the notion that all post-transcriptional processes involving fibrillarin such as
chemical modification (methylation) of rRNA, pre-rRNA cleavage and ribosome
assembly are essential for proper cellular functioning (Rodriguez-Corona et al.
2015).

In eukaryotes, ribosome biogenesis involves numerous nucleolar proteins and
accessory factors, around 80 ribosomal proteins, many small nucleolar RNAs
(snoRNAs), three RNA polymerases (RNA polymerase I, II and III) and four
different species of rRNAs. The process of assembly of elongation-competent 80S
ribosomes is divided into three major steps: (1) ribosomal DNA (rDNA) tran-
scription into precursor rRNAs (pre-rRNAs), (2) processing of pre-RNAs into
mature rRNAs, and then (3) assembly of rRNAs with ribosomal proteins into
functional ribosomes. In the nucleolus, the RNA polymerase I (RNA Pol I) is
responsible for transcribing the 18S, 5.8S and 28S rRNA from a single poly-
cistronic pre-rRNA, while RNA pol III transcribes the 5S rRNA in the nucleus (Xue
and Barna 2012). The pre-RNAs are then cleaved and modified during the
pre-rRNA processing phase. All ribosomal proteins (RP) are transcribed in the
cytoplasm by RNA Pol II and then translated before migrating to the nucleolus.
These RP, along with nucleolar proteins such as fibrillarin and RPL13A, are
responsible for modifying the rRNAs (ribose 2′-O-methylation, pseudouridylation,
etc.) with the activity of more than 100 snoRNAs guiding the process in a
site-specific manner. The main nucleolar protein involved in rRNA modification is
fibrillarin, which methylates more than 100 sites essential for ribosome biogenesis
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and stability. Although these post-transcriptional modifications are crucial for
ribosome functions, their roles are not yet fully understood. In eukaryotes, the large
60S subunit of ribosomes is made of the 5S, 5.8S, and 28S rRNA along with
multiple large subunit ribosomal proteins (RPL), while the small 40S subunit is
made of the 18S rRNA along with multiple small subunit ribosomal proteins (RPS).
The two subunits are assembled in the nucleolus into the 80S ribosomes before
being transferred into the cytoplasm.

Deffrasnes and colleagues showed that siRNA-mediated knockdown of fibril-
larin expression dramatically reduced HeV protein production and viral genome
replication but did not impact viral fusion, and that fibrillarin catalytic activity was
essential to henipavirus infection. On the other hand, overexpression experiment
did not lead to an increase in viral titers, suggesting that a simple reduction or
increase in overall ribosome production is unlikely to explain the reliance of
henipaviruses on fibrillarin activity (Deffrasnes et al. 2016).

3.3 Modulation of Translation in Henipavirus Infection

The requirement of fibrillarin and several other proteins from the ribosomal bio-
genesis pathway for henipavirus infection points a reliance on translation for effi-
cient infection. However, while we tend to view ribosomes as homogenous, new
studies reveal a more heterogeneous nature of ribosomes due to differences in the
ribosomal proteins recruited, post-translational modifications of rRNA and rRNA
composition. Moreover, ribosomal proteins have been found to have additional
functions outside of their primary roles in ribosomes and to be involved in other
nucleolar functions such as regulation of cell proliferation, tumorigenesis and DNA
damage response (Xu et al. 2016; Xue and Barna 2012; Au and Jan 2014).

In eukaryotes, most messenger RNA (mRNA) harbour a 5′ 7-methylguanosine
cap structure and a 3′ poly(A) tail, which are both required for canonical,
cap-dependent translation. A cap-independent translation mechanism also utilised
by a subset of host proteins is called Internal Ribosome Entry Site (IRES)-mediated
translation. It is believed that most genes translated via an IRES are related to stress
response, cell proliferation, cell death/survival, and that IRES-mediated translation
happens when the canonical cap-dependent translation is inhibited either by the host
reaction to environmental factors, damage, stress or infections. However, a group
recently suggested that thousands of human genes are translated via this
cap-independent mechanism, representing a 50-fold increase in the number of
sequences previously associated with this translation pathway (Weingarten-Gabbay
et al. 2016).

Recently a new type of translation has been described in vesicular stomatitis
virus (VSV)-infected cells. This non-canonical cap-dependent protein translation
involves the ribosomal protein RPL40 acting as a constituent of the large subunit of
ribosomal complexes and suggests a novel ribosome-specialised translation initia-
tion pathway benefiting viral mRNA translation (Lee et al. 2012). Translations of
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viral proteins from several other mononegaviruses, including the paramyxoviruses
measles virus (MeV) and Newcastle disease virus (NDV), and a subset of cellular
transcripts, are also RPL40-dependent.

How henipavirus mRNAs are translated is not fully understood. Whilst the
RPL40-dependent form of cap-dependent translation remains to be characterised in
detail, one could speculate that fibrillarin, like RPL40, acts a novel initiation factor
for henipavirus mRNAs. The fact that depleting cells of fibrillarin did not impact
synthesis of influenza A viral proteins (which occurs via the canonical
cap-dependent pathway) suggests that henipavirus mRNA translation occurs via a
non-canonical pathway, perhaps used by a subset of cellular transcripts. Such a
concept would allow henipavirus protein synthesis to proceed in an environment
where viruses may induce cellular translation shutdown in order to suppress host
antiviral immune responses. There are several reports of paramyxoviruses blocking
canonical translation pathways, including the MeV N protein binding to the
eukaryotic initiation factor 3 (eIF3-p40) (Sato et al. 2007), whilst the P and V
proteins of simian virus 5 (SV5) limit activation of the double-stranded RNA
(dsRNA)-dependent protein kinase (PKR) to limit both host and viral protein
translation (Gainey et al. 2008). Similar to SV5, siRNA-mediated depletion of PKR
results in increased HeV growth (robust Z score 1.46), consistent with the notion
that shutdown of host protein translation inhibits henipavirus infection.

If future studies do indeed demonstrate a role of fibrillarin in influencing the
synthesis of ribosome subtypes required for viral protein translation, this may
explain the targeting of fibrillarin by several viral proteins. Fibrillarin binds the HeV
matrix (M) protein during the early stages of infection, whilst the HIV-Tat protein
has been reported to bind fibrillarin and U3 snoRNA, both required for pre-rRNA
processing, and this interaction reduces the pool of cytoplasmic ribosomes (Ponti
et al. 2008). Intriguingly, the nucleoprotein of porcine reproductive and respiratory
syndrome virus, the non-structural protein 1 (NS1) of a H3N2 influenza virus
(Melen et al. 2012) and the non-structural protein 3b of the severe acute respiratory
syndrome coronavirus (Yuan et al. 2005) all bind and co-localise with fibrillarin in
the nucleolus; however, the reasons for this binding are yet to be determined.

4 Viral Targets Within the Host Cell Nucleus

4.1 Role of the M Protein in the Henipavirus in Infection
Cycle

Many negative strand viruses encode viral proteins that localise in the nucleus
and/or nucleolus at some point in their infection cycle [reviewed in (Rawlinson and
Moseley 2015; Hiscox 2003; Oksayan et al. 2012; Flather and Semler 2015;
Watkinson and Lee 2016)]. Within the Paramyxoviridae, nuclear localisation of
matrix (M) protein has previously been described for NDV (Peeples 1988), Sendai
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virus (SeV) (Yoshida et al. 1976), human respiratory syncytial virus (Ghildyal et al.
2003), HeV (Monaghan et al. 2014) and NiV (Wang et al. 2010). During the early
stages of henipavirus infection or when expressed ectopically (Monaghan et al.
2014; Wang et al. 2010), the HeV and NiV M proteins traffic through the nucleolus
to the cytoplasm. It has been recently shown that nuclear traffic is required for the
henipavirus M protein to coordinate viral budding. The henipavirus M protein is a
structural protein that mediates viral assembly and budding (Liljeroos and Butcher
2012; Takimoto and Portner 2004; Eaton et al. 2007). Indeed, for both HeV-M and
NiV-M, overexpression of these proteins alone is sufficient to trigger viral-like
particles (VLPs) that bud into the supernatant. Wang and colleagues (2010)
demonstrated that mutation of NiV-M nuclear localisation signals (NLS) or nuclear
export signals (NES) blocks nuclear/cytoplasmic traffic and impairs viral budding.
Furthermore, a highly conserved lysine residue in the NLS (K258) serves two
functions: its positive charge mediates NiV-M nuclear import, while is also a
potential site for monoubiquitination which regulates NiV-M nuclear export.
Mutation of K258 or the treatment of cells with proteasome inhibitors such as
MG132 inhibits both NiV-M budding and NiV infection. Consistent with this work,
siRNA-mediated knockdown of the protein ubiquitin D (UBD) inhibits HeV and
NiV infection (Deffrasnes et al. 2016).

4.2 The Impact of M-Binding Host Proteins on Hendra
Virus Infection

This raises the question: do henipavirus M proteins traffic through the nucleolus for
other reasons? The multi-faceted roles of paramyxovirus proteins in
replication-specific roles and various cellular processes, particularly immune eva-
sion, would suggest so. To explore whether M binds to host proteins associated
with infection efficiency, results from the genome-wide RNAi HeV screen were
cross-referenced against a proteomics study by Pentecost and colleagues cata-
loguing host proteins that bind HeV-M and NiV-M, among other paramyxovirus M
proteins (Pentecost et al. 2015). That study revealed that the henipavirus M inter-
actome spans hundreds of host proteins, with interactions with nuclear pore com-
plex proteins, nuclear transport receptors and nucleolar proteins particularly
prevalent. Interestingly, NiV-M and HeV-M interactomes show notable overlap to
other paramyxovirus M proteins, including SeV and NDV, with over 60% of the
proteins found in any single interactome also found in the interactomes of one or
more of the other three viruses (Pentecost et al. 2015). Whilst the binding of
fibrillarin to HeV-M was demonstrated by co-immunoprecipitation assays
(Deffrasnes et al. 2016) and this was not observed by proteomics, interactions were
observed between HeV-M and numerous nucleolar proteins such as NOP58
(Pentecost et al. 2015) which forms a complex with fibrillarin, supporting a func-
tional interaction between fibrillarin and HeV-M.
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The relative HeV growth (presented as robust Z scores) in cells depleted of the
389 HeV-M-binding host proteins is shown in Fig. 1a. Of the 327 candidates
assayed, HeV-M binds to 22 protein-coding genes that have a large impact (robust
Z score �−2 or � 2) on HeV infection, roughly evenly distributed between
proviral (12) and antiviral (10) candidates. Designating all candidates genes with Z
scores <0 as proviral and genes with Z scores >0 as antiviral, host proteins that bind
HeV-M appears to be pro- and antiviral at approximately equal ratios with a slight
enrichment of proviral genes (174 proviral candidates vs. 146 antiviral candidates).

An assessment of whether the relative abundance of HeV-M–host protein
interactions indicated a likelihood of that host protein adopting a proviral or
antiviral function was also carried out (Fig. 1b). The relative abundance of host
proteins within the proteomics dataset is represented as the normalised spectral
abundance factor (NSAF), with higher NSAF values presenting more abundant
interactions. Plotting NSAF values against robust Z scores demonstrates that host
proteins that bind HeV-M with high abundance (NSAFe5 scores between 250 and
938) were more proviral (11 candidates) than antiviral (4 candidates, Z score sums:
proviral 13.9, antiviral 2.6). These candidates are listed in Table 2 and include
several ribosomal proteins, further implicating M in host translation.

5 Host Proteins Targeted by Henipaviruses for Immune
Evasion

5.1 Immune Modulating Function of P-Encoded Proteins

Akin to fibrillarin, the critical role of host molecules in henipavirus infection and
pathogenesis can be inferred by their specific targeting by viral proteins. This is
particularly true in the context of immune evasion, as the innate antiviral immune
response is a known target for several henipavirus proteins.

The henipavirus genome contains six transcriptional units, N, P, M, F, G and L,
coding for nine proteins (Eaton et al. 2007). The P gene alone codes for at least four
of the proteins: P, W, V and C (Eaton et al. 2006). All four of these proteins are
involved in modification of the immune response in the host cell, through inhibition
of the type I interferon (IFN) responses [reviewed in (Audsley and Moseley 2013)].
Intracellular detection of pathogen-associated molecular patterns (PAMPs) is
mediated by membrane-bound Toll-like receptors (TLRs) or cytoplasmic retinoic
acid-inducible gene I (RIG-I)-like receptors (RLRs) and nucleotide-binding
oligomerisation domain containing (NOD)-like receptors (NLRs). Engagement of
these receptors with their agonists results in the activation of complex signalling
pathways culminating in the production of cytokines and anti-microbial com-
pounds. A critical component of this response is the type I IFN system, which
induces a local antiviral state upon detection of viruses or intracellular bacteria or
molecules associated with their replication (Schoggins and Rice 2011).
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Fig. 1 The impact of HeV-M-binding host proteins on HeV infection. Cross-reference analysis of
host proteins that bind HeV-M (Pentecost et al. 2015) and genome-wide analysis of host
protein-coding genes associated with HeV infection (Deffrasnes et al. 2016). a Z scores resulting
from growing HeV in cells depleted of HeV-M-binding proteins. Genes with Z scores <0 were
designated proviral, while genes with Z scores >0 were designated antiviral. Values represent the
sum of all the Z scores. It should be noted that 43 genes were excluded from analysis due to
ambiguous gene identification listings in the proteomics study, whilst the silencing of 19 additional
gene targets resulted in cell death that prevented the measurement of virus growth. b Plot of the Z
score of HeV-M-binding proteins (x-axis) and relative abundance of HeV-M interactions,
represented by normalised spectral abundance factor (y-axis)
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Viral replication is typically detected by TLRs 3 and 7/8 in endosomal com-
partments (Alexopoulou et al. 2001; Lund et al. 2004), whilst RIG-I and/or mel-
anoma differentiation-associated gene 5 (MDA5) recognise short or long viral
dsRNA intermediates in the cytosol (Yoneyama et al. 2004; Triantafilou et al.
2012). TLR3 activates the TIR-domain-containing adapter-inducing IFN-b (TRIF)
(Matsumoto et al. 2011), whilst RIG-I/MDA5 interact via their caspase recruitment
domains (CARDs) with MAVS (mitochondrial activated signalling protein) (Seth
et al. 2005) to induce signalling. Activation of TRIF or MAVS promotes recruit-
ment of multiple cytosolic effectors, resulting in the phosphorylation and dimeri-
sation of interferon regulatory factor (IRF) 3 or liberation of NF-jB from its
inhibitory complex. These transcription factors then shuttle into the nucleus to form
part of a large multiprotein complex that binds to the promoter region of IFN-b and
initiates transcription (Honda and Taniguchi 2006).

The C-terminus of the HeV V protein binds and sequesters MDA5, thereby
impairing IFN-b transcription in response to double-stranded RNA (Andrejeva
et al. 2004). This binding appears to be conserved amongst most paramyxoviruses
including NiV, SV5 and mumps virus (Childs et al. 2007). Intriguingly, RIG-I is
not targeted by paramyxovirus V proteins, and perhaps consistent with this, the
genome-wide RNAi screen suggested that depleting cells of MDA5 increased HeV
infection (robust Z score 2.02), whilst targeting RIG-I had very little impact (Z
score −0.37).

Similar to the NLR cytoplasmic antiviral immune responses, TLR3-dependent
antiviral signalling is also inhibited by henipaviruses, with the W protein localising
to the nucleus via the importin molecules KPNA3 and KPNA4 to block
IRF3-responsive promoter activation by virus and intracellular dsRNA (Shaw et al.

Table 2 Robust Z score of HeV-M-binding host protein-coding genes

Entrez gene
ID

Relative abundance
(NSAFe5)

Relative HeV infection (robust Z
score)

Proviral TUBAL3 580.35 −1.09

RPL27A 482.31 −1.2

RPL28 431.84 −1.12

RPL38 422.59 −0.97

ARF3 367.72 −1.5

ARF1 367.72 −0.41

ACTA1 274.63 −0.71

NEDD8 273.90 −2.21

RPL19 264.12 −2.92

RPS27L 264.12 −0.22

ACTA2 255.35 −1.57

Antiviral TUBA8 938.83 1.61

ARF4 287.60 0.26

ACTC1 274.63 0.67

ACTG2 255.35 0.11
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2005). Transfecting NiV-W into cells in a dose-dependent manner sequesters
inactive IRF3 in the nucleus, thus depleting the pool of available IRF3 for phos-
phorylation and activation. From the genome-wide screen, the impact of
down-regulating TLR3 (Z score 1.16) and IRF3 (0.97) was a moderately antiviral
phenotype.

5.2 Targeting of STAT by Henipaviruses

The best-characterised target of henipavirus immune evasion is the STAT proteins,
critical signalling molecules in the context of type I IFN cytokine production
conferring the antiviral state [reviewed in (Platanias 2005)]. The binding of type I
IFN (IFN-a and IFN- b) and type II IFN (IFN-c) to their respective receptor
complexes leads to the phosphorylation and association of STAT1 and STAT2
heterodimers (for type I IFN signalling), or STAT1 homodimers (type II IFN). This
prompts the formation of STAT1–STAT2–IRF9 (IFN-regulatory factor 9) com-
plexes that translocate to the nucleus and bind IFN-stimulated response elements
(ISREs) in DNA to initiate transcription of IFN-stimulated genes (ISGs). Whilst
there are hundreds, potentially thousands of ISGs that collectively confer antiviral
immunity, very few ISGs have been functionally characterised in the context of
henipavirus infection. One ISG, cholesterol 25 hydroxylase (CH25H), inhibits
infection by NiV and a range of other RNA viruses by blocking membrane fusion
between host and viral membranes (Liu et al. 2013a). Consistent with this obser-
vation, CH25H blocked HeV infection in the genome-wide RNAi screen (robust Z
score 1.05).

Henipaviruses, like other paramyxoviruses, generate multiple alternative
mRNAs from the P gene locus—P, V and W (Thomas et al. 1988). A fourth
protein, C, is generated by alternate translation initiation site selection from all these
mRNAs and does not share sequence homology to the other proteins. The P, V, and
W proteins share 407 amino acids in their N termini and all three proteins bind to
STAT1 and STAT2 via this N-terminal region (Ciancanelli et al. 2009; Rodriguez
et al. 2004). Virus–host interactions in this context prevent STAT1/2 phosphory-
lation and activation, and lead to their sequestration in high molecular weight
complexes (Rodriguez et al. 2003; Rodriguez et al. 2002; Shaw et al. 2004).
Interestingly, the siRNA-mediated inhibition of STAT1 increased HeV infection in
the genome-wide screen, but inhibition of STAT2 did not (robust Z scores of 1.01
and −0.67). This preliminary observation suggests that STAT1 activity may have a
greater impact on henipavirus infection than STAT2, and may implicate type II in
antiviral immunity against henipaviruses.
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5.3 Novel Function of the M Protein in Immune Evasion

Although the role of henipavirus P gene products in immune evasion is
well-established, a recent study demonstrates the surprising ability of NiV-M to
antagonise the antiviral type I IFN response (Bharaj et al. 2016). The study by
Bharaj and colleagues shows that NiV-M binds to and targets the E3-ubiquitin
ligase TRIM6 for degradation. TRIM6 catalyses the synthesis of unanchored
polyubiquitin chains that are used as a substrate for the activation of IkB kinase-e
(IKKe), which phosphorylates IRF3 and activates IRF3-dependent transcription of
type I IFN, and TNF-a. TRIM6 targeting by NiV-M occurs in the cytoplasm via an
unknown mechanism not involving the proteasome or the lysosome, and requires
nuclear/cytoplasmic trafficking of NiV-M. Similar to viral budding, this function of
M is dependant on nuclear traffic, as K258 mutants of NiV-M do not target TRIM6
for degradation. The study expands our understanding of immune antagonism and
highlights the potential purpose of henipavirus M protein nuclear trafficking.

6 The Impact of Host-Encoded MicroRNAs
on Henipavirus Infection

6.1 Role of MicroRNAs in Viral Infection

MicroRNAs (miRNAs) are a class of small (*21–22 b.p.), single-stranded
non-coding RNA molecules (Fayyad-Kazan et al. 2014; Neel and Lebrun 2013;
Skalsky and Cullen 2010) involved in post-transcriptional gene regulation. MiRNAs
function by binding to complementary sequences typically located in 3′ untranslated
region (3′ UTR) of specific mRNA targets (Fayyad-Kazan et al. 2014; Neel and
Lebrun 2013; Skalsky and Cullen 2010; Liu et al. 2013a). Depending on the degree
of complementarity, this generally results in the suppression or degradation of target
mRNA, thereby preventing encoded proteins from being translated (Fayyad-Kazan
et al. 2014; Neel and Lebrun 2013; Skalsky and Cullen 2010). Although far less
frequent, miRNA binding may also cause an increase in target mRNA translation
and thus up-regulation of protein expression (Vasudevan et al. 2007).

In terms of target complementarity, miRNAs do not require perfect base pairing
(tenOever 2013). As a result, one miRNA has the potential to regulate a surprisingly
broad network of genes (Skalsky and Cullen 2010; Zhang et al. 2013), with certain
miRNAs found to have binding sites located on several hundred different mRNA
sequences (Guo and Steitz 2014). Despite the potential for widespread impacts,
studies have described the effects of miRNA gene regulation on protein expression
levels as generally ‘subtle’ (tenOever 2013) or ‘typically relatively mild’ (Selbach
et al. 2008). This is due to the fact that, in general, miRNAs do not entirely silence
but rather moderately repress translation and, hence, effectively fine tune rather than
knock out gene expression (Baek et al. 2008).
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The role of miRNAs in the infection cycle of RNA viruses is becoming
increasingly apparent. Certain miRNAs may promote virus replication by directly
interacting with the viral genome or, alternatively, by down-regulating the
expression of host genes that suppress virus infection (Skalsky and Cullen 2010;
Roberts et al. 2011). Inhibiting specific ‘proviral’ miRNAs, therefore, may have a
direct negative impact on the viral life cycle (Janssen et al. 2013) or alternatively
render the intracellular environment unfavourable for virus replication (Stewart
et al. 2013). In an example of the latter, miR-146a has been found to promote HeV
infection by repressing ring finger protein 11, a negative regulator of NF-ĸB activity
(Stewart et al. 2013). Furthermore, inhibiting miR-146a has been found to signif-
icantly reduce HeV replication in vitro (Stewart et al. 2013). On the other hand,
miR-122 is an example of a miRNA that promotes hepatitis C virus
(HCV) replication by directly interacting with the viral genome—this activity is the
basis of the first miRNA inhibitor drug to enter phase II clinical trials (Janssen et al.
2013; Wilson and Sagan 2014).

6.2 Host-Encoded MicroRNAs and Henipavirus Infection

The functional genomics platform established as part of the screen of
protein-coding genes associated with HeV infection was recently adapted to study
the impact of host-encoded miRNAs on HeV growth (Foo et al. 2016). The screen
involved the use of synthetic miRNA mimics and inhibitors targeting
834 microRNAs. Mimic and inhibitor screens identified 35 and 61 microRNAs,
respectively, that promoted HeV infection, and 19 and 83 microRNAs, respectively,
that inhibited virus infection. A major finding from this study was that all four
members of the miR-181 family (-a to -d) promote infection by HeV and NiV.
Infection promotion was primarily mediated via the ability of miR-181 to signifi-
cantly enhance henipavirus-induced membrane fusion. Cell signalling receptors of
ephrins, namely EphA5 and EphA7, were identified as novel negative regulators of
henipavirus fusion. The expression of these receptors, as well as EphB4, was
suppressed by miR-181 overexpression, suggesting that simultaneous inhibition of
several Ephs by the miRNA contributes to enhanced infection and fusion. To our
knowledge, this study represented the first evidence of a host-encoded miRNA
promoting virus cell entry.

Previous studies have reported that members of the miR-181 family are involved
in different aspects of immune regulation (Hutchison et al. 2013; Galicia et al. 2014;
Zietara et al. 2013). Specifically, miR-181 has been found to play a central role in the
regulation of B cell differentiation and T cell selection, maturation and sensitivity
(Sun et al. 2014). For instance, induction of miR-181a has been found to occur at the
CD4(+)–CD8(+) double-positive stage of T cell development, inhibiting the
expression of CD69, Bcl-2 and T cell receptor—all involved in positive selection
and T cell maturation (Neilson et al. 2007). In addition, miR-181c has been found to
suppress CD4+ T cell activation by targeting interleukin 2 (IL-2) (Sun et al. 2014;
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Xue et al. 2011). In addition, miR-181a expression levels have been shown to
correlate with pro-inflammatory signals (e.g. IL-1b, IL-6 and TNF-a) in blood and
various tissues of humans with chronic inflammation, as well as in the blood of
LPS-treated mice (Xie et al. 2013). Consistent with the notion that miR-181
expression is immune-responsive, levels of miR-181 were up-regulated in the bio-
fluids of ferrets and horses infected with HeV, suggesting that the host innate
immune response may promote henipavirus spread and exacerbate disease severity.

The study of both miRNAs and protein-coding genes associated with HeV
infection allows an assessment whether genes required for virus infection (i.e.
proviral genes) are regulated by miRNAs that inhibit virus infection (i.e. antiviral
microRNAs). Multiple members of the let-7 miRNA family inhibited HeV infection.
There are 10 mature let-7 sequences in humans, with multiple roles described,
including negative regulation of tumorigenesis (Shi et al. 2008; Esquela-Kerscher
and Slack 2006). In a transcriptome-wide study in HeLa cells, genes significantly
down-regulated by let-7b at either the mRNA level, protein level or both, included
fourteen validated genes required for wild-type HeV infection, including AKT1
(Selbach et al. 2008). Furthermore, six proviral genes contain putative let-7b binding
sites in their 3′ UTR (AKT1, C6Orf106, EIF2S3, HMGA1, IFITM3 and SERPINH1),
as identified by DIANA-mirExTra (Alexiou et al. 2010). Collectively, these data
suggest that let-7 miRNAs inhibit HeV by suppressing host proteins required for
virus infection. Cross-referencing results from the protein-coding screen study
showed that the majority of verified target genes for miR-181 and miR-17-92
miRNAs (proviral in the miRNA screen) were predominately antiviral, demon-
strating a level of congruency between miRNA and protein-coding gene screens.

In contrast to let-7, all six members of the miRNA precursor miR-17 family
(miR-17, -20a, -20b, -106a, -106b and -93), part of the oncogenic miR-17–92
polycistron, strongly promoted HeV infection. Interestingly, other miRNAs of the
miR-17–92 cluster with distinct “seed” families (based on sequence identity at
positions 2–7)—miR-18, miR-19 and miR-92) did not impact virus replication to a
similar extent. The miR-17–92 cluster is a known oncogene locus—it is amplified in
B cell lymphomas (Ota et al. 2004) and accelerates tumour development in a mouse
B cell lymphoma model (He et al. 2005). Members of the miRNA precursor miR-17
family are expressed in almost all human tissues (Liang et al. 2007). In addition,
miR-106a and -106b are expressed in peripheral blood mononuclear cells (PBMCs),
platelets and exosomes derived from peripheral blood (Hunter et al. 2008).

7 Concluding Remarks

Henipaviruses are dangerous pathogens and control of disease caused by these
viruses will critically rely on the development of new antiviral therapeutics and
vaccination strategies. Currently, there is requirement for renewed research into the
host immune responses to henipavirus infection and how competent immune
responses may fight disease. A major challenge is to ascertain the molecular
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mechanisms of virus replication and immunity associated with protection to
infection. The improved knowledge of functional genomics approaches and
immune response to viral infection means that we now have the tools to further
progress our understanding and knowledge. Nevertheless, this must be imple-
mented to develop advanced infection control approaches.
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Roles of Non-coding RNAs
in Respiratory Syncytial Virus
(RSV) Infection

Ralph A. Tripp and Abhijeet A. Bakre

Abstract Analysis of host gene expression profiles following viral infections of
target cells/tissues can reveal crucial insights into the host: virus interaction and
enables the development of novel therapeutics and prophylactics. Regions of the
host genome that do not code for protein, encode structural, and functional
non-coding RNAs that are important not only in regulation of host gene expression
but also may impact viral replication. This review summarizes the role of host
non-coding RNAs during replication of multiple respiratory viruses with a focus on
Respiratory Syncytial Virus (RSV), an important pediatric pathogen. This review
highlights the current state of knowledge and understanding regarding the function
(s) of ncRNAs for respiratory viral infection and host immunity in general.
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1 RSV

1.1 Etiology and Management

Respiratory Syncytial Virus (RSV) is a Pneumovirus belonging to the family
Paramyxoviridae. A and B genotypes circulate globally and are transmitted via
respiratory droplets or fomites. A typical RSV season extends from November to
March but viruses can exhibit annual/biennial cycles of transmission based on
geography (Mlinaric-Galinovic et al. 2009). RSV infects the very young and old
and infection rates approach >90% of children by the age of 2 (Hall 2012; Nair
et al. 2010). Clinical and in vitro data suggest that RSV can remain in a variety of
cell types including macrophages, dendritic cells, and innervating neurons (Agoti
et al. 2015; Bramley et al. 1999; Dakhama et al. 1997; Estripeaut et al. 2008; Gaona
et al. 2014; Hegele et al. 1994; Konig et al. 1996; Mejias et al. 2008; Ostler et al.
2001; Piedimonte 2013; Piedimonte and Perez 2014; Rivera-Toledo et al. 2015;
Schwarze et al. 2004; Sikkel et al. 2008; Valdovinos and Gomez 2003; Zheng et al.
2015).

Typical RSV infections are mild and restricted to the upper respiratory tract
leading to symptoms like runny nose, low appetite, coughing, and sneezing. Lower
respiratory tract infections resulting from a combination of viral and host factors
can lead to RSV bronchiolitis, i.e., inflammation of the airway epithelium leading to
difficulty in breathing, wheezing, and cyanosis and may need mechanical ventila-
tion in neonates. Clinical manifestations of RSV disease are very similar to other
viral respiratory diseases complicating diagnosis and clinical management. The
dynamic interactions between viral factors and the host drive the immune response
to RSV. Host factors that contribute to lower respiratory tract illness (LRTI) include
preterm birth, age <2 months, low vitamin D receptor levels in the mother, con-
genital pulmonary/cardiac/neuromuscular disorders, immunodeficiency, defects in
cellular immunity, pollution, and single nucleotide polymorphisms (SNPs) in
Toll-like receptor 4 (TLR4)/Surfactant protein A and D (SP-A, SP-D) (Ramet et al.
2011; Zeng et al. 2011), in cytokines and chemokines (IFN, IL-6, IL-10, TGF-b,
CCR5) (Choi et al. 2013), and others host features have been attributed. The two
major viral surface factors are also known to modulate disease severity, i.e., the
RSV G and F proteins involved in attachment, viral egress, and modulation of the
host immune response (Moore et al. 2013; Oshansky et al. 2010).

The effects linked to RSV infection are just beginning to be fully elucidated. For
example, studies have shown that RSV infection alters the immune response to
secondary bacterial infections (Thorburn et al. 2006), and there is a strong corre-
lation between severity of RSV infection in infancy and development of respiratory
disorders such as asthma in adult life (Bacharier et al. 2012; Holt 2015; Sigurs et al.
1995, 2000, 2010; Feldman et al. 2015). Despite six decades of RSV research,
clinical management of RSV diseases is symptomatic; no effective antivirals or
vaccines are available despite extensive studies. A better understanding of the
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molecular events at the host-virus interface will enable a systems biology per-
spective on the virulence and host immune pathways that lead to RSV disease.

1.2 RSV Genome

RSV is a pleomorphic virus and infectious virus may exist as either as spherical
viruses, or as filamentous extensions (McCurdy and Graham 2003). RSV has
a *15 kb long negative sense single-stranded RNA (ssRNA) genome that encodes
10 genes and 11 proteins in the order 3′-NS1/2-N-P-M-SH-G-F-M2-1/2-L-5′
(Broadbent et al. 2015). Each gene segment is flanked by a non-transcribed inter-
genic spacer region consisting of a gene start and gene stop sequence that helps the
viral RNA-dependent RNA polymerase (RdRP) catalyze gene transcription/genome
replication. Gene transcription in all paramyxoviruses including RSV follows a
decreasing gradient, genes at the 3′ end are transcribed and translated at a higher
level compared to those at the 5′ end owing to the propensity of the RdRP to fall off
between gene segments and restart at the 3′ end. Among the 10 genes, three surface
proteins RSV glycoprotein (G), fusion protein (F), and small hydrophobic protein
(SH) perform myriad functions ranging from viral attachment and adhesion to
dampening of host immune responses. A summary of RSV genes and their known
functions is given in Table 1.

RSV infection is initiated by attachment of the virus to cell surface receptors
(glycosaminoglycans (McCurdy and Graham 2003; Broadbent et al. 2015;
Boyoglu-Barnum et al. 2013, 2015; Caidi et al. 2012; Connors et al. 1991; Haynes
et al. 2009; Li et al. 2006)/Nucleolin (Moore et al. 2008)/CX3CR1) (Feldman et al.
1999, 2000) and surface G protein. Attachment is followed by fusion of the host
and viral lipid membranes and release of the viral ribonucleoprotein (vRNP)
complex into the host cell cytosol. Viral genomes released are then transcribed and
translated into individual gene products in a decreasing 3′!5′ gradient. The neg-
ative sense ssRNA genome is also copied into a positive sense complementary
RNA (cRNA) which acts as a template for production of more negative sense
vRNA. vRNAs associate with newly translated viral proteins (N, P, and M) to form
viral ribonucleoprotein particles (vRNPs) which associate with lipid rafts in the
membrane and bud out as progeny virions.

2 Organization and Classification of Non-coding RNAs
in the Human Genome

A large proportion of eukaryotic genomes contain regions that do not encode any
proteins and were considered to be non-coding “junk” DNA (Lander et al. 2001).
These junk DNA regions encode structural and functional RNAs at fourfold excess
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Table 1 Overview of RSV gene function

RSV gene
product

Function References.

Surface proteins

Glycoprotein
(G)

Attachment, fractalkine mimic,
antibody decoy; TLR 2 antagonist;
Essential for in vivo viral
replication; induces SOCS1/3 to
decrease IFN production

Oshansky et al. (2010),
Boyoglu-Barnum et al. (2013, 2015),
Caidi et al. (2012), Connors et al.
(1991), Haynes et al. (2009), Li et al.
(2006), Moore et al. (2008), Feldman
et al. (1999, 2000), Shields et al.
(2003), Harcourt et al. (2004, 2006),
Haynes et al. (2003), Tripp et al.
(2001, 2003), Zhang et al. (2010)

Fusion protein
(F)

Penetration into cells, TLR4 agonist,
Fusion of cells to form syncytia;
Essential for viral entry

Connors et al. (1991), Feldman et al.
(2000), Hallak et al. (2007),
Mastrangelo and Hegele (2013)

Small
Hydrophobic
(SH)

inhibition of apoptosis; Putative
viroporin

Akerlind-Stopner et al. (1993),
Collins and Mottet (1993), Fuentes
et al. (2007), Gan et al. (2012),
Heminway et al. (1994), Karron
et al. (1997), Kochva et al. (2003), Li
et al. (2014), Rixon et al. (2004,
2005), Russell et al. (2015), Taylor
et al. (2014), Techaarpornkul et al.
(2001), Triantafilou et al. (2013)

Intrinsic

Non-structural 1
(NS1)

Not part of the virion; Suppress
innate immune response; Block
interferon signaling; inhibit
apoptosis; activate PI3 Kinase;
trigger epithelial cell shedding;
modulate miRNA expression;
inhibition of Th subset
differentiation; Epithelial cell
shedding

Bakre et al. (2015), Thornburg et al.
(2012)

Non-structural 2
(NS2)

Matrix (M) vRNP assembly; viral
transcription/replication; maturation
of viral filaments

Mitra et al. (2012), Ghildyal et al.
(2006)

Nucleocapsid
(N)

RNA binding; dual function
polymerase transcription factor;
Shifts between viral transcription
and replication

Phosphoprotein
(P)

Mediates N recognition by
Polymerase (L); Essential for viral
transcription and replication;
Chaperone; interacts with M2-1;
regulates viral uncoating

Asenjo et al. (2006, 2008)

(continued)
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over protein coding transcripts with a high degree of conservation across the
eukaryotic evolutionary tree (Ponting and Belgard 2010). The present classification
recognizes at least 26 different categories of ncRNAs (Consortium 2015) with
variable abundance and more being continually discovered. The major classes
include long non-coding RNAs (lncRNAs), microRNAs (miRNAs), piwi associated
RNAs (piRNAs), and structural RNAs such as ribosomal RNAs (rRNAs), transfer
RNAs (tRNAs). The role(s) of many ncRNAs in normal development as well as
disease remain to be explored. This review will focus on the roles of microRNAs
and transfer RNA fragments during RSV replication since these are the two
well-studied classes as of now.

2.1 microRNAs (miRNAs)

The human genome encodes *2500 genes that encode 21–23 nt long small
non-coding RNAs known as miRNAs. miRNAs are extremely conserved along the
eukaryotic evolutionary tree, co-evolving with eukaryotes and less than 12 miRNAs
having been lost from the evolution from deuterostomes to mammals (Berezikov
et al. 2007; Grimson et al. 2008). This conservation of miRNA diversity also
extends to miRNA function and structure with miRNAs across divergent species
exhibiting similar structural organization and target specificity which is elaborated
upon in the following sections. miRNAs are transcribed from intergenic or intronic
loci. Most ancient miRNAs were intergenic; subsequent exaptation has led to nearly
50% miRNAs being intron encoded thus allowing co-transcription with host genes
(Campo-Paysaa et al. 2011). miRNAs may also be encoded by transfer RNAs
(tRNAs) (Pederson 2010), snoRNAs (Ender et al. 2008), direct repeats in trans-
posons (Piriyapongsa et al. 2007), ribosomal RNA (Chak et al. 2015; Castellano
and Stebbing 2013; Yoshikawa and Fujii 2016), and independent miRNA tran-
scription units-termed mirtrons (Berezikov et al. 2007; Ruby et al. 2007).

Table 1 (continued)

RSV gene
product

Function References.

M2-1/M2-2 Zinc binding; vRNA binding;
Induction of NF-jb

Cai et al. (2015)

Polymerase (L) Viral gene transcription; genome
replication; mRNA guanylyation;
association with lipid rafts

Crowe et al. (1996), Fix et al. (2011),
Grosfeld et al. (1995), Laganas et al.
(2015), Liuzzi et al. (2005), Luongo
et al. (2009), McDonald et al.
(2004), Sourimant et al. (2015), Stec
et al. (1991), Tang et al. (2002)
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2.1.1 miRNA Biogenesis

For the intronic or intergenic miRNAs, transcription is thus RNA Polymerase II
(RNAPOlII) (Lee et al. 2004) mediated but miRNAs encoded in
rRNAs/tRNAs/direct repeats may be transcribed by other RNA polymerases
(Borchert et al. 2006). The primary miRNA transcript, called a pri-miRNA, has a
characteristic stem loop structure which is processed in the nucleus by a micro-
processor complex consisting of two proteins Drosha and DGCR8. The micro-
processor complex cleaves the pri-miRNA into a pre-miRNA which is then
exported out of the nucleus is an Exportin-5 mediated process into the cytosol.
Pre-miRNAs are further processed by another RNAse III enzyme Dicer to produce
a 21–23 nt long double stranded miRNA complex, one strand of which is ther-
modynamically more stable and is referred to as the guide strand while the other
strand is less stable and referred to as the passenger strand. The involvement of
these cellular proteins in miRNA biogenesis argues that miRNAs would be pro-
duced only in nucleated cells. Interestingly however, miRNAs are also abundant in
non-nucleated cells such as RBCs (Sangokoya et al. 2010; Hamilton 2010) with
distinct expression linked to blood storage (Kannan and Atreya 2010) or disease
state (Chen et al. 2008).

2.1.2 Mechanism of miRNA Action

The first six nucleotides at the 5′ of the miRNA guide strand are known as the “seed
sequence” and can bind to a complementary “miRNA recognition element”
(MRE) in the 3′ UTR of a target transcript and delay/block translation or cause
transcript decay. Since the region of complementarity between the seed site and the
MRE is usually only 6 nts, each miRNA can potentially regulate the expression of
hundreds of genes. miRNAs are hence considered molecular rheostats that dampen
a global response rather than targeting a single gene. Indeed, computational and
experimental studies predict/validate that 74–92% of the transcriptome in 4 model
species is miRNA regulated (Miranda et al. 2006). Though most miRNAs are
believed to act via binding to the 3′ UTR, several miRNAs can also bind to
promoters (Zardo et al. 2012), coding regions or 5′ UTRs within genes (Miranda
et al. 2006) and alter gene expression.

2.1.3 Theater of miRNA Function

Owing to their somewhat promiscuous mode of action, miRNAs can regulate
several cellular pathways involved in normal homeostasis as well as disease. In
addition to their intracellular role, miRNAs also function across cell/tissue types.
miRNAs are exported in vesicular bodies called exosomes from multiple cell types.
Exosomes are 30–150 nm diameter vesicles that are produced by invagination of
the plasma membrane followed by fusion with endosomes to form multi-vesicular
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bodies that contain a small fraction of the cytoplasm and associated cellular cargo.
Exosomes are produced by all cell types and are believed to be important inter-
cellular signaling conduits, though the exact mechanisms are poorly understood and
probably are cell/tissue type specific. Owing to their small diameter, the typical
exosomal cargo consists of small RNAs, peptides, smaller transcripts, and proteins
and metabolites. A couple of studies have shown preferential loading of exosomes
with 3′ UTRs (Batagov and Kurochkin 2013) though the implication of this has yet
to be determined. Exported exosomes can fuse with cells from the same or different
tissue types and deliver their cargo inducing a paracrine signaling cascade similar to
hormones. Analysis of exosomal contents from different biofluids has shown that
exosome associated miRNA profiles correlate with disease state or development
(Rani 2014; Kulkarni et al. 2016; Hornick et al. 2015; Bi et al. 2015; Madhavan
et al. 2015; McKiernan et al. 2016; Ho et al. 2014; Kosanovic and Jankovic 2014;
Benito-Martin et al. 2013; Chen et al. 2013; Conde-Vancells et al. 2010).

2.2 Transfer RNA Fragments (tRFs)

Transfer RNAs (tRNAs) are central to translation of mRNA to proteins. Humans
encode 513 nuclear and 22 mitochondrial tRNA genes that incorporate 61 different
amino acids during translation (Chan and Lowe 2016). The number of tRNA genes
varies among individuals (Iben and Maraia 2014) and these exhibit tissue and cell
type differences in expression (Dittmar et al. 2006). The cellular “tRNAome” is in a
state of constant flux with tRNA biosynthesis complemented with tRNA quality
control and degradation in response to cellular stimuli or stress signals (de Nadal
et al. 2011), although tRNA has a half-life range from hours to days (Hopper 2013)
in contrast to mRNAs which are short-lived.

Mature tRNAs are produced from transcription of tRNA genes by RNA poly-
merase III complex containing transcription factor TFIIC and TFIIIB. Initial tRNA
transcripts contain a 5′ and 3′ trailer sequences that are removed by RNAse P and Z,
respectively (Skowronek et al. 2014) in conjunction with adaptor protein La
(Maraia and Lamichhane 2011). The 3′CCA trinucleotide is added to this transcript
(Wolfe et al. 1996). Primary transcripts are processed via splicing, undergo
numerous modifications (Kirchner and Ignatova 2015) followed by aminoacyl
transferase (aaRS) catalyzed amino acylation before being exported out of the
nucleus into the cytosol (Kirchner and Ignatova 2015). Mature tRNAs may also
traffic to the nucleus in a retrograde fashion for recycling to cytoplasm (Whitney
et al. 2007).

Transfer RNAs are specifically cleaved during cellular stress (Gebetsberger and
Polacek 2013) including viral infection into fragments that originate from the 5′ end
or the 3′ end (3′tRFs) or the anti-codon loop to generate transfer RNA fragments
(tRFs) known, respectively, as 5′tRFs, 3′tRFs, or tRF-1. Functionally, tRFs can have
multiple activities akin to short interfering RNAs (siRNAs) degrading target tran-
scripts (Maute et al. 2013), but can also regulate ribosomal loading and protein chain
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elongation (Sobala and Hutvagner 2013). The molecular pathways of tRF biogen-
esis, the role and function are poorly understood presently, but are believed to result
from cellular stress induced during nutrient starvation to recycle essential nitrogen
and phosphate needed for cell survival (Huang et al. 2015). Intriguingly, tRNA
cleavage is not accompanied with decline in levels of full length tRNAs (Thompson
and Parker 2009; Saikia et al. 2012).Transfer RNA cleavage to generate tRFs may be
mediated by the TRAMP pathway in the nucleus that degrades pre-tRNA molecules
in the nucleus (Maraia and Lamichhane 2011; LaCava et al. 2005; Kadaba et al.
2004; Anderson 2005; Wang et al. 2008), or via cytosolic degradation of mature
tRNAs via the Rapid tRNA decay (RTD) pathway. The TRAMP pathway consists of
a polyadenylase Trf4 (topoisomerase 1- related 4), a RNA helicase Mtr4p (mRNA
transport regulator 4 protein) and Air2 (Arginine methyltransferase interacting
RING finger protein 2) which interacts with Rrp6, a 3′ exoribonuclease of the
nuclear exosome. The RTD pathway involves Met22 (Methionine requiring protein
22) (Chernyakov et al. 2008) and cytosolic 5′–3′ exonucleases such as Rat 1
(Ribonucleic acid trafficking protein 1) (Chernyakov et al. 2008), exoribonuclease 1
(Xrn1) (Chernyakov et al. 2008; Watanabe et al. 2013), endonucleases ELAC2 (Lee
et al. 2009), Dicer (Haussecker et al. 2010; Cole et al. 2009; Babiarz et al. 2008), and
Angiogenin (ANG) (Yamasaki et al. 2009). The enzyme ANG is a member of the
RNAse A family endonucleases in humans (Yamasaki et al. 2009), localized in the
nuclei of cells (Cooper et al. 2015) and involved in ribosomal RNA (rRNA) tran-
scription. Expression of Angiogenin is cell density independent and drives cellular
proliferation (Cooper et al. 2015). ANG recognizes tRNAs with CA in their
anti-codon loop (UCA- Serine, CCA-Proline, ACA-Threonine, GCA-Alanine)
which constitute a small proportion of the tRNAome and cleaves them preferentially
into 5′ and 3′ tRFs (Czech et al. 2013). However, since all tRNAs also carry a CCA
motif in their 3′ end aminoacyl acceptor site, ANG can non-selectively remove this
CCA motif from the tRNA 3′ end and cause a global shutdown of translation in a
reversible process (Czech et al. 2013). The role of ANG and other nucleases in tRF
biogenesis are still emerging.

3 Non-coding RNA Function in RSV Replication

3.1 miRNA Regulation of Host Gene Expression

RSV replication affects host gene expression at early and late time-points during
infection. There is good evidence that these global increases in the host tran-
scription are however accompanied by concomitant decreases in the nuclear pro-
teome both in cell lines as well as primary human bronchoepithelial cells infected
with RSV, suggesting that RSV downregulates host protein translation.

It was shown that miRNA deregulation occurred in human bronchial epithelial
cells infected with a RSV construct bearing a green fluorescent protein (GFP). In
these studies, the RSV strain (rgRSV) led to maximal miR-221 repression and
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computational analysis shortlisted Nerve growth factor (NGF), a neurotrophic
factor important in regulating apoptotic cell death as a major miR-221 target.
miR-221 repression was accompanied with high expression of NGF in infected
cells. To validate if miR-221 regulated NGF, mimics that induce miR-221 incor-
poration into the RISC complex were transfected into uninfected bronchial
epithelial cells. Flow cytometric analysis of NGF expression following miR-221
mimic transfection showed a substantial knockdown of NGF expression relative to
negative control. Additionally, miR-221 mimic transfection reduced the abundance
of apoptotic cells in infected cells suggesting that miR-221 downregulation is
pro-viral. These preliminary data showed that miRNAs have a role in gene regu-
lation during viral infection but did not shed any insights on the mechanisms
involved. Moreover, analysis of NGF 5′ and 3′ UTRs as well as coding regions
using a variety of miRNA target finding algorithms failed to demonstrate a
sequence complementarity between miR-221 and NGF suggesting that miR-221
downregulation of NGF was an off-target effect. Analysis of miR-221 over
expression has been shown to suppress tumor suppressor genes Bcl 2 binding
component 3 (Bbc3/Puma) (Zhang et al. 2010), Bcl2 interacting protein Bim
(Terasawa et al. 2009) Phosphatase and Tension homolog (PTEN) (Zhang et al.
2010), and transcription factor Forkhead Box O3 (Fox03a) (Hamada et al. 2012)
which can lead to induction of NGF (Terasawa et al. 2009).

Recently, it was demonstrated that RSV infection of respiratory epithelial and
dendritic cells (DCs) led to a cell type-specific alteration in miRNA expression
(Thornburg et al. 2012). The study showed that RSV infection upregulated let-7b in
DCs, and let-7i and miR-30b in respiratory epithelial cells in a replication depen-
dent manner (Thornburg et al. 2012). Further, it was shown that non-structural
genes, NS1 and NS2, inhibited upregulation of let-7i and miR-30b in epithelial cells
suggesting that these non-structural genes can modulate the host antiviral response
via deregulation of miRNAs. These data demonstrate the intricate interactions
between viral genes and host regulatory mechanisms mediated by small non-coding
RNAs. To elucidate not only the profiles of miRNAs deregulated during RSV
infection, but to better understand the mechanisms involved, the expression of host
miRNAs was examined at 24 h pi (Bakre et al. 2012). Five miRNAs (let-7, miR-24,
miR-26b, miR-520a, and miR-337) were found to be induced, while two miRNAs
(miR-198 and -595) were repressed in A549 cells relative to mock. To determine
the function of these differentially expressed miRNAs on host gene expression, the
combined data from previous host gene expression profiles with miRNA target
predictions were examined, which helped to identify a set of genes and miRNAs
that showed inverse correlations. Twelve of the shortlisted genes SOCS3, CCND1,
SMOX, HOXA1, TNFAIP3, ELF4, DYRK2, CCL7, PLAUR, VLDLR, GLRX3,
and SERPING1) were then analyzed using luciferase-UTR assays. Upon trans-
fection with these luciferase-UTR constructs, miRNA inhibitor treatment increased
luciferase expression for five (SOCS3, CCND1, ELF4, DYRK2, and CCL7) genes
while mimic treatment repressed these genes further relative to non-targeting and
mock controls. These data showed that these five genes were genuine targets of
miRNAs let-7f and miR-24 (Fig. 1). Moreover, we showed that DYRK2 which is
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independently regulated by let-7 and miR-24 miRNAs also showed increased
induction upon concomitant inhibition of let-7f and miR-24 suggesting that these
two miRNAs can work cooperatively on shared target genes.

3.2 Viral Regulators of Host miRNA Expression

The role of viral genes in miRNA deregulation is poorly understood. Analysis of
let-7f and miR-24 expression following infection of A549 cells with wild type or
viruses lacking the G protein showed that let-7f induction was markedly reduced in
viruses lacking the G protein. Conversely, treatment of cells with purified RSV G
protein led to important induction of miRNA let-7f suggesting a direct role for this
gene in miRNA induction (Bakre et al. 2012). These data are important since the
RSV G protein has been shown to have important roles in molecular mimicry and
immunomodulation (Tripp et al. 2001). The carboxy terminal ectodomain of
RSV G protein contains two mucin-like domains separated by a non-glycosylated
central conserved region (CCR). RSV G CCR contains a CX3C motif formed from
four key cysteine residues in this region (a.a 173–186) that form a cysteine noose

Fig. 1 Involvement of miRNAs in regulating different stages of cell cycle during RSV infection.
Red line indicates repression. Purple arrows indicate induction. Gene names are grouped
according to stage of cell cycle
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via disulfide bonding (Gorman et al. 1997). The CX3C motif mimics an identical
motif found in fractalkine (CX3CL1/FKN), interacting with the fractalkine receptor
CX3CR1 instead (Tripp et al. 2001). CX3CR1 has been recently identified as a
RSV co-receptor (Johnson et al. 2015; Chirkova et al. 2015) and this molecular
mimicry between RSV G CX3C and CX3CR1 results in G protein-induced lym-
phocyte chemotaxis which can be inhibited by anti-G protein antibody (Tripp et al.
2001). Disrupting the CX3C-CX3CR1 interaction has important immunological
outcomes; it reduces TNFa and type I IFN production in vitro (Chirkova et al.
2013), alters CX3CR1+ cell trafficking, cytokine, chemokine, and substance P
expression (Harcourt et al. 2006; Tripp et al. 2003), reduces viral load, bron-
choalveolar lavage (BAL) leukocyte infiltration (Haynes et al. 2009) and immune
cell trafficking, and IFNa and IL-4 levels in BAL of CX3CR1-deficient mice
infected with RSV (Johnson et al. 2012). Anti-RSV G protein prophylaxis or
treatment reduces pulmonary mucus production, inhibits infection-induced airway
dysfunction, and reduces pulmonary cell infiltration in response to RSV infection
(Boyoglu-Barnum et al. 2015; Haynes et al. 2009; Chirkova et al. 2013). Moreover,
our preliminary data suggest that the organization of the CX3C motif alters miRNA
deregulation. Mutations in the CX3C motif alter the profile and tempo of miRNA
expression during infection and can thus affect downstream signaling pathways
involved in viral replication and or host immune response.

Our lab has observed that the RSV NS1 protein can suppress miRNA expression
via induction of transcription factor KLF6 and Tumor Growth Factor beta (TGF-b)
(Bakre et al. 2015). Expression of miRNAs let-7 and miR-24 was significantly
induced during infection with viruses lacking NS1 gene. Transient NS1 overex-
pression led to induction of KLF6, TGF-b, and concomitant silencing of miR-24
expression. Conversely, silencing KLF6 repressed TGF-b and induced miR-24
suggesting that in a wild type infection RSV NS1 can suppress miR-24 activity.
Analysis of miR-24 targets identifies numerous cell cycle targets as well as
cytokines and suggests that RSV modifies these to alter host cell cycle dynamics
(Fig. 2). Since miRNAs may regulate multiple gene networks, it is important to
understand if miRNA activity is essential for viral replication. Transfection of A549
cells with miRNA specific inhibitors followed by infection led to repression of viral
replication suggesting that the miRNAs investigated have pro-viral function.

3.3 miRNA Biomarkers of RSV Disease

miRNA expression patterns and tempo can affect both disease states and progres-
sion. Examining the miRNA expression profiles in nasal mucosa specimens from a
small group of RSV-positive and -negative infants, and comparing the expression
profiles using quantitative PCR, it was shown that miRNA biomarkers could be
observed between age and gender but not for individual miRNA expression.
However, a considerable downregulation of some miRNAs were observed specif-
ically for miR-34b, miR-34c, miR-125b, miR-29c, miR-125a, miR-429, and
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miR-27b, and upregulation of miR-155, miR-31, miR-203a, miR-16, and let-7d in
RSV-positive infants relative to healthy controls (Inchley et al. 2015). The
expression of miR-125a and miR-429 were appreciably different between infants
with mild and severe disease. These data suggest that miRNA expression profiles
may be able to discern between disease state and or severity. The differentially
expressed miRNAs were predicted to target multiple pathways such as NF-jb
signaling, regulation of apoptosis, cellular proliferation, maturation of DCs,
polarization of T helper 1 (Th1) cells, upregulation of Toll-like receptor 4 (TLR4),
repression of inflammatory innate responses, induction of nitric oxide production
(Inchley et al. 2015) suggesting that a miRNA response to RSV infection can have
both diagnostic and prognostic value if the miRNAs are repeatable and reliable.

While these miRNA findings suggest there are gene pathways under
post-transcriptional regulation during RSV infection, the impact of miRNAs on
regulating host and possibly viral gene regulation is global. For example, a number
of miRNAs have been identified that showed differential expression upon RSV
infection, have focused on deregulation caused by miR-221 (Othumpangat et al.
2012). Many of these miRNAs have isoforms transcribed from the 5′ and 3′ end
arms and it is not clear which mature miRNAs were deregulated. However, path-
way prediction analysis of these miRNAs using DIANA miRPath v.3 (Vlachos
et al. 2015) shows that these miRNAs alone or together affect multiple pathways.
Similarly, in our recent microarray analysis of miRNA expression following RSV
infection from our lab (Bakre et al. 2012), targets for miRNA regulation were
chosen based on their differential expression during RSV infection (Martinez et al.
2007). These data likely represent a small subset of host genes affected during RSV
infection, and it is possible we have failed to identify genes/pathways that may have
important roles in mRNA regulation of RSV replication and disease (Fig. 2).

3.4 Biogenesis and Function of transfer RNA Fragments
During RSV Infection

It has been demonstrated that RSV infection led to a significant increase in three 5′-
tRFs, Gly-GCC, Glu-CTC, and Cys-GCA (Wang et al. 2013). Time-course studies
showed that these tRFs were detected as early as 6 h pi and were abundant at 24 h
pi. Expression of Glu-CTC was replication dependent and tRFs were located pre-
dominantly in the cytosol suggesting that mechanisms of tRF biogenesis probably
involved the RTD pathway. Anti-sense inhibition of the Glu-CTC reduced viral
replication while overexpression of tRF-Glu-CTC led to increased viral replication
in respiratory epithelial cells. Knockdown of Angiogenin (ANG) but not
Dicer/Drosha/ELAC2/RNAseL reduced Glu-CTC production validating ANG as
the cytosolic endonuclease responsible for Glu-CTC production.

In a related study, it was demonstrated that the 3′ end of tRF-Glu-CTC functions
as a siRNA targeting the 3′ UTR of apolipoprotein ER 2 (APOER2) and reducing

226 R.A. Tripp and A.A. Bakre



APOER2 expression, an antiviral factor (Deng et al. 2015). APOER2 is a low
density lipoprotein receptor (LDLR) that is involved in receptor mediated endo-
cytosis of ligands for lysosomal degradation and as a receptor for cholesterol
transport apolipoprotein E (Fig. 3).

Fig. 2 Potential miRNA
regulated pathways during
RSV replication. Potential
pathways regulated by
differentially expressed miRs
identified in (Bakre et al.
2012; Othumpangat et al.
2012; Inchley et al. 2015)
were analyzed using DIANA
miRPath v.3. Top 10
statistically significant
(p < 0.05) pathways are
shown

Fig. 3 Role of transfer RNA
fragments (tRFs) in RSV
replication. Cellular stress or
host/viral factors induce
Angiogenin (ANG) activity
leading to 5′tRF production
and silencing of APOER2 and
increased viral replication

Roles of Non-coding RNAs in Respiratory … 227



4 miRNA Regulation of the Immune Response

4.1 Innate Immune Response

Recognition of pathogen-associated molecular patterns (PAMPs) using cell surface
and intracellular Pattern Recognition Receptors (PRRs) is the cornerstone of the host
immune response. PAMPs comprise multiple molecular classes and eukaryotic hosts
have evolved multiple classes of PRRs such as Toll-Like receptors (TLRs), retinoic
acid inducible gene (RIG-I/DDX-58)-like receptors (RLRs), nucleotide oligomer-
ization domain (NOD), and absent in melanoma 2 (AIM2)-like receptors, as well as
C-like type lectin receptors and scavenger receptors (SRs) to detect and signal
downstream leading to expression of innate effector molecules that respond to
infection. Host cells have also evolved stringent regulatory mechanisms to ensure that
this immune response is not unregulated and miRNAs have an important role in this
process. TLRs are themost understood in terms of signaling and expression of effector
molecules (O’Neill and Bowie 2007; Takeda and Akira 2004; Li and Shi 2013) and it
is now understood that different cell types and ligands in the PAMP-TLR interaction
can lead to ligand and cell type-specific miRNA expression and regulation (Taganov
et al. 2006; Cremer et al. 2009; Eis et al. 2005; Tili et al. 2007; Moschos et al. 2007;
Liu et al. 2009; Bazzoni et al. 2009; Jennewein et al. 2010). Similarly, miR-132
expression is induced by cyclic AMP response element binding protein and
post-transcriptional co-activator p300 (Nahid et al. 2011; Lagos et al. 2010). miRNA
deregulation following TLR engagement is a mechanism to hone and amplify the
immune response to the pathogen and dampen host antagonistic activity. MiRNAs
regulate multiple PRRs directly (TLR2 repression by miR-105, miR-146a, and
miR-143 (Quinn et al. 2013; Benakanakere et al. 2009; Guo et al. 2013), upregulation
by miR-19a/b (Philippe et al. 2012), TLR3 suppression by miR-223 (Johnnidis et al.
2008) and miR-26a (Benveniste et al. 1987), TLR4 suppression by miRNAs let-7e/-
7i, miR-223 (Johnnidis et al. 2008; Androulidaki et al. 2009; O’Hara et al. 2010), and
TLR4 induction by miR-511 (Tserel et al. 2011).

PAMP-PRR engagement is modulated via various adaptor and effector mole-
cules and studies show that these molecules are under miRNA regulation as well.
Examples include miR-146a and miR-146b regulation of IRAK1/IRAK2 kinase
and TRAF6 ligases (Taganov et al. 2006; Hou et al. 2009; Li et al. 2013; Lin et al.
2013; Curtale et al. 2013), miR-29 suppression of TRAF4 expression (Ahmed et al.
2013), miR-155 suppression of multiple NF-jb pathway members (Ceppi et al.
2009; Tili et al. 2007), miR-155 regulation of p38 MAPK signaling, TAB2 activity
(Ceppi et al. 2009), and MyD88 (Tang et al. 2010) activity along with miR-149 (Xu
et al. 2014) and miR-203 (Wei et al. 2013). MiR-145 regulates MyD88 adaptor-like
protein TIRAP (Starczynowski et al. 2010) while miR-200b/c (Wendlandt et al.
2012) and miR-21(Chen et al. 2013) regulate MyD88 directly. MiR-346 targets
BTK, a key kinase involved in TLR4, TLR7, TLR8, and TLR9 signaling pathways
(Alsaleh et al. 2009; Horwood et al. 2003).

Signaling cascades emanating from PAMP-PRR interaction culminate in
expression of cytokines and other anti-microbial moieties. miRNAs can regulate key
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transcription factors, e.g., miR-329 targets NF-jbp65 (Garg et al. 2013), miR-17-5p
and miR-20a and miR-223 target STAT3 (Zhang et al. 2011; Chen et al. 2012),
miR-155 targets CCAAT/enhancer binding protein-b (CEBP) (Worm et al. 2009),
FOXP3, and E26 (Kohlhaas et al. 2009; Quinn et al. 2014) while miR-132 targets
p300 (Lagos et al. 2010) and directly control the expression of interferon stimulated
genes (ISGs) (Li and Shi 2013; Martinez and Walhout 2009; Filipowicz et al. 2008;
Olivieri et al. 2013; O’Neill et al. 2011; Nahid et al. 2011; Ma et al. 2011; Zhou
et al. 2011; Coll and O’Neill 2010). miR-9 (Bazzoni et al. 2009) and miR-210 (Qi
et al. 2012) have been shown to directly target the NF-jb1 transcript. Additionally,
miR-4661 suppresses IFN-a (Li et al. 2012), miR-26a, miR-34a miR-145 and let-7b
suppress IFN-b (Zhou et al. 2011; Witwer et al. 2010), miR-125b and miR-187
suppress tumor necrosis factor (TNF) (Tili et al. 2007; Rossato et al. 2012), miR-16,
miR-365, miR-142-3p suppresses IL-6 (Zhou et al. 2011; Xu et al. 2011; Sun et al.
2011), miR-106a/b suppress IL-10 (Sharma et al. 2009), miR-21 suppresses IL-12
(Lu et al. 2009) and miR-29 suppresses IFN-c (Ma et al. 2011). This is affected via
binding to AU-rich elements (AREs) in their 3′ UTRs or by destabilizing the
interactions with other RNA binding proteins. MiR-16 and miR-221 accelerate TNF
degradation by destabilizing tristetraprolin (TTP) (Jing et al. 2005), an important
RNA binding protein while miR-579 and miR125b reduce TNF translation by
binding to TTP (Tili et al. 2007; El Gazzar and McCall 2010).

miRNAs can also regulate signaling induced upon cytokine binding to its cognate
receptor. MiR-155 suppresses SOCS1 (Wang et al. 2010), miR-146a regulates
Notch1, a positive regulator of IL-12p70 (Bai et al. 2012), miR-98 and let-7 miRs
regulate cytokine inducible Src homology 2 (CIS) and SOCS4 proteins (Hu et al.
2010). Figure 4 summarizes our present understanding of these mechanisms.

4.2 Adaptive Immune Response

miRNAs also regulate the adaptive response to infection by regulating the devel-
opment, maturation, and function of the cellular arm of immunity. These include T,
B, and antigen presenting cells (APCs). For example, miRNA-155 regulates T- and
B-cell development from hematopoietic stem cells (HSCs) in the bone marrow
(Cobb et al. 2005; Muljo et al. 2005; Rodriguez et al. 2007). Similarly, miR-125b
controls the size of the HSC compartment in mice (Ooi et al. 2010; Surdziel et al.
2011), and is repressed upon lineage commitment (Kirigin et al. 2012; O’Connell
et al. 2010). Additionally, miR-181a and miR-150 exhibit characteristic deregula-
tion (Henao-Mejia et al. 2013); inhibition of miR-181a impairs T-cell selection
(Curtale and Citarella 2013). miR-125b regulates key T-cell developmental
cytokines such as Interferon-c (IFNc), IL-2 receptor beta (IL2RB), IL-10 receptor
alpha (IL10Ra), and the interferon repressor, Blimp-1 in naïve CD4 + T cells
(Rossi et al. 2011), while miRNA-182 regulates T helper cell proliferation via the
transcription factor Forkhead box O1 (Foxo1) (Bronevetsky et al. 2013). These data
show that miRNAs and potentially other non-coding RNAs have a huge impact on
the host response to infection.

Roles of Non-coding RNAs in Respiratory … 229



F
ig
.4

M
iR
N
A

re
gu

la
tio

n
of

th
e
im

m
un

e
re
sp
on

se
.A

n
ov

er
vi
ew

of
m
iR
N
A

bi
og

en
es
is
an
d
th
e
re
gu

la
tio

n
of

th
e
in
na
te

im
m
un

e
re
sp
on

se
du

ri
ng

R
SV

in
fe
ct
io
n
is

sh
ow

n.
B
la
ck

ar
ro
w
s
in
di
ca
te

in
du

ct
io
n
w
hi
le

re
d
lin

es
de
no

te
in
hi
bi
tio

n
of

ge
ne

fu
nc
tio

n/
ac
tiv

ity
.
O
nl
y
pr
om

in
en
t
no

de
s
ar
e
sh
ow

n

230 R.A. Tripp and A.A. Bakre



5 Future Directions

Non-coding RNAs have a significant impact on host gene expression both during
normal physiological conditions as well as during infection and stress. Present data
suggest that the functions of ncRNAs are poorly understood and further research
into the roles of ncRNAs is needed to help accelerated identification and devel-
opment of anti-RSV prophylactics and therapeutics. Investigations into other
ncRNA classes and impact of RSV infection are needed to gain mechanistic
insights into the host-virus interface.
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Roles of Non-coding RNAs During
Herpesvirus Infection

Meaghan H. Hancock and Rebecca L. Skalsky

Abstract Non-coding RNAs (ncRNAs) play essential roles in multiple aspects of
the life cycles of herpesviruses and contribute to lifelong persistence of her-
pesviruses within their respective hosts. In this chapter, we discuss the types
of ncRNAs produced by the different herpesvirus families during infection, some of
the cellular ncRNAs manipulated by these viruses, and the overall contributions of
ncRNAs to the viral life cycle, influence on the host environment, and pathogenesis.
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1 Introduction

Herpesviruses are large, enveloped, double-stranded DNA viruses that establish
life-long, persistent infections in their hosts. Classified into three families (alpha,
beta, and gamma) based on sequence homology and genome structure, all her-
pesviruses transition between two complex, distinct states during their life cycles:
lytic and latent replication. The ability to successfully navigate between these
phases all the while effectively combating host anti-viral innate and adaptive
immune responses is facilitated in part by viral non-coding RNAs (ncRNAs). Viral
genomes are compact in size, thus herpesviruses maximize use of their limited
genetic space by encoding RNAs with multi-functional roles. Furthermore, many
viral ncRNAs are non-immunogenic and can be expressed in times of host shut-off
when protein translation is inhibited. These unique features of viral ncRNAs pro-
vide multiple methods for strategically manipulating gene expression within the
internal and external cellular environment to effectively support the herpesvirus life
cycle. While many herpesvirus ncRNAs continue to be defined and functionally
characterized, numerous studies have highlighted the important and diverse roles
that these molecules play in regulating viral replication, gene expression, and virus
persistence.

2 Non-coding RNAs Made by Herpesviruses

Non-coding RNAs are defined as functional RNAs that lack protein-coding
potential and do not associate with translation factors such as ribosomes. In
humans, a surprisingly significant portion of the genome (>75%) is transcribed, yet
only *2% of these transcripts are protein coding (Kapranov et al. 2007). The
remaining transcripts represent ncRNAs which include highly abundant ribosomal
RNAs (rRNAs), transfer RNAs (tRNAs), and regulatory RNAs such as microRNAs
(miRNAs), piwiRNAs (piRNAs), small nucleolar RNAs (snoRNAs) and long
ncRNAs. Many of these classes of ncRNAs have been observed in herpesviruses
which are subject to the same control networks that regulate cellular gene
expression, and produce viral transcripts that share structural features with cellular
RNAs. For protein-coding viral mRNAs, this includes a 5′ methylguanosine cap, 3′
polyadenylated tail, and cis elements that regulate translation. The ncRNAs are
more diverse in structure, size, and function. Based on size, the herpesvirus
ncRNAs fall into two general classes: long ncRNAs (>150–200 nt) and small
ncRNAs (*18–100 nt). Figure 1a shows the genomic locations of several ncRNAs
encoded by human herpesviruses representative of the three families.
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2.1 Herpesvirus-Encoded MiRNAs: The Short of It

The majority of viral small ncRNAs are *22 nt cytoplasmic, single-stranded
miRNAs that direct activity of the cellular RNA interference machinery and con-
tribute to the silencing of target RNAs. Over 300 herpesvirus miRNAs have been
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Fig. 1 Non-coding RNAs expressed by herpesviruses. a Genomic locations (not to scale) of large
and small ncRNAs (highlighted) encoded by the alpha, beta, and gamma-herpesviruses. Shown are
representative human herpesviruses from each family and approximate locations of viral ncRNAs.
miRNA precursors are represented by arrows that indicate the direction in which they are
transcribed. For HSV-1, only miRNAs reported to be RISC-associated are shown (Flores 2013).
b Drosha dependent (canonical) and Drosha independent miRNA biogenesis. The majority of
herpesvirus miRNAs are generated via the canonical pathway. MHV68 and HVS bypass
Drosha/DGCR8 cleavage and utilize alternative methods to generate pre-miRNAs that are
co-transcribed with other viral ncRNAs
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identified within the past 12 years, and at least seven of the nine known human
herpesviruses have been shown to encode miRNAs (Pfeffer et al. 2004, 2005;
Samols et al. 2005; Cai et al. 2005; Grey et al. 2005; Umbach et al. 2008; Chen
et al. 2010; Tuddenham et al. 2012; Tang et al. 2008); to date, no miRNAs have
been identified for varicella zoster virus (VZV) (Umbach et al. 2009), the causative
agent of chicken pox and shingles, or human herpesvirus 7 (HHV7) which, along
with HHV6B, is associated with roseola in young children. miRNAs and other
small ncRNAs may yet be identified for these viruses as additional RNA
sequencing studies are performed. Both the alpha and gamma-herpesvirus miRNAs
are organized in clusters (Fig. 1a) within genomic loci that are transcriptionally
active during latent infection; many of these viral miRNAs are processed from
stable introns of larger ncRNAs as described below. In contrast, beta-herpesvirus
miRNAs, such as the human cytomegalovirus (HCMV) miRNAs, are dispersed
throughout the viral genome and many are encoded within protein-coding regions
that are transcriptionally active during acute stages of infection.

MiRNAs are potent post-transcriptional regulators of gene expression that are
essential players in herpesvirus biology. miRNAs act by guiding the RNA induced
silencing complex (RISC) to sequence complementary sites on target RNAs-primarily
in the 3′UTRs of mRNAs, which subsequently interferes with protein expression and
leads to destabilization of the target RNA (Bartel 2004, 2009).Over 1800miRNAs are
encoded within the human genome and are predicted to regulate upwards of 30–50%
of protein-coding transcripts (Bartel 2009). Consequently, miRNAs regulate multiple
biological processes, including cell differentiation, proliferation, apoptosis, stress
responses, and the development of immunological responses. Aberrant miRNA
activity, such as the loss of miRNA binding sites in 3′UTRs from alternative splicing
or polyadenylation, has been observed in many diseases including cancer (Mayr and
Bartel 2009; Sandberg et al. 2008).

Pfeffer et al. (2004) identified the first viral miRNAs in 2004 by sequencing size
fractionated, small RNAs (18–24 nt) from B cells infected with the human
gamma-herpesvirus, Epstein Barr virus (EBV). EBV is a highly successful patho-
gen and persistently infects >90% of adults worldwide. While primary infection is
asymptomatic or induces infectious mononucleosis, in immunocompromised indi-
viduals, the virus is linked to malignancies such as Burkitt’s lymphoma,
non-Hodgkin’s lymphoma, and nasopharyngeal carcinoma. EBV encodes a total of
25 precursor miRNAs (pre-miRNAs), three within the BHRF1 region and two large
miRNA clusters within the BamHI rightward transcripts (BART) region (Cai et al.
2005; Chen et al. 2010; Grundhoff and Sullivan 2011; Pfeffer et al. 2004, 2005;
Skalsky and Cullen 2015) (Fig. 1a). The BART miRNAs, transcribed from the
BART P1 and P2 promoters, are detectable at varying levels throughout infection
while the BHRF1 miRNAs are expressed during specific latency programs when
the latent C or W promoters are active (Amoroso et al. 2011; Edwards et al. 2008;
Xing and Kieff 2011). Homologs of the EBV miRNAs can be found in several Old
World non-human primate (NHP) lymphocryptoviruses (LCV), including rhesus
LCV and herpesvirus papio, which infects baboons (Cai et al. 2006; Riley et al.
2010; Skalsky et al. 2014; Walz et al. 2010). rLCV currently holds the record for
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most viral miRNAs; 70 potential miRNAs can be generated from the 35
pre-miRNAs (Riley et al. 2010; Skalsky et al. 2014; Walz et al. 2010).

A second lymphotrophic human gamma-herpesvirus, Kaposi’s sarcoma-
associated herpesvirus (KSHV), encodes 12 pre-miRNAs within the
latency-associated region. KSHV is linked to KS and lymphoproliferative diseases
such as primary effusion lymphoma (PEL). 10 of the KSHV miRNAs are expressed
from an intron mapping between vFLIP (ORF71) and K12 while the other two are
encoded within K12 (Cai et al. 2005; Pfeffer et al. 2005; Samols et al. 2005).
Rhesus rhadinovirus (RRV) and other NHP rhadinoviruses encode positional
homologs of the KSHV miRNAs and at least one of the NHP virus miRNAs has
sequence homology to KSHV miR-K10a (Schafer et al. 2007; Umbach et al. 2009;
Walz et al. 2010; Bruce et al. 2013; Skalsky et al. 2016). Small RNA sequencing
studies on KSHV infected B cell lymphoma lines revealed that viral miRNAs
account for a large portion (*30–70%) of the total miRNA population (Gottwein
et al. 2011; Umbach et al. 2010), and are therefore expected to exert significant
impacts on host gene expression.

Neurotropic alpha-herpesviruses such as Herpes simplex viruses 1 and 2 (HSV-1
and HSV-2), the rhesus macaque herpes B virus, and the highly infectious pseu-
dorabies virus (PRV) of swine, encode a locus known as the latency associated
transcript (LAT) which remains transcriptionally active during latency. No viral
proteins are produced; rather, large, capped and polyadenylated transcripts accu-
mulate to high levels and are each spliced to liberate a stable intron (Tycowski et al.
2015). The unstable spliced LAT exon is cleaved by the miRNA biogenesis
machinery to liberate multiple miRNAs. HSV-1 and HSV-2 establish latent infection
in the trigeminal or sacral dorsal root ganglia neurons, respectively. Disease can arise
from viral reactivation and usually presents as lesions in the form of cold sores for
HSV-1 or genital sores for HSV-2. During lytic HSV-1 or HSV-2 infection,
miRNAs from LAT and other genomic loci can be detected (Jurak et al. 2014;
Umbach et al. 2008; Tang et al. 2008). A total of 17 miRNAs have been reported for
HSV-1; however, only 9 of these (namely, miR-H1 to miR-H8 and miR-H11) were
demonstrated to be actively loaded into RISC following in vitro HSV-1
17syn + infection of neuronal cell lines (Flores et al. 2013). Expression levels of
HSV-1 miRNAs vary significantly, and inconsistencies in viral miRNA detection in
many studies are likely due to the lack of tractable models for HSV-1 infection.

Human cytomegalovirus (HCMV), a ubiquitous virus that is generally asymp-
tomatic in immunocompetent individuals but can cause severe disease in
immunocompromised individuals such as neonates and transplant recipients (Britt
2008), encodes 11 pre-miRNAs scattered throughout its genome. All HCMV
miRNAs are detected during lytic infection of fibroblasts (Dunn et al. 2005; Grey
et al. 2005; Stark et al. 2012) however only a subset of the miRNAs are detectable
in in vitro latency models (Fu et al. 2014; Lau et al. 2016; Meshesha et al. 2016;
Shen et al. 2014). Mouse CMV (MCMV) and rat CMV (RCMV) encode 18 and 14
pre-miRNAs, respectively, which, like HCMV, are scattered throughout the gen-
ome but bear no homology to the primate CMV miRNAs (Buck et al. 2007; Meyer
et al. 2011).
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2.2 Biogenesis of Viral MicroRNAs

Most herpesvirus miRNAs are processed by the canonical host miRNA biogenesis
pathway, whereby long pri-miRNAs are transcribed by RNA Pol II and cleaved by
nuclear RNAse III Drosha along with its co-factor DGCR8 (DiGeorge critical
region 8) (Fig. 1b) (Ambros 2004; Bartel 2004, 2009; Ha and Kim 2014). Drosha
cleavage releases a *60 nt precursor miRNA (pre-miRNA) hairpin containing a 5′
mono-phosphate and 2 nt 3′ overhang. Pre-miRNAs are then exported to the
cytoplasm through the nuclear pore complex via Exportin-5 (XPO5) and cleaved by
a second RNAse III enzyme, Dicer, to liberate *22 nt miRNA:miRNA* duplexes.
One duplex strand is bound by an Argonaute protein and incorporated into RISC as
the mature miRNA. Viral miRNA biogenesis is dependent solely on the cellular
machinery and to date, there are no viral factors known to be required for the
generation of herpesvirus miRNAs. Single nucleotide polymorphisms (SNPs) in
several herpesvirus pre-miRNA sequences, particularly for two KSHV miRNAs,
miR-K12-5 and miR-K12-9, have been shown to alter miRNA processing events by
interfering with Drosha and/or Dicer cleavage (Han et al. 2013; Gottwein et al.
2006). Additionally, post-transcriptional modifications of pri- or pre-miRNAs, such
as adenosine to inosine (A-to-I) editing by the ADAR1 enzyme, can alter miRNA
biogenesis. A-to-I editing of the EBV primary miR-BART6 transcript abrogates
Drosha cleavage, release of the pre-miRNA, and thus alters total expression levels
of the mature miR-BART6 (Iizasa et al. 2010). The clinical significance of SNPs
and post-transcriptional modifications in human gamma-herpesvirus miRNAs has
not been fully evaluated, although it is thought these may contribute to increased
pathogenesis risk or disease states by altering viral miRNA expression levels (Iizasa
et al. 2010; Han et al. 2013; Marshall et al. 2010).

Not all herpesviruses exploit Drosha for miRNA biogenesis. At least two
gamma-herpesviruses have been shown to generate miRNAs in a Drosha- and
DGCR8-independent manner. The 14 murine MHV68 pre-miRNAs are generated
from eight RNA Pol III tRNA-pre-miRNA chimera transcripts to yield a total of 28
mature miRNAs. These MHV68 tRNA-miRNA-encoding RNAs (TMERs) are
cleaved by cellular tRNAseZ (ELAC1) and other as yet unknown nucleases to
separate the pre-miRNAs from the tRNA prior to export into the cytoplasm and
canonical Dicer cleavage (Bogerd et al. 2010; Diebel et al. 2010; Tycowski et al.
2015). Many MHV68 TMERs contain one tRNA and two pre-miRNAs, and mature
miRNAs generated from the pre-miRNAs closest to the tRNAs are more abundant.
The second pre-miRNA terminates in a 3′ polyU tract, a remnant of RNA Pol III
transcription.

Pre-miRNAs of the oncogenic New World monkey virus herpesvirus saimiri
(HVS) are co-transcribed with the HVS Sm class U RNAs (HSURs) by RNA Pol II
(Croen et al. 1987). The resulting multi-hairpin transcripts contain cis elements,
including Sm binding regions and uridine-rich, small nuclear RNA (snRNA) 3′
signal elements (3′ box) that contribute to further processing. The host Integrator
complex, consisting of *12 proteins in humans that are responsible for snRNA
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biogenesis, recognizes the 3′ box and cleaves the transcripts, thereby separating the
5′ HSURs from the downstream viral pre-miRNAs (Croen et al. 1987). This
cleavage event generates the 5′ ends of the pre-miRNAs; another 3′ box-like
sequence element recognized by the Integrator complex is needed to generate the 3′
ends of the pre-miRNAs (Xie et al. 2015). Released pre-miRNAs are subsequently
exported into the cytoplasm to join the canonical miRNA biogenesis pathway
(Fig. 1b). Elucidating these non-canonical pathways for MHV68 and HVS miRNA
processing has contributed to our overall understanding of miRNA biogenesis in
eukaryotes.

2.3 Other Herpesvirus Small NcRNAs

In addition to miRNAs, herpesviruses express a number of other small ncRNAs,
although the regulatory functions for many are still unclear. Encoded 100 nt
downstream of EBV miR-BART2 is a 65 nt viral snoRNA (v-snoRNA1)
(Hutzinger et al. 2009) (Fig. 1a). V-snoRNA1 contains sequence and structural
elements similar to canonical C/D box cellular snoRNAs that localize to the
nucleolus, interact with Nop65, Nop58, and fibrillarin to form functional snoRNA
protein (snoRNP) complexes, and chemically modify RNAs. A smaller 24-nt RNA
with miRNA-like characteristics may be processed from v-snoRNA1 and can been
detected by Northern blot in both EBV + B and epithelial cells (Hutzinger et al.
2009; Lung et al. 2013). The 24 nt v-snoRNA1-derived RNA was reported to bind
to a region in the EBV BALF5 3′ UTR and induce cleavage of the BALF5 mRNA
(Hutzinger et al. 2009). How this interaction might occur is unclear since the
v-snoRNA1 is not detectable in RISC immunoprecipitation experiments (Riley
et al. 2012; Skalsky et al. 2012).

Identified in RNA-seq datasets from latently infected B cells, the EBV stable
intronic sequence RNA 1 (sisRNA-1) is a highly abundant, 81 nt RNA derived
from a stable intron that arises from transcription across the five to eight W repeats
(Moss and Steitz 2013). These W repeats are included as the 5′ ends of long
transcripts encoding the EBV nuclear antigens (EBNAs); some of these EBNA
transcripts might have additional ncRNA capabilities (Concha et al. 2012; Moss
and Steitz 2013). Functions for EBV sisRNA-1 are unknown; however, the RNA
contains a short U-rich hairpin loop and additional motifs that may interact with
proteins (Moss and Steitz 2013). RNA-seq experiments have unveiled hundreds of
other novel EBV transcripts and stable viral introns produced during lytic infection
that appear to lack protein coding potential and may have regulatory functions (Cao
et al. 2015; Concha et al. 2012; O’Grady et al. 2014); at least some of these novel
EBV ncRNAs may sequester miRNAs and alter viral gene expression (Cao et al.
2015).

Two HSV-1 small ncRNAs [sRNA1 (65 nt) and sRNA2 (36 nt)] arise from
within the first 1.5 kb of the stable LAT intron during productive HSV-1 infection
of neuronal cultures (Perng et al. 1994) and in latently infected mouse trigeminal
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ganglia (Stevens et al. 1987). LAT sRNA2 inhibits the expression of ICP4 in
transient co-transfection experiments, and both sRNAs contribute to blocking
productive infection of a LAT-null virus. Additionally, both sRNAs cooperate to
partially block cold-shock induced apoptosis in neuro-2A cells (Stevens et al.
1987). Thus, the functions of these sRNAs may contribute to the overall require-
ment of the LAT region in latency and reactivation of HSV-1.

Varying in size from 75–143 nt in length, the seven HSURs of HVS are
abundantly expressed in latently infected marmoset T cells (10^3-10^4 copies/cell)
[reviewed in (Tycowski et al. 2015)]. The HSURs share some sequence similarities
to Sm-class small nuclear RNAs (snRNAs). These non-coding RNAs are dis-
pensable for the T cell transformation phenotype of HVS, but remain highly con-
served in other New World primate gamma-herpesviruses, suggesting other
important functions for the virus. At least one of the HSURs can sequester a host
miRNA (discussed below) that contributes to T cell development (Cazalla et al.
2010).

2.4 The Long(er) Non-coding RNAs

Some of the most abundant viral transcripts in herpesvirus-infected cells are
lncRNAs. HCMV expresses four major ncRNAs (RNA2.7, RNA1.2, RNA4.9, and
RNA5.0) (Fig. 1a) that account for greater than 65% of polyadenylated transcripts
in infected human fibroblasts in vitro (Gatherer et al. 2011). RNA2.7 (also known
as b2.7), the best-studied HCMV lncRNA, is expressed with early kinetics and
accounts for more than 20% of polyadenylated lytic viral transcripts (McDonough
and Spector 1983; McDonough et al. 1985). Additionally, RNA 2.7 has been
detected both in in vitro latency models and in seropositive donors (Rossetto et al.
2013). RNA2.7 is encoded within the inverted repeats flanking the unique long
(UL) segment of the viral genome, has a cytoplasmic localization (Gawn and
Greaves 2002), and may encode several short polypeptides (Stern-Ginossar et al.
2012). Another HCMV lncRNA, RNA4.9, has also been detected in seropositive
donors and in in vitro models of HCMV latency (Rossetto et al. 2013). RNA4.9
initiates within oriLyt, terminates just downstream of UL69 (Gatherer et al. 2011)
and may encode a polypeptide (Stern-Ginossar et al. 2012). RNA5.0 has been
identified as an AT-rich stable intron encoded between the UL105 and UL111a loci.
Mutation of the 5′ splice donor site does not affect viral replication in fibroblasts
(Kulesza and Shenk 2004). The MCMV homolog of RNA 5.0 is also dispensable
for replication in fibroblasts but may be a virulence factor in vivo (Kulesza and
Shenk 2006). MCMV may also encode other long non-coding RNAs that await
characterization (Juranic Lisnic et al. 2013). Finally, HCMV RNA 1.2 is encoded
within the terminal repeats, may also encode a polypeptide (Stern-Ginossar et al.
2012), but has not been studied extensively (Gatherer et al. 2011; Hutchinson and
Tocci 1986).
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EBV expresses two nuclear RNA pol III transcripts, EBER1 (167 nt) and
EBER2 (172 nt), that accumulate to *10^5–10^6 copies per cell and are the most
abundant viral transcripts in EBV-infected cells (Lerner et al. 1981; Tycowski et al.
2015). The EBERs are detectable throughout EBV infection and therefore are often
used for diagnostics. Originally identified as interactors of the La protein, which
binds the RNA pol III polyU tracts of the EBERs, both EBER1 and EBER2 form
extensively base-paired secondary structures to scaffold RNA binding proteins.
EBER1 relocates the ribosomal protein L22 to the nucleus (Fok et al. 2006) and
also binds several cellular hnRNPs including AUF1 (Lee et al. 2012), which alters
the stability of AU-rich RNAs. Recently identified, novel functions for EBER2 (Lee
et al. 2015) are discussed below and illustrated in Fig. 2.

During lytic replication, the 1.1 kb Kaposi-sarcoma associated herpesvirus
(KSHV) polyadenylated nuclear RNA (PAN) makes up >75% of the total
polyadenylated transcripts in KSHV infected cells (Arias et al. 2014; Conrad 2016).
Recent studies show that PAN may be virion associated and accumulates in the
nucleus at high levels (>500,000 copies/cell) within a few hours after infection
(Rossetto and Pari 2012; Arias et al. 2014; Conrad 2016). PAN contains a 79 nt
triple helical expression and nuclear retention element (ENE) that contributes to its
stable secondary structure (Fig. 2a) and facilitates nuclear localization (Devi-Rao
et al. 1994; Conrad and Steitz 2005). Sequence analysis of other rhadinovirus
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Fig. 2 Viral long ncRNA regulation of gene expression. a KSHV PAN RNA can serve as a decoy
by sequestering LANA from binding to and repressing KSHV lytic promoters b KSHV PAN can
also guide various cellular factors (i.e. demethylases such as JMJD3 and UTX or methylases such
as Ezh2) to sites on the KSHV genome which consequently alter histone modifications that
mediate transcriptional activation or repression. c EBV EBER2 forms a complex with cellular
PAX5 and an unknown bridging factor to regulate transcription from the terminal repeat
(TR) regions of the EBV genome. Nascent TR transcripts pair with EBER2 to stabilize the
interaction. d HCMV RNA4.9 interacts with the PRC2 complex and may bind regions of the viral
genome to regulate the major immediate early promoter
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genomes such as rhesus rhadinovirus (RRV), japanese macaque rhadinovirus
(JMRV), and retroperitoneal fibromatosis-associated herpesvirus (RFHV), indicate
the presence of PAN homologs (Estep et al. 2013; Tycowski et al. 2012).

Particularly for EBV and KSHV, recent transcriptome-wide approaches to
characterize viral gene expression patterns have uncovered several novel lncRNAs
present during lytic infection, and similar to HCMV lncRNAs, many initiate near
lytic origins. EBV BHLF1 is an abundant 2.5 kb ori-LytL associated transcript that
has been gaining recognition as a potential viral lncRNA since the transcript seems
to lack protein coding potential due to several stop codons (Arvey et al. 2012; Krug
2013); BHLF1 may contribute to control of lytic DNA replication through regu-
lation of the Cp and Wp promoters (Rennekamp and Lieberman 2011). Encoded
within the BamHI locus adjacent to ori-LytR, the EBV LF3 transcript also contains
multiple stop codons, suggesting function as a ncRNA (Lin et al. 2013). Other EBV
ncRNAs include the alternatively spliced, polyadenylated nuclear BART lncRNAs
that negatively regulate expression of several host genes (Marquitz et al. 2014), a
second *2.8 kb sisRNA (sisRNA-2) generated from the larger introns of W repeat
transcripts that has no characterized function (Moss and Steitz 2013), and
bi-directional oriP transcripts that remain nuclear, are subject to ADAR
hyper-editing, and may fold into long hairpin structures (Cao et al. 2015). GapmeR
knockdown of oriPtL activity in EBV + Burkitt’s lymphoma cell lines indicates a
role in enhancing lytic replication (Cao et al. 2015). KSHV similarly transcribes
several non-coding regions of the viral genome during lytic reactivation that are
also adjacent to an oriLyt, which may allow replication factors access to the viral
DNA (Wang et al. 2008; Chandriani et al. 2010).

HSV LAT (latency-associated transcript) is the most abundantly transcribed
gene in infected neurons and is encoded anti-sense to ICP0 (Kim et al. 2015). LAT
encodes an 8.3 kb transcript that is spliced to yield a stable 2 kb intron that can be
further processed into a stable 1.5 kb intron (Javier et al. 1988) that is found at
>10^4 copies/cell. The role of the 1.5 kb stable intron in latency establishment,
maintenance and reactivation has been extensively studied [reviewed in (Scarpini
et al. 2001)] and is discussed below.

3 Functions of Viral LncRNAs

Much of what we know about lncRNA functions comes from studies to characterize
the >60,000 cellular lncRNAs encoded within the human genome (Iyer et al. 2015).
Many cellular lncRNAs are transcribed by RNA pol II and are subject to splicing
and polyadenylation akin to cellular mRNAs (Derrien et al. 2012). More common
to lncRNAs is their nuclear localization, unique secondary or tertiary structures, and
interactions with other RNAs, DNA, or proteins for activity (Cech and Steitz 2014).
Cellular lncRNAs have been shown to regulate gene expression through chromatin
remodeling or interactions with splicing machinery; some act as molecular scaffolds
to bring effector components into close proximity while others contribute to RNA
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stability or post-transcriptional or post-translational modifications [reviewed in
(Cech and Steitz 2014)]. Together, these studies have revealed the diversity of
lncRNA functions, and thus, we would expect viral lncRNAs to harbor comparable
or perhaps, even more unique roles.

3.1 Roles in Metabolic Processes and Apoptosis

Functions for the HCMV lncRNAs during viral infection have not been extensively
studied. Reeves et al. (2007) examined the interacting partners of HCMV RNA2.7
and identified the mitochondrial Complex I subunit NADH Ubiquinone
Oxidoreductase. RNA2.7 blocked the relocalization of cellular GRIM-19, a subunit
of Complex I required for its assembly and function, in response to the Complex I
inhibitor rotenone. The maintenance of Complex I function allows for the stabi-
lization of mitochondrial membrane potential and continued production of
ATP. Although deletion of RNA 2.7 from the viral genome does not greatly affect
viral growth in fibroblasts (McSharry et al. 2003; Reeves et al. 2007), there is an
observed growth disadvantage in the presence of rotenone or low glucose growth
medium (Reeves et al. 2007). Continued ATP production is likely critical for
efficient lytic replication and HCMV mediates this, at least in part, through the
function of its lncRNA.

The HSV stable intron LAT plays an important role in blocking apoptosis in
infected neurons, although the exact mechanism remains unknown (Marshall et al.
2010; Ray et al. 2012). Caspase 8 and 9-induced apoptosis is blocked by LAT
(Hansen et al. 2010a) and caspase 3 activation in response to Granzyme B can also
be inhibited by LAT (Jiang et al. 2011). Two sRNAs encoded within the first 1.5 kb
of the LAT region may contribute to this phenotype (Shen et al. 2014). Given that
HSV establishes latency in long-lived neuronal cells, blocking apoptosis is likely a
critical function of LAT during the lifespan of the host.

3.2 Viral Long NcRNAs Modify Viral Gene Expression

Several cellular and viral lncRNAs have been found associated with chromatin
remodeling factors (Khalil et al. 2009; Rossetto and Pari 2012) and are thought to
act as molecular scaffolds to allow for histone modifications in the epigenetic
control of viral or cellular gene expression (Chinen and Tani 2012; Saxena and
Carninci 2011). Following trafficking of the viral DNA into the nucleus, her-
pesvirus genomes become nucleosome-associated and take on highly structured,
organized chromatin architecture (Toth et al. 2010). Histone modifications compact
the chromatin to repress transcription, which is a key step in silencing viral gene
expression for latency.
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There are several examples of herpesvirus lncRNAs that directly contribute to
transcriptional control of viral immediate early promoters. In latently infected
CD14 + monocytes, HCMV RNA4.9 interacts with components of the polycomb
repressor complex PRC2 (Fig. 2d) and may be involved in the enrichment of
H3K27me3 on histone tails at the site of the HCMV major immediate early pro-
moter (MIEP) (Rossetto et al. 2013). PRC complexes are also involved in the
formation of heterochromatin and histone marks on KSHV genomes, and may be
titrated away from the viral genome by KSHV PAN to enhance lytic replication
[reviewed in (Campbell et al. 2014)]. Recent ChIRP (chromatin isolation by RNA
purification) experiments on KSHV infected B cells indicate that KSHV PAN
lncRNA interacts with PRC2 components such as the lysine methylase Ezh2
(Rossetto et al. 2013). PAN also interacts with demethylases JMJD3 and UTX that
act on the ORF50 promoter to drive expression of the viral transactivator RTA
(Fig. 2b) (Rossetto and Pari 2012). It was originally determined that HSV LAT
contributes to the heterochromatinization of lytic gene promoters during latency
through the induction of lysine 9 methylation on histone H3 (Wang et al. 2005).
Additionally, facultative heterochromatin (H3K9 and H3K27 trimethylations) on
lytic gene promoters during latency is reduced in small animal models of HSV-1
using LAT-deficient viruses (Amelio et al. 2006; Cliffe et al. 2009; Kwiatkowski
et al. 2009). The mechanism of LAT-induced heterochromatinization of the lytic
viral gene promoters is unclear; however, LAT may be involved in recruitment of
chromatin remodeling complexes (Kwiatkowski et al. 2009; Cliffe et al. 2013).

In vivo studies suggest that PAN can also interact with the KSHV latency
associated nuclear antigen (LANA). LANA has many functions in the maintenance
of latent viral genomes, and has been shown to repress transcription from lytic viral
promoters including the ORF50 promoter (Lan et al. 2004). In vitro, the
PAN/LANA interaction has been mapped to LANA’s DNA binding domain which
inhibits interactions with histone H3 (Campbell et al. 2014). One current model is
that PAN sequesters LANA from binding lytic viral promoters (Fig. 2a).

Recent work from the Steitz group demonstrated that the EBV nuclear EBER2
physically interacts with paired box protein 5 (PAX5), a transcription factor
involved in B cell differentiation (Li et al. 2011). Capture hybridization analysis of
RNA targets (CHART) was used to identify areas of DNA where EBER2 localized.
This analysis showed that EBER2 can bind to the EBV terminal repeats at sites that
overlapped with the previously reported PAX5 binding sites (Arvey et al. 2012).
Subsequent experiments demonstrated that EBER2 and PAX5 interact to form a
complex that includes paraspeckle components SFPQ, NONO, and RBM14 to help
regulate LMP1 and LMP2A RNA expression (Lee et al. 2015, 2016) (Fig. 2c).
Consistent with this model, deletion of EBER2 from the virus leads to a *5-fold
increase in LMP2A transcript levels in lymphoblastoid cell lines (LCLs); surpris-
ingly, no significant changes were observed at the protein level (Gregorovic et al.
2015).
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4 Small Silencers of Viral Gene Expression

Viral miRNAs are considered key contributors in mediating the balance between
lytic and latent replication [reviewed in (Grey 2015)]. One way in which viral
miRNAs can modulate this balance is through the direct silencing of lytic tran-
scripts, which is important for establishing and/or maintaining latency. EBV
miR-BART2-5p, which is encoded anti-sense to the viral DNA polymerase cat-
alytic subunit BALF5, has perfect complementarity to the BALF5 3′ UTR and
induces site-specific endonucleolytic cleavage of the BALF5 transcript during lytic
replication (Barth et al. 2008; Pfeffer et al. 2004). HCMV miR-UL112, miR-US33,
miR-US5-1, and miR-US5-2 are each encoded on strands opposite of viral protein
coding genes, and therefore postulated to inhibit viral gene expression. HCMV
miR-UL112 is anti-sense to UL114 (Pfeffer et al. 2005), which encodes a uracil
DNA glycosylase involved in DNA replication, and inhibits UL114 protein
expression by direct binding to the UL114 transcript (Stern-Ginossar et al. 2009).
Surprisingly, despite full complementarity between miR-UL112 and the UL114
mRNA, there is no evidence that miR-UL112 acts like a siRNA to induce cleavage
of the UL114 transcript. miR-US5-1 and miR-US5-2 are both anti-sense to US7 and
act cooperatively through two perfect binding sites and one imperfect binding site
to inhibit US7 protein expression (Tirabassi et al. 2011). While US7 functions are
uncharacterized, rhesus CMV encodes homologs of US7 and miR-US5-2 (Tirabassi
et al. 2011; Hancock et al. 2012), indicating that these interactions are important to
the CMV life cycle.

Herpesvirus miRNAs further contribute to the lytic/latent balance by restricting
immediate early viral transactivators (Grey et al. 2007; Umbach et al. 2008).
HCMV miR-UL112 negatively regulates the major immediate early transcript IE72
(UL123, IE1) as well as UL112/113, which is involved in viral DNA replication,
and UL120/121, which presumably encodes a membrane protein (Grey et al. 2007).
Mutation of miR-UL112 within the context of full-length virus or the miR-UL112
binding site within the UL123 3′ UTR leads to an increase in IE1 expression
(Murphy et al. 2008). Additional studies demonstrate that post-transcriptional
regulation of major viral lytic transactivators may be a conserved function of
herpesvirus miRNAs. miR-H2-3p of HSV-1 is encoded antisense to ICP0 and thus
silences protein expression from the transcript (Umbach et al. 2008). HSV-2
encodes a positional homolog, miR-III, that likewise targets the HSV-2 ICP0
mRNA (Umbach et al. 2010; Tang et al. 2008). Both miR-H2-3p and miR-III have
been shown to decrease ICP0 protein expression in latency models (Umbach et al.
2008; Flores et al. 2013). Additionally, miR-H6 of HSV-1 targets the IE tran-
scriptional activator ICP4 (Umbach et al. 2008; Tang et al. 2008, 2011). HSV-1
miR-H4 (Flores et al. 2013) and HSV-2 miR-I and miR-II (Tang et al. 2008, 2011)
overlap with the coding sequence and 5′ UTR of the virulence factor ICP34.5 and
have been shown to decrease protein expression. There is no experimental evidence
for viral targets of the PRV miRNAs and no miRNAs are directly complementary to

256 M.H. Hancock and R.L. Skalsky



PRV transcripts. However, in silico analysis suggests that the ICP0 and ICP4
homologs in PRV may also be PRV miRNA targets.

For human gamma-herpesviruses, studies of direct viral miRNA control over
viral transactivators have not been so straightforward. KSHV miR-K9* was
reported to target the ORF50 RNA, thus inhibiting expression of the
immediate-early transactivator RTA and preventing lytic cycle entry during KSHV
latent infection (Bellare and Ganem 2009); however, these observations have not
been confirmed and other studies indicate the interaction may be indirect (Lei et al.
2010; Lu et al. 2010). EBV miR-BART20-5p has been reported to target transcripts
of two immediate early transactivators, EBV BZLF1 and BRLF1, which share a 3′
UTR (Jung et al. 2014). These interactions may also be indirect, as RISC-capture
experiments on EBV + cells have failed to confirm miR-BART20-5p binding sites
within the BZLF1 or BHRF1 RNAs (Kang et al. 2015; Riley et al. 2012; Skalsky
et al. 2014). Analysis of RISC-associated sites in wild-type EBV-infected LCLs
indicate that EBV BALF2, BNRF1, BHRF1 and LMP1 transcripts are regulated by
viral miRNAs (Skalsky et al. 2014). Viral miRNA targeting of LMP1 and BHRF1
3′ UTRs have been confirmed by several groups, and functional consequences of
LMP1 regulation have been examined with regard to the activation of NF-kB
signaling pathways (Lo et al. 2007; Riley et al. 2012; Skalsky et al. 2012, 2014).
EBV LMP2A and EBNA2 are also subject to viral miRNA regulation (Riley et al.
2012; Skalsky et al. 2012, 2014; Lung et al. 2009; Kang et al. 2015), but like LMP1
and BHRF1, do not act as transactivators of the lytic cascade.

4.1 Host Silencers of Viral Gene Expression

Not only do herpesviruses utilize their own miRNAs to aid in latency establish-
ment, but several examples exist whereby cellular miRNAs can directly limit
herpesvirus gene expression in specific cell types. This was first demonstrated for
EBV latent membrane protein 1 (LMP1) which is negatively regulated by the
myc-regulated miR-17 seed family (includes miR-17, miR-20a, miR-106a/b)
through a conserved binding site within the LMP1 3′ UTR (Riley et al. 2012;
Skalsky et al. 2012, 2014). The functional consequences of this interaction have not
been fully evaluated; however, an attractive hypothesis is that the timing and levels
of LMP1 transcripts together with kinetics of miR-17 expression following de novo
B cell infection may play an important part in transitioning through EBV-mediated
B cell growth and differentiation programs (Forte and Luftig 2011; Skalsky and
Cullen 2015).

Use of cell-type specific host miRNAs to silence lytic transcripts is an emerging
theme for alpha- and beta-herpesviruses. The neuronal-specific miRNA miR-138
was shown to target the ICP0 transcript of HSV-1 (Pan et al. 2014). When the
miR-138 target site within the ICP0 3′ UTR was mutated, the resultant virus dis-
played enhanced expression of lytic transcripts both in neuronal cultures and fol-
lowing corneal inoculation in mice resulting in increased mortality. Likewise,
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HCMV utilizes members of the miR-200 family to target the 3′ UTR of UL122
(IE2) (O’Connor et al. 2014). miR-200 family members are expressed highest in
undifferentiated cells of the myeloid lineage, where HCMV establishes latency.
Using in vitro systems of HCMV latency, the authors show that a mutant lacking
the miR-200 binding site in the 3′ UTR of UL122 does not efficiently establish
latency as measured by IE1 expression and production of extracellular virions.
Thus, both HSV-1 and HCMV may have evolved to co-opt cellular miRNAs for
targeting their major viral transactivators in order to aid in latency establishment.

5 Viral MiRNA Regulation of Transcription Factors

A broader way that viral miRNAs indirectly control the timing and/or level of viral
gene expression is through the targeting of host transcription factors (TFs). For
example, one way KSHV miR-K3 may inhibit lytic replication is through the
targeting of cellular CAAT box TF nuclear factor I/B (NFIB) which binds the
KSHV ORF50 promoter region and activates RTA expression (Lu et al. 2010).
KSHV miRNAs miR-K3 and miR-K11 also target the B cell TFs MYB, Ets-1, and
C/EBPa, which activate the ORF50/RTA promoter (Gottwein et al. 2011; Haecker
et al. 2012; Plaisance-Bonstaff et al. 2014). Similarly, EBV miR-BHRF1-2 targets
PRDM1/BLIMP1, a master regulator of the B cell transcriptional program during B
cell differentiation (Skalsky et al. 2012; Ma et al. 2016). BLIMP1 can activate the
EBV immediate-early BZLF1 and BRLF1 promoters via multiple
BLIMP1-responsive elements (Reusch et al. 2015). While a BHRF1-2 miRNA
knockout virus does not spontaneously reactivate in vitro (Feederle et al. 2011b),
regulation of BLIMP1 by miR-BHRF1-2 at a key stage of infection in vivo may
help promote latency.

Herpesvirus miRNAs regulate many other TFs that drive transcriptional repro-
gramming of host cells and consequently, can impact viral gene expression patterns
through more complicated layers of transcriptional control. A clear example of this
are the KSHV miRNAs, in particular, miR-K11 and miR-K6, that can induce
endothelial cell reprogramming by targeting the bZIP transcription factor MAF
which mediates terminal differentiation of several cell types including lymphatic
endothelial cells (Hansen 2010b). Additionally, NF-kB, AP-1, and other signaling
pathways that result in transcriptional activation are regulated at multiple steps by
KSHV, EBV, and other gamma-herpesvirus miRNAs (Gottwein et al. 2007;
Skalsky et al. 2014, 2016; Puig-Barbera et al. 2016; Abend et al. 2012). Both
NF-kB and AP-1 are activated upon gamma-herpesvirus infection and control
multiple cellular processes including proliferation and differentiation as well as
cytokine responses and inflammation. These and other TFs are also involved in the
latent/lytic switch since the TFs bind response elements within promoter regions of
several herpesvirus immediate early genes (Caposio et al. 2007; Kenney and Mertz
2014).

258 M.H. Hancock and R.L. Skalsky



Individual viral miRNAs often exert subtle effects on protein expression levels.
These subtle effects of single miRNAs can be amplified through TF targeting (Sun
et al. 2014), and may be further amplified through the additive or combinatorial
effects of multiple viral miRNAs acting in concert with cellular miRNAs coopted
by the virus. Subtle inhibition of specific host TFs may also lead to dramatic
changes in TF site occupancy- particularly in cases where an array of multiple TFs
are needed to govern gene expression. EBV EBNA2, for example, forms
super-enhancers with multiple B cell master TFs that contribute to B cell prolif-
eration; transcripts for several of these super-enhancer TFs are RISC-associated and
contain binding sites for multiple EBV miRNAs as well as host miRNAs such as
miR-155, miR-146a, and miR-17 that are upregulated during EBV infection (Zhou
et al. 2015; Gottwein et al. 2011; Riley et al. 2012; Skalsky et al. 2012).

6 Mimicry of Host MiRNA Function

While most herpesvirus miRNAs exhibit little or no sequence conservation to other
viral miRNAs (exceptions being closely related primate gamma-herpesviruses) or
their cellular counterparts, there are interesting examples of homology to host
miRNA seed sequences (nt 2–7 or 2–8). Mimicking of this effector seed region may
allow viral miRNAs to act in part as functional homologs and tie into host miRNA
regulatory networks through the binding of cognate sites on cellular transcripts
[reviewed in (Kincaid and Sullivan 2012)]. Such mimicry was first demonstrated
for KSHV miR-K11 which bears seed homology to the miR-155 oncomiR.
miR-155 is a key regulator of lymphocyte differentiation and is dysregulated in
many hematopoietic cancers. Notably, 5′ nucleotides 1–8 of KSHV miR-K11 and
miR-155 are identical, and initial gene expression studies demonstrated that
miR-K11 and miR-155 could regulate an overlapping set of target cellular tran-
scripts (Skalsky et al. 2007; Gottwein et al. 2007). Further in vivo experiments in
humanized NOD/LtSz-scid IL2Rc(null) mice demonstrated that KSHV miR-K11
and miR-155 could both induce expansion of splenic B lymphocytes, in part
through inhibition of the transcriptional regulator C/EBPb (Boss et al. 2011).
Intriguingly, the avian lymphotrophic alpha-herpesvirus MDV-1 also encodes a
miR-155 homolog, miR-M4. The presence of this miRNA was shown to contribute
to T cell lymphoma formation in chickens (Zhao et al. 2011) and recent
RISC-capture studies revealed many conserved miR-M4 and miR-155 targets that
may play a role in lymphomagenesis (Parnas et al. 2014).

KSHV encodes additional cellular miRNA mimics including a mimic of
miR-23a/b (KSHV miR-K3) and a mimic of miR-142-3p (miR-K10a) (Manzano
et al. 2013, 2015; Gottwein et al. 2011). miRNA targetome studies demonstrate that
at least some targets of miR-142-3p and miR-K10a overlap (Gottwein et al. 2011),
and functional assays have related these back to the regulation of transforming
growth factor (TGF) b signaling (Lei et al. 2012). miR-23 family members are
highly expressed in endothelial cells and tightly linked to hematopoeitic lineage
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commitment; recent reports demonstrate opposing functions of miR-23a and
miR-23b related to vascular angiogenesis and endothelial cell permeability (Li et al.
2016). For B cells, miR-23a is an inhibitor of B cell lymphopoesis and blocks
expression of B cell TFs such as EBF1 and PAX5 (Kurkewich et al. 2016). KSHV
infects both endothelial and B cells, and at present, it is unclear in which of these
cell types that miR-K3 activity has the most impact (Manzano et al. 2013).
Manzano and colleagues hypothesized that miR-K3 might substitute for miR-23
function in B cells where the miRNA absent or at very low levels; this may also be
the case for miR-K11 which is detected is KSHV-infected B cell lymphoma types
that do not express high levels of miR-155 (Manzano et al. 2013; Gottwein et al.
2007; Skalsky et al. 2007). Recent studies demonstrate that closely related
non-human primate rhadinoviruses, RRV and JMRV, encode mimics of the
miR-17/20/106 seed family (Skalsky et al. 2016). Functional analysis demonstrated
that JMRV miR-J8, specifically, can block cytokine-mediated NF-kB activation as
well as target 3′ UTRs bearing miR-17 cognate target sites. While this activity can
dampen anti-viral inflammatory responses, miR-17 is also associated with B cell
cancers and thus, the mimicking of miR-17 family members may contribute to the
oncogenicity of these NHP rhadinoviruses.

7 Cataloging Targets Reveals Diversity in Networks
Regulated by Viral MiRNAs

While sequence homology to host miRNAs or perfect complementarity to viral
protein coding transcripts provides relatively easy insight into a handful of targets
for herpesvirus miRNAs, comprehensively identifying targets for viral miRNAs has
been a daunting challenge. Target recognition requires only limited sequence
complementarity (generally, *7–8 nt in the miRNA seed) between a miRNA and
target site, thus a single miRNA can bind an estimated 150–200 unique sites (Bartel
2009). This is further complicated by the fact that viral miRNA effector seed
sequences are not nearly as conserved as the cellular miRNAs; thus, miRNA target
prediction programs that rely on evolutionary scoring measures do not necessarily
work for predicting viral miRNA targets.

Significant advancements have been made over the last five to seven years in the
ability to globally capture and catalog miRNA targets in a high-throughput manner.
Cross-linking and immunoprecipitation (CLIP) approaches, such as RIP-Chip,
PAR-CLIP, or HITS-CLIP, whereby RISC-associated RNAs are immunopurified
directly, analyzed by either microarray or RNA sequencing, and analyzed further by
bioinformatics were first applied to human B cells infected with KSHV and/or EBV
(Dolken et al. 2010b; Gottwein et al. 2011; Skalsky et al. 2012, 2014; Riley et al.
2012). Large-scale proteomic approaches, such as SILAC (stable isotope labeling
by amino acids in cell culture), have yielded additional insight into viral miRNA
targets. To identify KSHV miRNA targets by SILAC, miRNA mimics were
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transfected into human umbilical vein endothelial cells (HUVECs), cells were
pulse-labeled and analyzed by mass spectrometry alongside control cells to deter-
mine changes in the proteome (Gallaher et al. 2013). Collectively, these CLIP and
proteomics studies have revealed that at least 15% of host protein coding transcripts
are subject to viral miRNA regulation during latent infection. Not surprisingly, the
viral miRNA targets identified in these studies are related to innate anti-viral
immunity, cell survival, and multiple signaling pathways such as NF-kB, Wnt, and
MAPK signaling that control cell proliferation and differentiation through distinct
transcriptional programs (Fig. 3). Recent temporal analysis of the HCMV miRNA
targetome during productive infection identified enriched networks such as meta-
bolic and immune processes, trafficking and transport, and DNA replication that are
subject to miRNA regulation during early, intermediate, and late times
post-infection, respectively (Kim et al. 2015). Similar to the gamma-herpesviruses,
apoptosis and intracellular signal pathways were influenced by HCMV miRNAs
throughout all time points, reinforcing common networks that are critical to the
herpesvirus life cycle in general.

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 

miRNAs

lncRNAs

viral mRNAs

Signaling
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host mRNAs
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Fig. 3 Intrinsic and extrinsic modulation of host signaling pathways by viral ncRNAs. Pleiotropic
herpesvirus post-transcriptional silencers (miRNAs) and nuclear modifiers (lncRNAs) of the
internal host cell transcriptional environment can subsequently alter the external
micro-environment through the manipulation of cell surface receptors, signaling pathways that
activate or repress transcription, and subsequent trafficking and display or secretion of effector
factors (such as cytokines) that are capable of influencing neighboring uninfected cells. The
combined activities of viral ncRNAs (and viral proteins) provide a fit environment to support
prolonged virus persistence
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8 Combinatorial Targeting and MiRNA Synergy

miRNAs are often thought to have relatively minor effects on protein expression
levels, (Bartel 2004, 2009), and while in many cases this can have a profound effect
on cellular processes, redundancies and overlapping functions may be capable of
overcoming the effect of a single miRNA on a single target protein. One means to
overcome this issue is for a viral miRNA to target several components within a
cellular process or signaling pathway. There are several examples of HMCV, in
particular, utilizing this approach to block innate immune signaling, cell cycle
regulation and secretory pathways.

Grey et al. (2010) were the first to suggest that viral miRNAs could coopera-
tively target multiple components within a cellular pathway, and identified several
HCMV miR-US25-1 targets related to cell cycle control including cyclin E2,
BRCC3, EID1, MAPRE2 and CD147. Interestingly, miR-US25-1 target sites were
identified within 5′ UTRs, rather than the 3′ UTRs of these targets. In addition,
HCMV encodes at least three miRNAs (miRs-US5-1, US5-2 and UL112-1) that
target multiple components of the cellular secretory pathway, including RAB5C,
RAB11A, SNAP23 and CDC42 (Hook et al. 2014). Hook and colleagues showed
that infection of cells with viral mutants lacking these miRNAs results in signifi-
cantly increased secretion of IL6 and TNFa as well as aberrant VAC formation and
increased secretion of non-infectious virus particles (Hook et al. 2014). Importantly,
the full effect was only evident when all three miRNAs were mutated, indicating
that targeting multiple components of the secretory pathway is essential for pro-
ductive viral infection.

Another method used by herpesviruses to maximally downregulate protein
expression is to utilize multiple viral miRNAs to target the same transcript. This
was first demonstrated for the THBS1 (Thrombospondin 1) 3′ UTR which is
co-targeted by at least four KSHV miRNAs; inhibition of this cell-cell adhesion
protein by multiple KSHV miRNAs may contribute to KS pathogenesis as this
results in decreased TGFb activity (Samols et al. 2007). HCMV utilizes both
miR-US5-1 and miR-US5-2 to synergistically downregulate the expression of US7
(Tirabassi et al. 2011). Some evidence exists that viral miRNAs may also work
synergistically with cellular miRNAs in order to maximize protein downregulation.
For example, cellular miRNA miR-376a acts in concert with HCMV miR-UL112-1
to downregulate the stress-induced ligand MICB (Nachmani et al. 2010). CLIP
studies have demonstrated that in addition to host miR-17, the EBV LMP1 3′ UTR
is targeted by multiple EBV BART miRNAs (Riley et al. 2012; Skalsky et al. 2012;
2014; Lo et al. 2007). EBV BHRF1 transcripts may also be synergistically regu-
lated since binding sites within the 3′ UTR for EBV miR-BART10 as well as the
miR-17 family and miR-142-3p have been captured by PAR-CLIP (Skalsky et al.
2012, 2014).

Co-targeting and cooperativity between HCMV miRNAs and human miRNAs
(i.e. particularly, those induced upon HCMV infection) has recently been observed
on a more widespread level; following de novo infection of human fibroblasts, these
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miRNAs collectively regulate genes involved in cell cycle networks and
RNA/protein processing which may enhance virus replication and virion production
(Kim et al. 2015). HITS-CLIP studies on EBV + Burkitt’s lymphoma cell lines
revealed that members of the miR-17/92 cluster and EBV miRNAs may also act in
concert to co-target several host genes related to apoptosis or involved in B cell
lymphomagenesis (Riley et al. 2012). Advancements in network analysis and
system-wide approaches to capture miRNA targets at different infection stages will
facilitate the realization of additional cooperativity between host and viral miRNAs.

9 Unique Interplay Between Herpesviruses and Cellular
MiRNAs

Cellular miRNAs can have anti-viral functions (Seo et al. 2013) and it is clear that
herpesviruses have evolved to modulate the overall levels of cellular miRNAs by
transcriptional and post-transcriptional methods (Santhakumar et al. 2010). In an
interesting twist, Buck et al. showed that herpesvirus transcripts could act as decoys
for cellular miRNAs, functionally decreasing the miRNA levels in infected cells in
a post-transcriptional manner (Buck et al. 2010). MCMV infection of mouse
fibroblasts mediates the rapid downregulation of miR-27, a miRNA capable of
limiting MCMV replication when overexpressed (Buck et al. 2010). A canonical
miR-27 binding site was discovered that maps to the 3′ UTR of m169, an ORF of
unknown function (Buck et al. 2010). Mutation of the miR-27 binding site is
capable of retargeting the transcript to other cellular miRNAs (Marcinowski et al.
2012). Importantly, Marcinowski et al. (2012) showed a growth defect in multiple
organs in vivo using viral mutants incapable of binding miR-27. Similar results
with infection of SCID BALB/c mice indicate the defect is independent of the
adaptive immune response. Why MCMV targets miR-27 for degradation is unclear,
although the miRNA has roles in cell cycle progression, a process highly manip-
ulated by CMVs. Interestingly, the miR-27 binding site is highly conserved in
MCMV species, but not the closely related RCMV (McCaskill et al. 2015).

Lee et al. (2013) discovered an HCMV intergenic RNA sequence between
UL144 and UL145 that functions to downregulate members of the miR-17–92
cluster termed the miRNA decay element (miRDE). HCMV IE1 and IE2 induce the
transcription of pri-miR-17–92, however of the six miRNAs encoded within this
cluster (Mogilyansky and Rigoutsos 2013) only mature miR-17 and miR-20a are
selectively downregulated by the miRDE. In fact, levels of pre-miRNA, as well as
the passenger miR-17* and miR-20a* strands, increase during infection. Unlike
what is observed with MCMV and miR-27, binding of the miRNAs to the miRDE
is non-canonical and does not affect miRDE stability. Like the m169 ORF of
MCMV, the miRDE sequence can be re-engineered to target other cellular
miRNAs. The miR-17 binding site within the intergenic region between UL144 and
UL145 is highly conserved in clinical strains of HCMV and other Old World
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primates (McCaskill et al. 2015), however the consequence of downregulating
miR-17 and miR-20a during HCMV infection is unclear. Peak viral titers are
slightly decreased when the miRDE is mutated, a defect that can be rescued using
antisense oligomers to miR-17 and miR-20a. The authors suggest that since miR-17
and miR-20a target cell cycle regulators, the virus may prevent cell cycle arrest,
although this awaits experimental confirmation.

As another example of miRNA sponging by herpesviruses, Cazalla et al. (2010)
determined that HSURs 1 and 2 of HVS contain binding sites for three cellular
miRNAs: miR-16, miR-27 and miR-142-3p. Co-immunoprecipitation experiments
identified a direct association between HSUR snRNPs and the cellular miRNAs in
HVS-transformed cells. Using plasmids expressing individual HSURs, a direct
interaction between miR-27 and HSUR1 was determined. Analysis of T cell lines
transformed with WT or HSUR-deleted viruses showed that miR-27 levels inver-
sely correlate with HSUR1 expression. HSUR1 contains an AU-rich RNA decay
element (ARE), which is involved in turnover of HSUR1. Mutation of the ARE
sequence results in increased levels of HSUR1 and further decreased levels of
miR-27, indicating that miR-27 turnover may occur through the ARE pathway.
Increased levels of FOXO1, a confirmed target of miR-27 (Guttilla and White
2009), was observed when HSURs 1 and 2 were expressed. Further investigation
into miR-27 targets identified GRB2 and other proteins involved in T cell receptor
signaling that are modulated by HSUR1 expression, suggesting that HVS manip-
ulation of miR-27 levels may contribute to the T cell transformation phenotype
(Guo et al. 2014). The importance of HSUR binding of miR-16, a miRNA involved
in cell cycle control (Liu et al. 2008) and miR-142-3p, a miRNA involved in
hematopoietic differentiation (Lu et al. 2013) awaits investigation. miRNA decoys
have not yet been demonstrated for human gamma-herpesviruses, although this has
been alluded to for EBV (Cao et al. 2015).

10 In Vivo Phenotypes of Herpesvirus NcRNAs

Initial observations of EBV miRNAs provided some hints that herpesvirus miRNAs
are not essential for basic aspects of the viral replication cycle and rather function as
virulence factors to enhance viral persistence within a host. 17 of the 22
EBV BART miRNAs are absent from the prototypical EBV B95-8 laboratory strain
and were in fact identified only after sequencing small RNAs from cells infected
with patient-derived EBV strains (Pfeffer et al. 2004; Grundhoff et al. 2006; Chen
et al. 2010). EBV B95-8 effectively immortalizes primary B cells and establishes
latent infection comparable to full-length, wildtype virus in vitro. Deletion of all the
BHRF1 miRNAs from EBV B95-8 has only a moderate effect on the outgrowth of
LCLs in vitro (Feederle et al. 2011a). While difficult to test in vivo, in humanized
mice, this BHRF1 miRNA mutant virus exhibits a significant delay in systemic
infection compared to wild-type, with lower levels of mutant virus appearing in
circulation following injection of the spleen (Wahl et al. 2013). Interestingly,
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EBV + tumors develop in these mice several weeks after primary infection with no
measurable differences between wild-type B95-8 and the BHRF1 miRNA mutant
(Wahl et al. 2013). Recent in vitro studies suggest that the BHRF1 miRNAs may
play a more pertinent role during acute stages of infection during the transition to
latency when robust T cell responses must be counteracted for effective long-term
persistence (Albanese et al. 2016; Tagawa et al. 2016).

Overexpressing viral miRNAs in cells and injecting these cells into mice have
tested phenotypes for EBV or KSHV miRNAs in the absence of infection.
EBV-negative nasopharyngeal carcinoma (NPC) cells were engineered to express
EBV miR-BART7-3p and injected into irradiated mice (Cai et al. 2015). Three
weeks later, lymph nodes were examined for metastases; *83% of mice injected
with miR-BART7-3p expressing cells developed metastases compared to
only *17% of mice injected with control NPC cells (Cai et al. 2015). EBV
miR-BART7-3p was subsequently shown to target PTEN (phosphatase and tensin
homolog) and alter PI3 K/Akt signaling events that may contribute to
epithelial-to-mesenchymal transition and enhance the metastatic potential of NPC
cells (Cai et al. 2015). Ectopic EBV BART miRNA expression in AGS gastric
carcinoma cells produced slightly different results when injected into the
nasopharyngeal epithelial tissue of immunodeficient NSG mice (Qiu et al. 2015). In
this xenograft mouse model, 5/5 mice injected with BART miRNA expressing cells
developed large, aggressive tumors that required sacrifice within 74 days compared
to 2/5 control mice that developed small tumors and remained healthy. In contrast
to Cai et al. (2015), no significant differences in invasion or metastases were
observed, which could be due to the overall expression levels of the individual
EBV BART miRNAs within each model. As mentioned earlier, injection of human
hematopoietic progenitor cells (HPCs) ectopically expressing KSHV miR-K11 into
NOD/LtSz-scid IL2Rc(null) mice induced expansion of human CD19 + B lym-
phocytes in the spleen (Boss et al. 2011). Confirming these observations, expression
of miR-K11 in HPCs in a different mouse model resulted in expansion of peripheral
mature B cells as well as increased numbers of immature pre-B cells in bone
marrow (Dahlke et al. 2012). Thus, in the absence of virus, these studies demon-
strate that individual gamma-herpesvirus miRNAs can potentiate oncogenesis. One
outstanding question is what functions these viral miRNAs and other ncRNAs have
with respect to pathogenesis during the course of natural infection or at least within
the genetic background of a natural host.

10.1 Viral Small NcRNA Phenotypes in Natural Hosts

Loss of function studies using miRNA mutant herpesviruses in small animal models
that are natural hosts have demonstrated that many viral miRNAs are dispensable
for acute replication in vivo. Similar to HSV-1, swine PRV encodes multiple
miRNAs within the LAT region. PRV is neurotropic, establishes latency in the
trigeminal ganglia, and expresses an 8.4 kb polyadenylated large latency transcript
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(LLT) which is spliced to yield a 4.6 kb stable LLT intron encoding the PRV
miRNAs. German Landrace pigs were inoculated intra-nasally with a LLT-deletion
virus (spanning 9 of 11 PRV pre-miRNAs) (Mahjoub et al. 2015). Compared to
wildtype virus, no differences in viral replication were observed during acute
infection and surprisingly, the mutant virus established latency with no evidence of
promiscuous lytic reactivation (Mahjoub et al. 2015). Recently, two groups
investigated MHV68 small ncRNA (miRNA and TMER) knockout viruses com-
pared to wild-type or revertant viruses (Feldman et al. 2014, 2016; Diebel et al.
2015). In vitro, viruses lacking the MHV68 small ncRNAs replicate with the same
efficiency as wild-type virus. During acute infection in immunocompetent mice,
there were no discernable differences in viral replication. Analysis of a panel of
TMER-mutant viruses in vivo revealed that MHV68 TMER4 can contribute to viral
dissemination independent of the viral miRNAs, which is important for establish-
ment of latency in the periphery (Feldman et al. 2016).

The first in vivo phenotype for a beta-herpesvirus miRNA mutant was demon-
strated during MCMV infection in mice (Dolken et al. 2010a). When two of the
most highly expressed MCMV miRNAs [miR-M23-2 and miR-m21-1 (Dolken
et al. 2007)] were mutated, the resultant virus showed a *100-fold reduction in
replication in the salivary gland at 14 days post-infection. This defect was depen-
dent on mouse strain and viral dose and was not observed in other tissues. The
salivary gland replication defect could be partially restored through combined
depletion of NK and CD4 + T cells; however, targets of miR-M23-2 and
miR-m21-1 have not been identified. Given that the salivary gland is an
immunologically unique site that is important for horizontal transmission, insights
into the targets of these miRNAs would aid in understanding how CMV alters the
cellular environment to establish a persistent infection while evading the host
immune response.

To date, the only non-human primate model for which a viral miRNA mutant
has been tested is RhCMV infection of Indian rhesus macaques. Similar to
observations made in small animal models, deletion of a large region (RhCMV
US2-US11) spanning the HCMV miR-US5-2 homolog, RhCMV miR-183-1, and
other RhCMV miRNAs (Skalsky, Hancock et al., unpublished observations)
showed no changes in viral replication or dissemination (Hansen et al. 2010a). For
humans, epidemiological studies where viral genomic information is available can
provide important links between viral miRNAs and disease phenotypes. As a
notable example, natural KSHV strains contain SNPs in several of the pre-miRNA
regions which affect miRNA processing (Han et al. 2013; Marshall et al. 2007);
several pre-miRNA SNPs track with increased disease risk for AIDS-KS patients or
are associated with Multicentric Castleman’s disease (Marshall et al. 2010; Ray
et al. 2012).
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10.2 In Vivo Phenotypes of LncRNA Knockouts

For herpesvirus lncRNAs, in vivo phenotypes are more difficult to pinpoint as being
a direct effect of the lncRNA since abrogation of the lncRNA requires larger
deletion(s) from the virus that could disrupt protein and other non-coding regions of
potentially unknown functions. Attempts have been made to characterize several
herpesvirus lncRNAs in vivo. A homolog of HCMV RNA5.0, MCMV RNA7.2, is
an extremely long-lived stable intron during MCMV infection (Kulesza and Shenk
2006; Schwarz et al. 2013). Although mutation of the RNA7.2 region had no effect
on replication in vitro, RNA7.2 mutant viruses fail to persist in the mouse salivary
gland at 14 days post-infection (Schwarz et al. 2013; Kulesza and Shenk 2006)
suggesting that RNA7.2 is a virulence factor.

HSV LAT is the most abundantly transcribed RNA in latently infected cells in
humans (Croen et al. 1987) and in small animal models (Stevens et al. 1987), and as
such likely plays an important role during latency. Surprisingly then, it has been
observed that LAT-negative viruses are still capable of establishing and reactivating
from latency (Perng et al. 1994; Chen et al. 1997). However, a decrease in the
number of latently infected trigeminal ganglia upon infection of mice with LAT-
viruses (Thompson and Sawtell 1997; Devi-Rao et al. 1994) suggests at least a
contributing role for the transcript in establishment or maintenance of latency.
Many of the ascribed functions of LAT, including blocking apoptosis and hete-
rochromatinization of the lytic promoters may contribute to this phenotype.
Additionally, LAT has been shown to repress lytic gene expression (Chen et al.
1997), likely since the primary LAT transcript encodes for many of the HSV
miRNAs that target ICP0 and ICP4 (Umbach et al. 2010; Tang et al. 2009; Umbach
et al. 2008). Finally, LAT seems to be important for promoting spontaneous
reactivation in rabbits (Perng et al. 1994; Hill et al. 1990), although this is not
observed in mice (Margolis et al. 2007; Carr et al. 1998), indicating species-specific
phenotypes (Margolis et al. 2007). The role of LAT in HSV latency in small animal
models is complicated by the relatively short lifespan of these non-natural hosts and
thus, the essential functions of LAT in humans may as yet be identified.

Phenotypes for EBV lncRNAs have also been difficult to elucidate in vivo.
EBER1 and EBER2 knockout viruses were examined recently in a humanized
mouse model. Compared to EBER-expressing viruses, there were no significant
differences in viral loads in spleen and peripheral blood or reproducible phenotypes
for CD8 + T cell responses (Gregorovic et al. 2015). Historical phenotypes asso-
ciated with deletions or mutations in herpesvirus genomes may yet be linked to viral
lncRNA functions as additional molecular and transcriptomic studies are per-
formed. Furthermore, as more non-conventional molecular interactions are
uncovered for viral lncRNAs, this information can guide the exploration for specific
phenotypes in vivo.
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11 Summary and Outlook

Much progress has been made in defining the ncRNAs that are produced by her-
pesviruses at various stages of their complex life cycles, and viral ncRNA functions
are progressively being elucidated. The lncRNAs that are abundantly expressed
during gamma-herpesvirus lytic replication play important roles at the epigenetic
layer in modulating chromatin structure; presumably, this allows access to the viral
genome for lytic replication and/or lytic viral gene expression. For alpha and beta
herpesviruses, lncRNAs have important roles in recruiting chromatin remodelers to
silence viral gene expression; these chromatin marks can poise the lytic promoters
for reactivation stimuli. Likely, this is further aided through the myriad of activities
of the viral miRNAs (Fig. 3).

Many studies demonstrate that herpesviruses utilize their own miRNAs as well
as co-opt host miRNAs to regulate the kinetics and level of viral transcripts; this
contributes primarily towards the silencing of viral gene expression to promote an
environment for latency. Viral and host miRNAs are further utilized to manipulate
the host proteome which subsequently impacts signaling pathways, cell networks,
and the micro-environment (Fig. 3). Important particularly for beta- and gamma-
herpesviruses, and directly related to viral pathogenesis, many of these
miRNA-regulated networks control cell lineage commitment and differentiation.
The combinatorial targeting of signaling components as well as targeting of the
transcription factors governing cell processes by viral miRNAs amplifies the subtle
effects of individual miRNAs; furthermore, many viral miRNAs are expressed as
clusters and thus can act simultaneously within a specific stage of the viral life
cycle. Thus, these collective actions induce significant changes in the host tran-
scriptome, amplified initially at the transcriptional level and further amplified at the
post-translational level. In short, these tiny molecules have big impacts in providing
a fit cellular environment to effectively support herpesvirus persistence.

New technologies to capture detailed molecular interactions between ncRNAs
and binding partners should yield insight into novel functions during herpesvirus
infection. Genome-wide meta-approaches to integrate the multiple layers of epi-
genetic, transcriptional, and post-transcriptional control facilitated by herpesvirus
ncRNAs will help to further dissect the complexities of herpesvirus-host interac-
tions and identify innovative opportunities for therapeutic intervention.

Questions Moving Forward

1. What viral ncRNAs are present and functional in vivo?
2. What is the viral ncRNA influence on the extracellular environment and how

much does this contribute to pathogenesis?
3. How does the cell context contribute to viral ncRNA function(s)?
4. How can viral ncRNAs be used in novel ways to understand functions of host

ncRNAs or probe unknown cellular functions?
5. How can viral ncRNAs be used as effective therapeutic targets?
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