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Abstract

The role of actin rearranging inducing factor-1 in Autographa californica multiple
nucleopolyhedrovirus infection

by
Domokos I Lauko
Doctor of Philosophy in Microbiology
University of California, Berkeley

Professor Matthew D. Welch, Chair

Viral pathogens are reliant on their hosts for replication. Thus, viruses have evolved many
strategies to hijack and re-configure host cell processes for viral replication, transport, and
dissemination. This dissertation focuses on baculoviruses, which are large DNA viruses that
infect insects. The baculovirus Autographa californica multiple nucleopolyhedrovirus
(AcMNPV) infects lepidopteran insects and has a striking dependence on the host cell actin
cytoskeleton, a system of filaments that function in cell shape, movement, and intracellular
transport. ACMNPYV hijacks the actin cytoskeleton at almost every stage of infection, utilizing it
for movement and cell-cell spread. During the delayed-early stage of ACMNPV infection, cells
accumulate filamentous actin at their periphery. The AcCMNPV protein actin rearrangement
inducing factor-1 (ARIF-1) was previously shown to be necessary and sufficient for assembly of
this peripheral actin. Furthermore, baculoviruses lacking functional ARIF-1 were shown to
experience a significant delay in the infection of insect organ systems and host insect death,
indicating that ARIF-1 accelerates the spread of viral infection. However, the mechanisms by
which ARIF-1 induces actin accumulation and accelerates viral spread remain unknown.

My dissertation research has provided insights into the molecular mechanism of ARIF-1-induced
peripheral actin assembly, as well as how it might accelerate systemic viral spread in the host
msect. I found that ARIF-1 induces the formation of actin structures that behave like, and have a
similar composition to podosomes and invadopodia (collectively known as ‘invadosomes’) in
mammalian cells. Invadosomes are protrusive structures that direct degradation of the
extracellular matrix (ECM) in conjunction with cell motility. By imaging cultured insect cells
expressing GFP-tagged actin, I observed that beginning at 3 h post infection and persisting for
hours thereafter, invadosome-like structures form in infected cells and are arranged into clusters
or rings that dynamically change shape. Furthermore, I found that actin, ARIF-1, and the
invadosome-associated proteins cortactin and the Arp2/3 complex localize to these invadosome-
like structures. Finally, invadosome-like structure formation requires Arp2/3 complex activity.
This indicates that invadosome-like structures in infected insect cells resemble mammalian
invadosomes in their dynamics and composition. I speculate that in infected insects, ARIF-1-
induced invadosome-like structures may degrade barriers to infection such as the midgut basal
lamina (BL), a layer of ECM that sequesters the midgut. Degradation of the BL would allow
AcMNPYV to escape the midgut and spread through the insect body.



To determine how ARIF-1 induces changes in the actin cytoskeleton, I identified regions and
sequences within ARIF-1 that are required for the formation of invadosome-like structures.
ARIF-1 contains an N-terminal region with three transmembrane domains and a C-terminal
cytoplasmic region. By constructing N-terminal and C-terminal truncations of ARIF-1, I found
that the ARIF-1 C-terminal cytoplasmic region is required for formation of clusters of
invadosome-like structures. Moreover, the N-terminal domain is dispensable, and the ARIF-1 C-
terminal region (ARIF-1(303-417)), anchored to the plasma membrane by a heterologous
transmembrane domain, is sufficient for formation of clusters of invadosome-like structures.
Additionally, I mapped the residues required for ARIF-1 function by mutating seven individual
tyrosine residues and eleven individual proline residues in the ARIF-1 C-terminal cytoplasmic
region. I found that ARIF-1 residues Y332 and P335 play a role in forming clusters of
invadosome-like structures. I speculate that Y332 is phosphorylated, and both Y332 and P335
serve as binding sites for host proteins that regulate actin assembly. Recruitment of these host
proteins to ARIF-1 likely culminates in activation of the Arp2/3 complex and invadosome
assembly/clustering. Future research will reveal the details of ARIF-1 induced invadosome-like
structure formation, as well as if these structures function as invadosomes in the context of insect
infection.
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Chapter 1

Introduction



Baculoviruses

Viruses are ubiquitous in the environment and have adapted to parasitize almost all forms
of life. This dissertation focuses on a diverse family of viruses, the Baculoviridae, which infect
invertebrates. The roughly 84 species of baculoviruses (Harrison et al., 2018) are divided into
four genera (Jehle et al., 2006). Alpha and betabaculoviruses infect lepidopteran insects while
gammabaculoviruses and deltabaculoviruses infect hymenopteran and dipteran insects,
respectively (Jehle et al., 2006; Rohrmann, 2019). Baculoviruses, particularly those that infect
lepidopteran insects, have been well studied since these insects have been utilized for silk
production for at least 5000 years (Vainker, 2004). Of the lepidoptera-infecting baculoviruses,
alphabaculoviruses fall into the category of nucleopolyhedroviruses (NPVs) due to the formation
of crystalline occlusion bodies in the nucleus of infected cells (Xeros, 1952), and
betabaculoviruses are categorized as granuloviruses (GV) due to the formation of small, granular
occlusion bodies (Jehle et al., 2006). The genus Alphabaculovirus is further split into two groups
based on their fusion protein, with group I expressing the fusion protein gp64, and group II
lacking gp64 but expressing the F fusion protein (de A. Zanotto et al., 1993; Pearson and
Rohrmann, 2002; Rohrmann, 2019).

The Alphabaculovirus type species, Autographa californica multiple
nucleopolyhedrovirus (AcMNPV), has a circular supercoiled DNA genome 133 kb in size and
replicates in the nuclei of host cells (Ayres et al., 1994; Jehle et al., 2006; Rohrmann, 2019).
AcMNPYV exists in two forms: budded virus (BV) and occlusion derived virus (ODV)
(Rohrmann, 2019). BV consist of a single nucleocapsid with an envelope derived from the host
cell plasma membrane (Granados and Lawler, 1981), and disseminate viral infection to organs
and tissues throughout the insect body (Rohrmann, 2019). In contrast, ODV are larger particles
consisting of multiple nucleocapsids packaged together in an envelope derived from the nucleus
(Rohrmann, 2019). Multiple ODV are encased in a matrix of polyhedrin protein to form large
occlusion bodies (OB) (Rohrmann, 2019). These particles are responsible for transmitting viral
infection from insect-to-insect, and OBs are thought to stabilize and preserve ODV and
nucleocapsids under adverse environmental conditions until they come in contact with a suitable
host (Rohrmann, 2019).

AcMNPYV infection is initiated when the host orally ingests OBs. OBs then dissolve in
the alkaline environment of the midgut, releasing ODVs, which pass through the peritrophic
membrane and infect the epithelial cells lining the midgut (Granados and Lawler, 1981; Keddie
et al., 1989). Oral infection is facilitated by viral per os infectivity factors (PIFs) present in ODV
but not BV (Boogaard et al., 2018; Peng et al., 2010). Following viral replication in midgut
epithelial cells, BV disseminate infection systemically through the host body, infecting all major
organ systems (Rohrmann, 2019). In cells throughout the insect body, newly formed
nucleocapsids are retained in the nucleus after BV dissemination and assembled into ODV and
OBs (Rohrmann, 2019). At this stage of infection, infected insects undergo a period of increased
locomotion (Goulson, 1997), after which their bodies disintegrate and liquefy (Ishimwe et al.,
2015). Liquefaction is facilitated by expression of viral cathepsin proteases and chitinases, and
releases newly formed OBs from cells into the environment (Hawtin et al., 1997; Ishimwe et al.,
2015).

The different stages of viral infection are driven by successive transcription of groups of
viral genes, allowing the virus to produce the gene products required in subsequent stages of



infection. The approximately 150 AcMNPV genes can be divided into early and late stage genes,
with viral genome replication serving as the delineating point between these stages (Berretta et
al., 2013; Rohrmann, 2019). The early and late genes and stages of infection are further
subdivided into immediate early, delayed-early, late, and very late stages (Berretta et al., 2013).
Upon entry into the cell nucleus, ACMNPYV expresses early genes, whose products function in
evasion of host immune processes, viral genome replication, and activation of late and very late
stage gene expression (Berretta et al., 2013). Immediate early gene products generally activate
transcription of delayed-early and late stage viral genes (Rohrmann, 2019). The product of the
immediate early 1 (ie-/) gene in particular is a crucial transcriptional trans-activator of promoters
of delayed-early and late genes (Guarino and Summers, 1986). While early genes are transcribed
by the host RNA polymerase, late and very late genes are transcribed using a viral RNA
polymerase (Fuchs et al., 1983). Late genes are expressed upon viral genome replication at
around 6-24 hours post infection (hpi) and mediate the production and assembly of
nucleocapsids, some of which then leave the host cell as BV (Rohrmann, 2019). Very late gene
expression occurs from around 18-72 hpi and coincides with ODV assembly, polyhedrin
production, and OB assembly.

Several very late promoters are extremely strong, driving robust transcription of genes.
This aspect has made AcMNPYV very useful for industrial and biotechnology applications.
Recombinant AcCMNPYV is used as a vector for large-scale expression of eukaryotic proteins
because of the strong late-stage promoters and because expression of proteins in insect cells
preserves glycosylation and other posttranslational modifications that may be necessary for
protein function (Altmann et al., 1999; Hassan and Roy, 1999). Additionally, baculoviruses are
able to transduce a variety of cell types, including human cells (Carbonell and Miller, 1987;
Volkman and Goldsmith, 1983), making them ideal for applications requiring mammalian cell
transduction. These traits have also led to utilization of baculoviruses as vaccine vectors (Lu et
al., 2012; van Oers, 2006). Lastly, baculoviruses have been used as biopesticides in an attempt to
prevent lepidopteran pests from damaging crops (Wood and Granados, 1991). To accelerate the
death of insects infected with a baculovirus-based biopesticide, strategies have been pursued to
allow the virus to more rapidly overcome or bypass major barriers to infection within the host.

Barriers to baculovirus infection

One barrier to systemic baculovirus infection is the host insect basal lamina (BL), a layer
of extracellular matrix (ECM) that is approximately 120 nm thick and secreted by epithelial cells
at their basal surface (Passarelli, 2011). Composed of laminin, type IV collagen, and heparin
sulfate proteoglycans, the BL functions to support cell layers, serves as a scaffold for epithelial
cell regeneration, and prevents movement of cells across different tissues (Passarelli, 2011).
Nearly all insect organs, including the midgut, are surrounded by basal laminae (Ashhurst, 1968;
Engelhard et al., 1994).

The insect midgut BL forms a barrier to the spread of AcCMNPV infection from the
midgut epithelial cells to the rest of the host body (Clem and Passarelli, 2013; Passarelli, 2011).
This arises from the fact that the pores in the BL are smaller than AcMNPV BV and thus do not
permit viral passage (Hess and Falcon, 1987; Reddy and Locke, 1990). Because host insects
slough off midgut epithelial cells upon infection (Engelhard et al., 1994; Keddie et al., 1989;
Washburn et al., 1995), the virus must rapidly cross the midgut BL and establish secondary
infection in other tissues to avoid being cleared (Keddie et al., 1989). Indeed, AcCMNPV has been
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detected in the insect hemocoel as soon as 30 min after oral infection (Granados and Lawler,
1981), indicating that the virus possesses robust methods for crossing the midgut BL and other
basal laminae.

Two main hypotheses exist to explain how Ac MNPV crosses the lepidopteran midgut
BL. The first hypothesis is that AcCMNPYV bypasses the BL through infection of the insect
respiratory system (Engelhard et al., 1994; Passarelli, 2011). The respiratory system is composed
of'a branched network of hollow chitinous tubes called tracheae, which conduct gas exchange in
insect tissues (Hayashi and Kondo, 2018). The interior of tracheae are lined with tracheal
epithelial cells, and terminal single-cell projections of the tracheal system called tracheoblasts
may penetrate the midgut BL to provide gas exchange for midgut epithelial cells (Romoser et al.,
2005, 2004). Concurrent with infection of midgut epithelial cells, ACMNPV has been observed
infecting tracheoblasts and tracheal epithelial cells, suggesting that the virus could establish
secondary infection in the tracheal system (Engelhard et al., 1994). Thus, ACMNPV may bypass
the midgut BL barrier by infecting the tracheal system and utilizing it to disseminate and
establish systemic infection (Engelhard et al., 1994; Passarelli, 2011). However, tracheoblasts
and tracheal epithelial cells also maintain a BL, and it remains unexplained how AcMNPV
preferentially penetrates the tracheoblast BL over the midgut epithelial BL, as well as how the
virus escapes the tracheal system to establish systemic infection (Passarelli, 2011).

A second hypothesis for how AcMNPV bypasses the midgut BL is through inducing
cellular growth-factor signaling pathways that lead to BL turnover and degradation (Passarelli,
2011). Fibroblast growth factors (FGFs) are a family of signaling proteins that have numerous
roles in development in multicellular organisms (Ornitz and Itoh, 2015). FGFs bind to heparin
sulfate proteoglycans, and this complex binds and activates FGF receptors, leading to
dimerization, tyrosine phosphorylation, and initiation of a signaling cascade which leads to cell
motility and proliferation (Ornitz and Itoh, 2015). In Drosophila, the FGF homologue,
Branchless, mediates development and branching of the insect tracheal system (Reichman-Fried
et al., 1994; Sutherland et al., 1996). Oxygen-deprived cells secrete Branchless, which acts as a
mitogen, binding to the tracheoblast receptor Breathless, and stimulating tracheoblasts to migrate
and expand toward hypoxic tissues and mediate branching of the terminal tracheal system
(Jarecki et al., 1999; Sato and Kornberg, 2002; Sutherland et al., 1996). The tracheoblast
response to Branchless is rapid and can extend over two cell layers (Sato and Kornberg, 2002;
Sutherland et al., 1996), and over the course of this response the tracheoblast BL is locally
degraded (Passarelli, 2011).

Intriguingly, baculoviruses encode an FGF homologue that causes many of the same
effects as Branchless. The baculovirus gene viral fibroblast growth factor (vfgf) is conserved in
baculoviruses that escape the midgut to establish systemic infection (Detvisitsakun et al., 2005).
vfgf'is expressed during early infection at around 3-6 hpi, and VFGF is secreted from infected
cells (Detvisitsakun et al., 2005; Katsuma et al., 2004; Lehiy et al., 2009). Interestingly, vFGF
also binds to heparin sulfate proteoglycans (Detvisitsakun et al., 2005) and to a lepidopteran
Breathless homologue (Katsuma et al., 2006a), inducing motility in cultured lepidopteran cells
and hemocytes (Detvisitsakun et al., 2005; Katsuma et al., 2004). The parallels between the
effects of baculovirus VFGF and Drosophila Branchless have led to the hypothesis that
baculoviruses exploit FGF signaling pathways in insects to bypass the midgut BL barrier. While
vFGF does not have an effect on AcMNPYV infection in cell culture (Detvisitsakun et al., 2006),



oral infection with AcMNPV lacking vfgf results in a significant delay in host death, showing
that vFGF functions in baculovirus dissemination in the host (Detvisitsakun et al., 2007,
Katsuma et al., 2006b). During infection of midgut epithelial cells, vVFGF is thought to diffuse
across the midgut BL and act as a mitogen, inducing tracheoblast motility, and causing them to
degrade the tracheal and midgut BL through expression and secretion of matrix metalloproteases
and cathepsin proteases (Means and Passarelli, 2010; Passarelli, 2011). Such migration disrupts
the integrity of the midgut and/or tracheal BL, allowing viral transit into the host body or the
tracheal system (Passarelli, 2011). Indeed, inhibition of matrix metalloprotease or caspase
activity prevents AcCMNPV escape from the insect midgut (Means and Passarelli, 2010). While
this hypothesis is intriguing, we speculate that there may be additional viral pathways that
mediate how the virus crosses the midgut BL. We propose that one such a pathway involves
baculovirus hijacking of the actin cytoskeleton, as outlined below.

Actin dynamics

The actin cytoskeleton has myriad roles in the cell and is regulated by intricate
machinery. One of the most abundant proteins in eukaryotic cells, actin, is a globular protein of
42 kDa that is the major component of the actin cytoskeleton (Pollard, 2016). It exists as free-
floating monomers (G-actin) that can spontaneously polymerize into filaments (F-actin) (Pollard,
2016). F-actin has polarity with a fast growing plus (or barbed) end and a slower growing minus
(or pointed) end (Pollard, 2016). Actin filaments are utilized by the cell to provide structural
support that is resilient, dynamic, and rapidly alterable (Rottner et al., 2017). Actin
polymerization can also exert force on surfaces, such as the plasma membrane, and actin forms
the core of cellular structures such as filopodia and lamellipodia (Buracco et al., 2019; Rottner et
al., 2017; Schaks et al., 2019; Svitkina, 2018). This function makes the actin cytoskeleton critical
to cellular processes such as cell migration, clathrin-mediated endocytosis, and intracellular
trafficking (Buracco et al., 2019; Lu et al., 2016; Rottner et al., 2017; Schaks et al., 2019;
Svitkina, 2018). However, in order to carry out its many functions, actin polymerization must be
finely regulated.

One level of control of actin polymerization is achieved by proteins that function to nucleate
actin filaments (Pollard, 2016). Actin nucleating proteins regulate actin polymerization so that it
occurs in the correct context, space, and time (Campellone and Welch, 2010; Rottner et al.,
2017). One class of actin nucleating proteins, the Arp2/3 complex, is composed of five protein
subunits together with two actin related proteins, Arp2 and Arp3, which facilitate actin
nucleation (Buracco et al., 2019; Campellone and Welch, 2010; Pollard, 2016; Rottner et al.,
2017). Activated Arp2/3 complex binds to the side of actin filaments (called mother filaments),
and induces polymerization of a new (daughter) filament at a 70-degree angle, creating a
branching, Y-shaped structure (Campellone and Welch, 2010; Pollard, 2016; Svitkina, 2018).
Thus, Arp2/3 complex activity induces formation of highly branched actin networks (Svitkina,
2018). In motile cells, the leading edges of lamellipodia are pushed forward by Arp2/3 complex-
mediated actin polymerization of a highly branched cortical actin network (Schaks et al., 2019;
Svitkina, 2018). The activity of the Arp2/3 complex is regulated by proteins called nucleation
promoting factors (NPFs) (Pollard, 2016). One NPF is Neural Wiskott-Aldrich Syndrome protein
(N-WASP), which binds and activates the Arp2/3 complex, facilitating actin polymerization
(Rottner et al., 2017; Schaks et al., 2019; Svitkina, 2018). N-WASP activity is itself regulated by
phosphorylation, the small Rho GTPase Cdc42, as well as PIP2 (Campellone and Welch, 2010).



While actin polymerization in cells is regulated at multiple levels to ensure it takes place at the
right place and time, pathogens that hijack the actin cytoskeleton mimic proteins involved in this
regulation to induce host actin polymerization to their benefit (Lamason and Welch, 2017;
Stradal and Schelhaas, 2018).

AcMNPYV hijacks the actin cytoskeleton during infection

Viral pathogens are masters of cell biology, re-programing the host cell and hijacking host
cell processes to aid in viral replication and spread. The cytoskeleton, and particularly
microtubules, are commonly utilized by viruses for intracellular movement (Leite and Way,
2015; Pietrantoni et al., 2020; Simpson and Yamauchi, 2020; Walsh and Naghavi, 2019). For
example, vaccinia virus intracellular enveloped virions (IEV) recruit kinesin-1 (Ward and Moss,
2004) and are transported from perinuclear assembly sites to the cell periphery along
microtubules (Hollinshead et al., 2001; Leite and Way, 2015; Rietdorf et al., 2001; Ward and
Moss, 2004, 2001).

Viruses also utilize the actin cytoskeleton for intracellular transport and dissemination. HIV
manipulates cell signaling by activating the Rho GTPases Racl and CDC42, initiating
downstream Arp2/3 complex activity which is vital for viral entry and egress from cells (Alberto
Ospina Stella and Stuart Turville, 2018; Swaine and Dittmar, 2015). Vaccinia virus directly
utilizes the actin cytoskeleton for virus dissemination. Intracellular enveloped virions (IEVs)
transit to the cell periphery where they fuse with the plasma membrane, but remain attached to
the cell as cell-associated virus (CEV) (Leite and Way, 2015). Vaccinia virus transmembrane
protein A36, localized at the plasma membrane beneath CEV (Smith et al., 2002; van Ejjl et al.,
2000), is phosphorylated by Src and Abl tyrosine kinases (Frischknecht et al., 1999; Newsome et
al., 2004, 2006), recruiting Nck-1 (Frischknecht et al., 1999; Scaplehorn et al., 2002). Nck-1
recruits WASP-interacting protein (WIP), N-WASP, and the Arp2/3 complex to the site
underneath the CEV (Donnelly et al., 2013; Moreau et al., 2000; Snapper et al., 2001;
Weisswange et al., 2009; Zettl and Way, 2002). Arp2/3 complex activation induces the
formation of a branched actin network and growth of an actin tail, forming cell membrane
protrusions with CEV at the tip (Cudmore et al., 1996, 1995). These protrusions extend to
surrounding cells, allowing CEV to potentially access uninfected cells (Cudmore et al., 1996).
Additionally, already infected cells can propel superinfecting CEV onward to potentially
uninfected cells, enabling efficient dissemination of the virus (Doceul et al., 2010). Finally,
Ebolavirus nucleocapsid transit from viral inclusions to the host cell plasma membrane is
dependent on actin polymerization and Arp2/3 complex activity (Schudt et al., 2015). Moreover,
fluorescent labeling of F-actin shows that ebolavirus nucleocapsids appear to form actin comet
tails (Schudt et al., 2015).

While actin cytoskeleton manipulation is undertaken by many viruses, baculoviruses are
unique in the extent that they depend on the actin cytoskeleton. In fact, baculoviruses such as
AcMNPV do not require microtubules for intracellular transport (Ohkawa and Welch, 2018;
Volkman and Zaal, 1990), and instead utilize the host actin cytoskeleton in almost every stage of
infection (Charlton and Volkman, 1993, 1991; Volkman et al., 1992, 1987; Volkman and
Kasman, 2000). AcMNPV BV enter insect cells through absorptive endocytosis (Volkman et al.,
1984), and decreasing pH in the endocytic vesicle triggers the viral protein gp64 to initiate fusion
of the viral envelope and vesicle membrane, releasing the nucleocapsid into the host cell
cytoplasm (Blissard and Wenz, 1992; Monsma et al., 1996). Nucleocapsids then undergo actin-



based motility through the cytoplasm, forming actin comet tails consisting of Y-branched
filaments, facilitating transit to the nucleus (Mueller et al., 2014; Ohkawa et al., 2010). Actin
assembly is initiated by nucleocapsid protein p78/83, which acts as a viral NPF, recruiting and
activating the host Arp2/3 complex (Goley et al., 2006). After the expression of viral early genes,
F-actin either accumulates at the cell periphery or at the basal plasma membrane into ‘ventral
aggregates’ (Charlton and Volkman, 1991; Roncarati and Knebel-Mdorsdorf, 1997). The function
of these aggregates was previously uncharacterized, and this dissertation will explore hypotheses
concerning their formation and role in AcMNPV infection.

As infection progresses, G-actin is imported into the nucleus due to the activity a set of viral
nuclear-localization of actin (NLA) genes (Gandhi et al., 2012; Ohkawa et al., 2002). Actin then
polymerizes around viral replication centers during the late stage of infection (Charlton and
Volkman, 1993, 1991; Goley et al., 2006; Hepp et al., 2018; Ohkawa et al., 2002; Ohkawa and
Volkman, 1999; Volkman et al., 1992). Importantly, nuclear actin polymerization is required for
productive viral infection and may play a role in viral nucleocapsid assembly (Goley et al., 2006;
Ohkawa and Volkman, 1999; Volkman, 1988; Volkman and Kasman, 2000).

Following viral replication, a population of newly assembled nucleocapsids again undergo
p78/83-mediated actin-based motility in the nucleus, using it to escape to the cytoplasm and
transit to the cell membrane where they bud out to form BV (Ohkawa and Welch, 2018). Thus,
control of the actin cytoskeleton is crucial for ACMNPV to achieve productive infection.

Baculovirus protein ARIF-1

Another AcCMNPYV protein that impacts the actin cytoskeleton is the actin rearrangement
inducing factor-1 (ARIF-1) (Roncarati and Knebel-Morsdorf, 1997). ARIF-1 was identified in a
screen for ACMNPV genes that regulate actin cytoskeleton rearrangements, and expression of
arif-1 in cultured TN368 and BmN cell lines is sufficient to induce the accumulation of F-actin at
the cell periphery during the early stage of AcCMNPYV infection (Katsuma et al., 2015; Roncarati
and Knebel-Morsdorf, 1997).

ARIF-1 is expressed as a delayed-early gene during AcCMNPYV infection and localizes to the
cell plasma membrane (Dreschers et al., 2001). Structurally, ARIF-1 is predicted to have three
transmembrane domains, along with a 200 amino acid cytoplasmic C-terminal domain that is
rich in proline residues (Dreschers et al., 2001). Additionally, ARIF-1 is known to be tyrosine
phosphorylated during infection on its N-terminal 255 residues, though it is unknown which
exact residues are phosphorylated. ARIF-1 seems to acquire additional tyrosine phosphorylation
as infection progresses, and this is thought to be linked to disappearance of the peripheral actin
accumulation during late infection (Dreschers et al., 2001). ARIF-1 is conserved in
alphabaculoviruses, though it does not have homology with any other known proteins
(Rohrmann, 2019). In addition to being sufficient to induce actin cytoskeleton rearrangement
when expressed in insect cells, ARIF-1 is required for actin rearrangement during infection,
since deletion of the C-terminal 163 amino acids or the insertion of LacZ into the middle of arif-
1 prevents the accumulation of actin at the periphery of infected TN368 cells (Dreschers et al.,
2001). However, deletion of arif-1 does not impact progeny virus production in infected cell
cultures (Dreschers et al., 2001; Katsuma et al., 2015). While ARIF-1 is necessary and sufficient
for the accumulation of actin at the plasma membrane of lepidopteran cells, the mechanism by
which it does so remains unclear.



In addition to actin rearrangement, ARIF-1 has a role in the progression of viral infection in
live insect hosts (Katsuma et al., 2015). When orally infected with BmNPV (a close relative of
AcMNPYV) carrying a deletion of the arif-1 gene, infection of major organ systems, progeny
virus production, and death is significantly delayed in live insects (Katsuma et al., 2015). As
observed for AcCMNPV lacking arif-1, the deletion of arif-1 does not impact BmNPV BV titres
in cell culture, but does prevent early stage actin rearrangement (Katsuma et al., 2015). Together,
these data indicate that ARIF-1 plays a role in accelerating baculovirus systemic infection in
insect hosts.

Consistent with a role in viral escape from the insect midgut, a study of the expression level
of AcCMNPV genes in host insect midguts found that expression of arif-1 and vfgf'is significantly
higher in midgut cells than in cell culture (Shrestha et al., 2018). ARIF-1 is expressed at 4 hpi,
consistent with the timing of actin rearrangement, and remains detectable at the plasma
membrane until 24 hpi (Dreschers et al., 2001). However, the mechanisms by which ARIF-1
accelerates systemic viral infection and induces early stage actin rearrangement, and whether
these two effects are linked, remain unknown. The goal of my dissertation project has been to
understand the role that ARIF-1 plays in these processes.

Induction of invadosomes by viruses and growth factors

Nearly 30 years ago, Charlton & Volkman described the formation of aggregates of F-actin
at the basal side of infected Sf21 cells (Charlton and Volkman, 1991). Based on my work,
described in Chapter 2, we now know that ARIF-1 is responsible for formation of these
structures, but their function remains unknown. We suggest that ARIF-1-induced delayed-early
actin structures behave and function as podosomes or invadopodia (collectively known as
‘invadosomes’), which are protrusive structures that direct ECM degradation in conjunction with
cell motility (Paterson and Courtneidge, 2018).

Invadosomes were first observed in Rous sarcoma virus (RSV) transformed fibroblasts,
where proteins associated with ECM contact sites, vinculin and alpha-actinin, cluster into
rosette-like structures (David-Pfeuty and Singer, 1980). This discovery was refined by Tarone et
al, who showed that vinculin and alpha-actinin rosettes in RSV transformed fibroblasts contain
actin, and are associated with cellular protrusions that contact the ECM, and coined these
structures ‘podosomes’, meaning cellular feet (Tarone et al., 1985). It was further shown in RSV-
transformed fibroblasts that the viral Src (v-Src) tyrosine kinase localized to cell protrusions, and
these protrusions are associated with degradation of underlying ECM (Chen et al., 1985). The
observation of ECM degradation led to the re-coining of rosettes and podosomes as
‘invadopodia’(Chen, 1989). The term ‘podosome’ is used to describe structures that appear in
normal cells, whereas ‘invadopodia’ describes similar structures in cancer cells. Nonetheless,
podosomes and invadopodia are similar in both composition and function, and it is possible that
their differences can be explained by cell-type and experimental conditions (Paterson and
Courtneidge, 2018). We will use the collective term ‘invadosomes’ to describe these structures.
Invadosomes are defined as dot-like protrusive structures 0.5-2 microns in diameter with a core
of dynamic F-actin and other proteins, surrounded by a ring of adhesion proteins (Murphy and
Courtneidge, 2011; Paterson and Courtneidge, 2018).

Further research into invadosomes has generated a nuanced understanding of their
composition and the processes of their assembly. Invadosomes form in response to both internal



and external cell signaling (Paterson and Courtneidge, 2018). In particular, signaling by growth
factors such as vascular endothelial growth factor (VEGF)(Seano et al., 2014; Spuul et al., 2016),
epidermal growth factor (EGF) (Diaz et al., 2013; Hwang et al., 2012; Yamaguchi et al., 2005),
platelet-derived growth factor (PDGF) (Hanna et al., 2013), and transforming growth factor-3
(TGF- B) (Rottiers et al., 2009; Varon et al., 2006) are known to stimulate invadosome
formation.

First, binding of growth factors to cellular receptors stimulates cellular Src (c-Src) tyrosine
kinase activity, which phosphorylates substrates tyrosine kinase with five SH3 domains (Tks5)
(Burger et al., 2014, 2011; Lock, 1998; Seals et al., 2005) and cortactin (Ayala et al., 2008;
Kanner et al., 1990; Seals et al., 2005). Though Src-family kinases are usually required for
invadosome formation, reports of these structures in cells despite the presence of Src inhibitors
(Burger et al., 2011; Di Martino et al., 2014; Mader et al., 2011; Seals et al., 2005; Seiler et al.,
2012) suggest that other cytoplasmic tyrosine kinases such as ABL-family may contribute to
invadosome formation (Mader et al., 2011). In contrast, Tks5 is required for invadosome
formation and activity, and is a marker of invadosomes because it is not present in other cellular
structures such as focal adhesions or filipodia (Di Martino et al., 2014; Paterson and
Courtneidge, 2018). Additionally, overexpression of Tks5 may be sufficient to initiate
invadopodia formation (Burger et al., 2014; Ferrari et al., 2019; Li et al., 2013; Seals et al.,
2005).

Second, phosphorylated Tks5 localizes to phosphatidylinositol lipids at the basal cell
membrane (Abram et al., 2003; Murphy and Courtneidge, 2011; Paterson and Courtneidge,
2018). TksS5 serves as a scaffold, recruiting cortactin (Hiura et al., 1995; Oser et al., 2009), the
adaptor proteins noncatalytic regions of tyrosine kinase 1 and 2 (Nck1, Nck2) (Stylli et al.,
2009), and growth factor receptor-bound protein 2 (Grb2) (Oikawa et al., 2008; Stylli et al.,
2009), the small Rho GTPase Cdc42 (Di Martino et al., 2014; Yamaguchi et al., 2005), WASP-
interacting protein (WIP) (Banon-Rodriguez et al., 2011; Chou et al., 2006; Donnelly et al.,
2013; Garcia et al., 2012; Tsuboi, 2007), and the NPFs WASP and N-WASP (Linder et al., 1999;
Mizutani et al., 2002; Oikawa et al., 2008). Cortactin and WASP/N-WASP recruit the Arp2/3
complex (Burns et al., 2001; Linder et al., 2000; Oser et al., 2009), which binds to existing actin
filaments and initiates the formation of a branched F-actin core whose polymerization drives
protrusion in the cell membrane (Ferrari et al., 2019, p. 1).

Third, invadosomes enter the ‘mature’ phase. Proteases, including serine proteases (Monsky
et al., 1994; Mueller et al., 1999), cathepsin cysteine proteases (Tu et al., 2008), and zinc-
regulated matrix metalloproteases (Castro-Castro et al., 2016; Nakahara et al., 1997; Sato, 1997)
are secreted or directed to invadosomes (El Azzouzi et al., 2016). In particular, membrane type 1
matrix metalloprotease (MT1-MMP) is recruited to the membrane protrusions, enabling
degradation of the underlying ECM (Ferrari et al., 2019; Murphy and Courtneidge, 2011;
Nakahara et al., 1997; Poincloux et al., 2009). While the key proteins involved in invadosome
formation and maturation are known, many of the interactions between the components of these
structures and how they are regulated are still being uncovered.

Invadosome clusters form in a variety of cell types, including osteoclasts (Destaing et al.,
2003; Kanehisa et al., 1990; Miyauchi et al., 1990; Zambonin-Zallone et al., 2009), monocyte-
derived cells (Murphy and Courtneidge, 2011; Paterson and Courtneidge, 2018), smooth muscle
cells (Kaverina et al., 2003; Webb et al., 2005; Zhou et al., 2006), and endothelial cells (Moreau
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et al., 2003; Varon et al., 2006). In osteoclasts, individual invadosomes gather into clumps
surrounded by an actin cloud and gradually form a ring around the periphery of the cell
(Destaing et al., 2008).

Invadosome formation and ECM degradation are thought to be linked to cell motility
(Albiges-Rizo et al., 2009; Collin et al., 2008; Murphy and Courtneidge, 2011). Indeed,
invadosomes are common in motile cells such as macrophages that transit to sites of infection
(Burger et al., 2011; Labernadie et al., 2014; Paterson and Courtneidge, 2018), and their
formation is associated with metastatic, aggressive cancers (Eddy et al., 2017; Paz et al., 2014;
Williams et al., 2019; Yamaguchi, 2012). The ability of these structures to degrade the
extracellular matrix through the localization of proteases make them an interesting candidate for
structures that may be utilized by viruses for remodeling barriers to viral infection.

Overall hypothesis to be addressed

As discussed above, baculoviruses may utilize multiple pathways to escape the insect
midgut. In Chapter 2 of this dissertation, I document the observation that ARIF-1 is necessary
and sufficient for the formation of invadosome-like structures in cultured insect cells in vitro.
This suggests that ARIF-1 induces the formation of invadosome-like structures in infected
insects in vivo, including in midgut epithelial cells. In turn, invadosome-like structures degrade
the underlying BL, opening a path for systemic viral infection of the host (Fig 1A). This
proposed process may act in conjunction with other mechanisms by which AcMNPV escapes the
midgut. While vFGF diffuses across the BL and induces tracheoblast migration across the BL
towards the midgut epithelium, simultaneous degradation of the BL by invadosome-like
structures in gut epithelial cells may occur (Fig 1B). The additive effects of these two strategies
could result in breaks or disruption of the midgut BL, allowing the virus to cross the BL, and/or
infect exposed tracheoblasts and enter the insect tracheal system. Thus, utilizing multiple
strategies for BL degradation may enable ACMNPYV to ensure midgut escape, limiting the danger
of clearance from the host body.
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Figure 1.1: ARIF-1 may direct invadosome formation, facilitating basal lamina degradation. (A) ARIF-1
expression during delayed-early AcCMNPV infection may induce invadosome formation in lepidopteran midgut
epithelial cells. Invadosomes direct degradation of the basal lamina through matrix metalloprotease secretion.
Invadosome BL degradation may enable viral nucleocapsids to transit across the basal lamina and into deeper insect
tissues. (B) ARIF-1 mediated invadosome formation may act in conjunction with vFGF signaling to bypass the basal
lamina. vFGF-induced tracheoblast growth may coincide with ARIF-1-mediated invadosome formation. Together,
they may degrade or invade the basal lamina from opposite sides, facilitating basal lamina disruption and/or
infection of tracheal epithelial cells.
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Chapter 2

Baculovirus actin rearrangement inducing factor-1 induces the formation of dynamic clusters of
invadosome-like structures
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Introduction

Intracellular microbial pathogens are master manipulators of host cell biology and have
evolved myriad strategies to hijack host cell machinery and repurpose host processes to facilitate
infection. One such strategy is to hijack the host actin cytoskeleton, which can facilitate pathogen
invasion, intracellular movement, and/or cell-cell spread. The baculovirus Autographa
californica multiple nucleopolyhedrovirus (AcMNPV), an enveloped DNA virus that orally
infects larval lepidopteran insects (caterpillars), is notable for manipulating the host actin
cytoskeleton extensively throughout infection. Upon entry into the host cell cytoplasm,
AcMNPV nucleocapsids undergo actin-based motility, using the viral p78/83 protein to activate
host Arp2/3 complex to polymerize actin filaments (Goley et al., 2006; Ohkawa et al., 2010).
Upon expression of early viral genes, actin filaments accumulate at the plasma membrane of
infected cells (Charlton and Volkman, 1991; Dreschers et al., 2001; Roncarati and Knebel-
Morsdorf, 1997). This accumulation dissipates during late viral gene expression as monomeric
actin is imported into and polymerizes within the nucleus (Charlton and Volkman, 1993, 1991;
Hepp et al., 2018; Ohkawa et al., 2002; Ohkawa and Volkman, 1999; Volkman et al., 1992).
Newly assembled viral nucleocapsids also harness p78/83 and Arp2/3 complex to polymerize
actin and are propelled to the nuclear periphery to facilitate nuclear egress (Ohkawa and Welch,
2018). As both actin polymerization in the nucleus and viral actin-based motility are required for
successful viral infection (Goley et al., 2006; Hess et al., 1989, 1989; Ohkawa and Volkman,
1999; Volkman, 1988; Volkman et al., 1987; Volkman and Kasman, 2000), the ability of
AcMNPYV to hijack the host actin cytoskeleton is of critical importance.

A second AcMNPYV protein that impacts the actin cytoskeleton is the actin rearrangement
inducing factor-1 (ARIF-1) (Roncarati and Knebel-Morsdorf, 1997). ARIF-1 is a delayed-early
viral protein that was identified in a screen for ACMNPV genes that cause alterations in the actin
cytoskeleton when expressed in insect cells, and was shown to be necessary and sufficient to
induce the accumulation of actin filaments at the plasma membrane during early infection
(Roncarati and Knebel-Morsdorf, 1997). ARIF-1 is conserved in alphabaculoviruses (Roncarati
and Knebel-Morsdorf, 1997) and contains three predicted transmembrane domains and a C-
terminal proline-rich cytoplasmic domain (Dreschers et al., 2001). While ARIF-1 localizes to the
plasma membrane in infected cells and is phosphorylated on tyrosine residues (Dreschers et al.,
2001), the mechanism by which it induces actin polymerization is unknown. Interestingly, ARIF-
1 is not important for viral replication in cultured cells (Dreschers et al., 2001; Katsuma et al.,
2015; Taka et al., 2013). However, insects infected with an arif-1 mutant Bombyx mori NPV
(BmNPV; closely related to AcCMNPYV) experienced delays in infection of major organ systems
and death, indicating that ARIF-1 accelerates systemic infection (Katsuma et al., 2015).
Nevertheless, the mechanisms by which ARIF-1 functions in rearrangement of the host actin
cytoskeleton in cells, and systemic infection in caterpillars, are still unknown.

During infection in caterpillars, AcCMNPV must bypass barriers to systemic infection.
AcMNPYV infects through the oral route and establishes initial infection in midgut epithelial cells
(Rohrmann, 2019). After replication, the virus spreads from the midgut to most major organ
systems (Rohrmann, 2019). However, the basal lamina (BL), a layer of extracellular matrix
(ECM) that surrounds the midgut and other major organ systems, represents a barrier to virus
spread (Clem and Passarelli, 2013; Passarelli, 2011), as gaps or pores in the BL are thought to be
too small for viral particles to cross (Hess and Falcon, 1987; Reddy and Locke, 1990). Because
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AcMNPV is found in the caterpillar circulatory system only 30 min post-infection (Granados and
Lawler, 1981), the virus must possess mechanisms to rapidly bypass the BL.

An unexplored mechanism for BL penetration is that of BL breakdown using actin-rich
invadosomes. Podosomes and invadopodia (collectively known as invadosomes) are dot-like
structures of 0.5 to 1 um in diameter, characterized by a dynamic actin core surrounded by a ring
of adhesion proteins (Murphy and Courtneidge, 2011). Proteins associated with these structures
in mammalian cells include the actin-associated proteins cortactin (Hiura et al., 1995; Kanner et
al., 1990; Oser et al., 2009) and the Arp2/3 complex (Burns et al., 2001; Linder et al., 2000; Oser
et al., 2009), as well as the scaffold protein Tks5 (Seals et al., 2005). Invadosomes are sites of
directed ECM degradation by matrix metalloproteases (Murphy and Courtneidge, 2011), and are
common in cells that remodel the ECM, such as osteoclasts (Marchisio et al., 1984), or those that
penetrate the ECM during migration, such as monocyte-derived cells (Marchisio, 1987), though
they also occur in smooth muscle cells (Kaverina et al., 2003; Webb et al., 2005; Zhou et al.,
2006) and endothelial cells (Moreau et al., 2003; Varon et al., 2006). Many individual
invadosomes may be organized into clusters shaped as rings or rosettes (Murphy and
Courtneidge, 2011). Formation of invadosomes is also associated with aggressive cancer cell
lines and enables them to remodel the ECM and undergo metastasis (Murphy and Courtneidge,
2011). Viral infection can also induce invadosome formation. For example, transformation of
fibroblasts with Rous sarcoma virus leads to expression of viral v-Src, a tyrosine kinase that can
induce invadosome formation through activation of Tks5 (Chen, 1989; David-Pfeuty and Singer,
1980; Seals et al., 2005; Tarone et al., 1985). Thus, vertebrate tumor viruses can alter cell
signaling mechanisms to induce invadosome formation.

To better understand the role of ARIF-1 in AcCMNPV infection, we investigated ARIF-1-
induced actin rearrangements. We found that ARIF-1 is necessary and sufficient for formation of
dynamic actin-containing structures in lepidopteran cells whose appearance and dynamics are
similar to invadosome clusters in mammalian cells. In addition, we found that the plasma
membrane anchored ARIF-1 C-terminal cytoplasmic region is sufficient and that individual
tyrosine and proline residues are necessary for formation of clusters of invadosome-like
structures. Finally, we observed that clusters of invadosome-like structures co-localize with
ARIF-1, cortactin, and the Arp2/3 complex, and Arp2/3 complex activity is required for their
formation and maintenance. Together, our findings suggest that ARIF-1 induces the formation of
invadosome-like structures that may play a role in accelerating viral infection in hosts.

Results

AcMNPYV infection induces the formation of invadosome-like structures

To investigate actin cytoskeleton rearrangements induced by AcMNPYV during the early
stage of infection, we transiently transfected lepidopteran Sf21 cells with a plasmid expressing
GFP-tagged actin (GFP-actin) and infected them with ACMNPV. As soon as 3 hours post
infection (hpi), infected cells formed striking actin structures that appeared as small round
clusters, circular rosettes, or elongated belts, ranging between 3 and 20 um in size (Fig 2.1A).
TIRF microscopy revealed that these structures were basally located on the substrate-facing cell
surface (Fig 2.1A). We then quantified the percentage of cells with these actin structures over the
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course of viral infection. We found that actin structures began to form in cells at 3 to 4 hpi, were
most prevalent between 4 and 8 hpi, and could be found at times as late as 32 hpi (Fig 2.1B).

To further investigate the dynamics of these structures, we imaged live, infected Sf21
cells from 0 to 8 hpi. We found that the actin structures were highly dynamic in shape and
position, could persist for more than 4.5 h, and could undergo fusion or fission events (Fig 2.1C,
Video S1). Interestingly, the larger actin structures were comprised of many smaller ~0.5 pm
dot-like actin puncta (Fig 2.1C, Video S2). Individual actin puncta remained stationary relative
to the substrate, and the shape of the cluster changed through appearance or disappearance of
individual actin puncta (Fig 2.1C, Video S2). The appearance and behavior of the actin
structures in ACMNPV-infected Sf21 cells were markedly similar to podosome rings and rosettes
found in some mammalian cell types, prompting us to designate them as clusters of invadosome-
like structures.

To investigate the kinetics of actin polymerization-depolymerization in invadosome-like
structures, we added 4 uM latrunculin A (latA) to live infected cells and measured their
persistence. Addition of latA caused GFP-actin signal in clusters of invadosome-like structures
to rapidly fade with a half-life of ~7-8 min, so that none of the structures remain ~15 min after
drug addition (Video S3, Fig 2.2). The rapid disappearance of invadosome-like structures
indicates that actin disassembly in these structures is relatively rapid, and that continuous actin
polymerization is needed for their assembly and maintenance. We next set out to define the
requirements for formation of AcMNPV-induced invadosome-like structures and to investigate
their similarities with podosomes formed in mammalian cells.

ARIF-1 is necessary and sufficient for formation of invadosome-like structures

The AcMNPYV arif-1 gene is necessary and sufficient to induce accumulation of actin
filaments at the cell periphery in TN368 insect cells (Roncarati and Knebel-Mdrsdorf, 1997),
suggesting that it may be responsible for inducing the formation of invadosome-like structures in
Sf21 cells. To determine whether ARIF-1 plays a role in the formation of these structures, we
constructed an AcAdarif-1 virus in the ACMNPV WOBpos background that contains a deletion of
70% of the arif-1 coding region (WOBpos is derived from the E2 strain of ACMNPV and its
genome can be propagated as a bacmid in Escherichia coli). We also constructed an AcAarif-1
rescue virus in which the arif-1 gene and 500 bp flanking regions were inserted at the nearby
polyhedrin locus in the AcAarif-1 viral genome. Sf21 cells infected with AcAarif-1 completely
lacked clusters of invadosome-like structures (Fig 2.3A, B). Formation of clusters of
invadosome-like structures was fully restored in cells infected with the AcAarif-1 rescue virus
(Fig 2.3A, B). This demonstrates that ARIF-1 is necessary for invadosome-like structure
formation in infected Sf21 cells.
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Figure 2.1: Dynamic clusters of invadosome-like structures form in Sf21 insect cells during early AcMNPV
infection. (A) Confocal and TIRF images of Sf21 insect cells transiently transfected with GFP-actin and mock
infected or infected with AcCMNPV. Images were taken 4 to 7 hours post infection. Scale bars are 5 pm. (B) Clusters
of invadosome-like actin structures in AcCMNPV infected Sf21 cells were quantified from 2 to 32 hpi. Data are mean
+/- SD of three biological replicates. Asterisks show significance relative to 2 hpi timepoint. (C) Confocal time-
lapse images of Sf21 insect cells transiently transfected with GFP-actin and infected with AcMNPV. Inset images on
the bottom row show yellow and red circles enclosing stationary actin puncta that are maintained or disappear
respectively. Scale bars are 5 um. Time post infection is indicated.
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Figure 2.2: Latrunculin A induces dissipation of clusters of invadosome-like structures.

Individual clusters of invadosome-like structures were identified in live Sf21 cells transiently expressing GFP-actin
and infected with AcMNPYV 2 days post transfection. 4 uM Latrunculin A was added to cells, and fluorescence of
clusters of invadosome-like structures was measured from 0 to 14.5 min post drug addition. Data are mean +/- SD of
three biological replicates. Symbols indicate significance from 0 min post drug addition timepoint.
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To determine if ARIF-1 is sufficient for invadosome-like structure formation, we
transiently transfected Sf21 cells with plasmid pACT-arif-1, which included arif-1 under the
control of the B. mori actin promoter. Transfected Sf21 cells formed clusters of invadosome-like
structures (Fig 2.3C, D) that maintained a similar variety of shapes (small and round, circular
rosettes, or elongated belts). The dynamic behavior of these structures was also similar to that in
infected cells (Video S4). Overall, these data indicate that expression of arif-1 alone is sufficient
for the formation of clusters of invadosome-like structures in Sf21 cells.

To verify that the timing of ARIF-1 expression is consistent with that of invadosome-like
structure formation, we raised a polyclonal ARIF-1 antibody and probed lysates of cells infected
with Ac MNPV, AcAarif-1, and AcAarif-1 rescue viruses over a time course of infection (Fig
2.4). ARIF-1 was expressed in cells infected with wild-type and AcAarif-1 rescue viruses, but
absent from cells infected with AcAarif-1. Furthermore, the timing of ARIF-1 expression was
consistent with the timing of invadosome-like structure formation and disappearance (Fig 2.1B,
Fig 2.4). This confirms that invadosome-like structure formation is correlated with ARIF-1
expression.

ARIF-1 is localized to clusters of invadosome-like structures

ARIF-1 was previously reported to exhibit general localization to the plasma membrane
in TN368 cells (Dreschers et al., 2001). To determine if ARIF-1 concentrates in invadosome-like
structures, we investigated the localization of ARIF-1 in Sf21 cells. In cells transiently
transfected with GFP-tagged ARIF-1 (GFP-ARIF-1), GFP-ARIF-1 localized to the plasma
membrane, with a concentration at clusters of invadosome-like structures (Fig 2.5). In some
instances, the localization appeared uniform throughout the cluster, and in others it appeared to
be more prominent at the periphery of the cluster (Fig 2.5). Thus, ARIF-1 is enriched at clusters
of invadosome-like structures.

The ARIF-1 C-terminal region is necessary and sufficient for formation of clusters of invadosome-
like structures

Prior structural predictions and our own analyses suggested that ARIF-1 contains three
N-terminal transmembrane domains and a ~200 aa C-terminal region that extends into the
cytoplasm (Dreschers et al., 2001) (Fig. 2.6A). We first sought to determine which parts of the
ARIF-1 C-terminal region are necessary for formation of clusters of invadosome-like structures.
We constructed a series of C-terminal truncations of ARIF-1 (Fig 2.6B) and quantified formation
of clusters of invadosome-like structures in transiently transfected Sf21 cells (Fig 2.6B, Fig
2.7A). Although expression of ARIF-1(1-401) (containing C-terminal residues up through
amino-acid 401), ARIF-1(1-398), ARIF-1(1-378), and ARIF-1(1-371) caused a reduced
percentage of cells with clusters of invadosome-like structures when compared with expression
of the full-length protein ARIF-1(1-417), these clusters still formed. However, no such structures
formed in cells transfected with ARIF-1(1-274). This indicates that the ARIF-1 C-terminus
between residues 274-371 is necessary for formation of clusters of invadosome-like structures.
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Figure 2.3: ARIF-1 is necessary and sufficient for formation of clusters of invadosome-like structures. (A)
Confocal images of Sf21 cells transiently transfected with GFP-actin and infected with MOI = 10 of the indicated
virus. Images were taken 4 hpi and are representative of three biological replicates. Scale bars are 5 pum. (B) Clusters
of invadosome-like structures in infected cells were quantified at 4 hpi. Data are mean +/- SD of three biological
replicates. (C) Confocal images of Sf21 cells transiently expressing GFP-actin and ARIF-1. Images were taken 2
days post transfection and are representative of three biological replicates. Scale bars are 5 um. (D) Quantification of
clusters of invadosome-like structures in cells transfected with GFP-actin and ARIF-1. Structures were quantified by
eye 2 days post transfection. Data are mean +/- SD of three biological replicates.
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Figure 2.4: ARIF-1 expression corresponds with formation of clusters of invadosome-like structures. Western
blots of lysates of Sf21 cells infected with the indicated virus harvested at 0 to 32 hpi. Lysates were probed with an
anti-rabbit ARIF-1 antibody. Cofilin is shown as a loading control.
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Figure 2.5: ARIF-1 co-localizes with clusters of invadosome-like structures. Confocal images of Sf21 cells
transiently expressing Lifeact mCherry and GFP-tagged ARIF-1. Images were taken 2 days post transfection and are
representative of three biological replicates. Scale bars are 5 um.
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To determine the contributions of the ARIF-1 N-terminal and transmembrane regions, we
transfected cells with a plasmid that expressed ARIF-1(219-417) missing N-terminal amino acids
1-218 that encode for the predicted transmembrane domains and cytoplasmic loop (Fig 2.6C).
Sf21 cells transiently transfected with ARIF-1(219-417) did not form invadosome-like structures
(Fig 2.6C), indicating that the transmembrane domains are required for ARIF-1 function. Next,
to test whether membrane targeting of the C-terminus is sufficient for formation of clusters of
invadosome-like structures, we expressed a variant of ARIF-1 in which the ARIF-1 C-terminus
was fused to the unrelated AcCMNPV transmembrane protein gp64 (Fig 2.6A, right).
Surprisingly, a similar percentage of cells expressing gp64::ARIF-1(219-417) formed clusters of
invadosome-like structures compared with cells expressing full-length ARIF-1(1-417) (Fig 2.6C,
Fig 2.7B, Video S5). This indicates that the membrane targeted ARIF-1 C-terminus from
residues 219-417 is sufficient for formation of clusters of invadosome-like structures, and the
AIRF-1 N-terminal cytoplasmic loop and transmembrane regions function to anchor the ARIF-1
C-terminal region to the plasma membrane.

To further narrow down which regions of the ARIF-1 C-terminus are necessary for
formation of clusters of invadosome-like structures, we constructed a series of N-terminal
truncations to gp64::ARIF-1(219-417) and quantified invadosome-like structure formation in
transiently transfected Sf21 cells (Figure 2.6C). Cells expressing gp64::ARIF-1(274-417) and
gp64::ARIF-1(303-417) had clusters of invadosome-like structures, whereas these structures
were completely absent in cells expressing gp64::Arif-1(320-417). Altogether, the data from
expression of truncation derivatives indicates that the ARIF-1 C-terminus between residues 303-
371 is necessary for formation of clusters of invadosome-like structures.

ARIF-1 residues Y332F and P335A are important for formation of clusters of invadosome-like
structures

We next sought to identify individual residues in the ARIF-1 C-terminal region that may
be important for the formation of clusters of invadosome-like structures. ARIF-1 is tyrosine-
phosphorylated during infection, though which tyrosine residues are phosphorylated is unknown
(Dreschers et al., 2001). The ARIF-1 C-terminus also contains several stretches rich in proline
residues (Fig 2.8A, left). We sought to assess the importance of individual tyrosine and proline
residues by mutating tyrosine to phenylalanine and proline to alanine (Fig 2.8A, Fig 2.9). We
then quantified clusters of invadosome-like structures in Sf21 cells transiently expressing ARIF-
1 mutants (Fig 2.8 B, C). While most mutations did not significantly affect the formation of
clusters of invadosome-like structures, cells transiently transfected with ARIF-1(Y332F) and
ARIF-1(P335F) mutations had no clusters, but form invadosome-like structures uniformly
dispersed across the basal cell surface (Fig 2.8D, Fig 2.9 A, B, Video S6, S7). To verify that
differences in formation of clusters of invadosome-like structures in ARIF-1 tyrosine and proline
point mutants were not due to differences in expression levels of the ARIF-1 point mutant, we
probed cell lysates using the ARIF-1 antibody (Fig 2.10). ARIF-1 was detected in cells
transfected with ARIF-1 Y332F and P335A mutations, demonstrating that the lack of clusters of
invadosome-like structures was not due to decreased ARIF-1 expression. Our results are
consistent with truncation analyses, which pointed to key residues between 303-371, and suggest
that adjacent residues Y332 and P335 facilitate the formation of clusters of invadosome-like
structures.
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Figure 2.6: ARIF-1 residues 303-371 are necessary for formation of clusters of invadosome-like structures.
(A) Left: predicted ARIF-1 structure with three transmembrane domains and a cytoplasmic C-terminal region
(amino acids 219-417). Right: AcCMNPYV transmembrane protein gp64 (red) fusion to ARIF-1 C-terminal region. (B)
Left: visual representation of ARIF-1 C-terminal truncations. Right: quantification of clusters of invadosome-like
structures in Sf21 cells transiently expressing GFP-actin and truncated ARIF-1 2 days post transfection. Data are
mean +/- SD of three biological replicates. Asterisks indicate significance relative to ARIF-1(1-417). (C) Left:
visual representation of AcCMNPV transmembrane protein gp64 (red) fused to ARIF-1(219-417) and N-terminal
truncations. Right: quantification of clusters of invadosome-like structures in Sf21 cells transiently expressing GFP-
actin and the indicated construct 2 days post transfection. Data are mean +/- SD of three biological replicates.
Asterisks indicate significance relative to ARIF-1(1-417).
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Figure 2.7: Cells expressing the ARIF-1 C-terminal cytoplasmic region form clusters of invadopodia-like
structures. (A) Confocal images of Sf21 cells transiently expressing GFP-actin and ARIF-1 C-terminal truncations.
Images were taken two days post transfection and are representative of three biological replicates. Scale bars are 5

um. (B) Confocal images of Sf21 cells transiently expressing GFP-actin and ARIF-1 N-terminal truncations and

gp64 fused ARIF-1 truncations. Images were taken two days post transfection and are representative of three

biological replicates. Scale bars are 5 um.
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Figure 2.8: ARIF-1 residues Y332F and P335A are important for formation of clusters of invadosome-like

structures. (A) Tyrosine (orange) and proline (purple) residues are indicated on the C-terminal region of ARIF-1.

Amino acid identification is shown. (B) Clusters of invadosome-like structures in cells transiently transfected with
GFP-actin and the indicated tyrosine to phenylalanine point mutations were quantified 2 days post transfection. Data

are mean +/- SD of three biological replicates. Asterisks indicate significance relative to ARIF-1(1-417). (C)
Clusters of invadosome-like structures in cells transiently transfected with GFP-actin and the indicated proline to

alanine point mutations were quantified 2 days post transfection. Data are mean +/- SD of three biological replicates.
Asterisks indicate significance relative to ARIF-1(1-417). (D) Confocal images of Sf21 cells transiently expressing
GFP-actin and the indicated ARIF-1 mutation. Images are representative of three biological replicates. Scale bars are

5 um.
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Figure 2.9: Invadosome-like structures form in cells expressing ARIF-1 tyrosine and proline residue
mutations. (A) Confocal images of Sf21 cells transiently expressing GFP-actin and ARIF-1 tyrosine point

mutations. Images were taken two days post transfection and are representative of three biological replicates. Scale

bars are 5 um. (B) Confocal images of Sf21 cells transiently expressing GFP-actin and ARIF-1 proline point

mutations. Images were taken two days post transfection and are representative of three biological replicates. Scale

bars are 5 um.

26



200
150

100
15

50

37

200
150

100

50

37

Figure 2.10: ARIF-1 is expressed in cells transiently expressing ARIF-1 proline and tyrosine point mutants.

(A) Western blot of lysates of Sf21 cells transiently transfected with ARIF-1 tyrosine point mutants. Blots were

probed with ARIF-1 antibody. (B) Western blot of lysates of Sf21 cells transiently transfected with ARIF-1 proline

point mutants. Blots were probed with ARIF-1 antibody.

27



Cortactin and the Arp2/3 complex play a role in the formation and maintenance of invadosome-like
structures.

The actin core of podosomes in mammalian cells includes cortactin (Hiura et al., 1995;
Pfaff and Jurdic, 2001) and the Arp2/3 complex (Linder et al., 2000) (Hiura et al., 1995;
Mizutani et al., 2002). To determine if invadosome-like structures in lepidopteran cells have a
similar protein composition, we investigated whether cortactin and the Arp2/3 complex
colocalize with these structures. GFP-tagged S. frugiperda cortactin (GFP-cortactin) was
expressed in Sf21 cells by transient transfection, which were subsequently infected with
AcMNPV WOBpos and imaged at 4 hpi. GFP-cortactin co-localized with actin in invadosome-
like structures (Fig 2.11C). To determine if the Arp2/3 complex localizes to clusters of
invadosome-like structures, we expressed GFP-tagged Arp2/3 complex subunit ARPC3 (GFP-
ARPC3) in Sf21 cells by transient transfection and infected these cells with ACMNPV. At 4hpi,
GFP-ARPC3 also co-localized with clusters of invadosome-like structures (Fig 2.11B). Thus,
both cortactin and the Arp2/3 complex are present at these areas of dynamic actin
polymerization.

To determine if the host Arp2/3 complex plays a role in formation and maintenance of
invadosome-like structures, we treated infected cells with Arp2/3 complex inhibitor CK666, or
with the inactive control drug CK869. Clusters of invadosome-like structures were virtually
eliminated 1 h post treatment with Arp2/3 inhibitor CK666, but no significant effect was
observed upon treatment with the inactive control drug CK869 (Fig 2.11A, Video S7, S8, S9).
Thus, host Arp2/3 complex function is required for formation and maintenance of these
structures.

Discussion

Here, we describe the formation of dynamic actin structures in AcCMNPV-infected
lepidopteran insect cells that coalesce into clusters, rosettes, and rings, resembling podosome
clusters in mammalian cells. We further show that the AcCMNPYV protein ARIF-1 is necessary
and sufficient for formation of these invadosome-like structures. We identify regions of ARIF-1
and individual proline and tyrosine residues critical for their formation. Lastly, we verify that
ARIF-1, cortactin, and the Arp2/3 complex localize with clusters of invadosome-like structures,
and that Arp2/3 complex function is important for their maintenance. Our results suggest that
ARIF-1 induces the formation of invadosome-like structures in lepidopteran cells, and that these
structures may facilitate systemic AcCMNPYV spread in hosts.

Our results add to previous observations by describing the formation of ACMNPV-
induced and ARIF-1-dependent invadosome-like structures. Previously, it was noted that during
early stage AcCMNPYV infection, actin accumulated evenly around the periphery of TN368 and
BmN cells (Katsuma et al., 2015; Roncarati and Knebel-Morsdorf, 1997), and in Sf21 cells
accumulated in “ventral aggregates” on the basal cell surface (Charlton and Volkman, 1991).
However, the finer organization and dynamics of this peripheral actin was not described. Using
live cell imaging, we observed that ARIF-1 induces formation of actin puncta that cluster
together into dynamic clumps, rosettes, or belts, and that these can persist for hours and change
shape and position. Though we have not observed clusters of invadosome-like structures in
TN368 cells, they are present in Sf9 (Taro Ohkawa, personal communication), Sf21
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Figure 2.11: Cortactin and the Arp2/3 complex play a role in maintenance of clusters of invadosome-like
structures. (A) Confocal images of Sf21 cells transiently expressing Lifeact mCherry and GFP-tagged S.frugiperda
cortactin. Images were taken 2 days post transfection and are representative of three biological replicates. Scale bars
are 5 um. (B) Confocal images of Sf21 cells transiently expressing Lifeact mCherry and GFP-tagged Arp2/3
complex subunit P21. Images were taken 2 days post transfection and are representative of three biological
replicates. Scale bars = Sum. (C) Clusters of invadosome-like structures were quantified 1 hour after cytoskeleton-
affecting drugs were added to Sf21 cells infected with AcCMNPV 4hpi. Data are mean +/- SD of three biological
replicates of 40 invadosome-like structures. Scale bars are 5 pm.
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(Charlton and Volkman, 1991), and BmN (data not shown) cell lines, indicating that they are not
restricted to a single cell line or even species.

ARIF-1 induced actin structures in Sf21 cells are similar to podosomes and invadopodia
in appearance and dynamics. In mammalian osteoclasts, many stationary dot-like podosomes
organize into clusters that merge to form one large ring around the cell periphery (Destaing et al.,
2003; Luxenburg et al., 2007). The shape of these ring structures is determined by selective
activation and inactivation of stationary podosomes, much like how individual pixels on a screen
turn on and off to create a moving image (Destaing et al., 2003). We have observed a similar
phenomenon in clusters of invadosome-like structures in AcCMNPV-infected or arif-I-transfected
Sf21 cells. However, instead of full podosome rings as seen in osteoclasts, these structures more
closely resemble invadopodia rosettes in src-transformed fibroblast cells (Kuo et al., 2018).
Intriguingly, invadopodia rosettes have also been described as dynamically changing shape,
fusing together, or splitting in two to form new invadopodia rosettes (Kuo et al., 2018), all of
which we observed in clusters of invadosome-like structures in lepidopteran cells. Individual
osteoclast podosomes persist for 2 min on average, with actin turnover on the order of 1 min
(Destaing et al., 2003). Meanwhile, podosome clusters in these cells persist for several hours
(Destaing et al., 2003). In lepidopteran cells, actin in invadosome-like structures has a half-life of
approximately 7 min and clusters persist for hours.

ARIF-1 induced actin structures also have similar protein composition to podosomes and
invadopodia. We confirmed that ARIF-1 localizes to the plasma membrane, concentrating
around the clusters of invadosome-like structures. Furthermore, actin, cortactin, and the Arp 2/3
complex localize to invadosome-like structures themselves. These are also critical components of
mammalian podosomes and invadopodia (Linder, 2007; Murphy and Courtneidge, 2011),
implying a parallel between those structures and ARIF-1-induced invadosome-like structures.
Interestingly, the scaffolding protein tyrosine kinase with five SH3 domains (TksS5), which is a
distinct marker of podosomes and invadopodia in mammalian cell types (Murphy and
Courtneidge, 2011; Seals et al., 2005), lacks a clear ortholog in S. frugiperda. This suggests the
possibility that ARIF-1 itself may be acting as a scaffolding protein, playing a similar role to
mammalian Tks5 in podosome assembly.

We have identified a stretch of the ARIF-1 C-terminal region as well as specific residues
of ARIF-1 that are required for forming clusters of invadosome-like structures. While the ARIF-
1 C-terminal region 303-371 is required for formation of invadosome-like structures, the residues
Y332 and P335 are required for cluster formation. In cells expressing ARIF-1 with Y332F and
P335A point mutations, invadosome-like structures were distributed across the entire basal
plasma membrane rather than in defined clusters. That a phosphoablative tyrosine to
phenylalanine mutation at residue 332 causes this phenotype suggests that Y332 is
phosphorylated. Phosphorylated tyrosine residues are key components of binding sites for Src
homology 3 (SH3) domains, which are common in proteins such as Tks5, Grb-2, and Nck-1 that
regulate actin cytoskeleton activity. A truncated ARIF-1 (ARIF-1(1-255)) is tyrosine-
phosphorylated during infection (Dreschers et al., 2001), and previous reports speculated that
increased ARIF-1 phosphorylation as infection progresses is correlated with disappearance of the
ARIF-1 induced peripheral actin in TN368 cells (Dreschers et al., 2001). Thus, ARIF-1 tyrosine
phosphorylation at Y332 may play a role during early AcCMNPV infection, possibly by
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generating a binding site for cellular or viral proteins that induce or regulate actin polymerization
in invadosome-like structures, leading to formation of organized clusters. However, we have not
definitively shown that ARIF-1 Y332 is phosphorylated, or how phosphorylation of ARIF-1 may
influence interactions with other cellular or viral proteins.

Our findings describe an ARIF-1-induced invadosome-like structure in insect cells. At
the level of the host caterpillar, ARIF-1 has also been shown to play a role in viral spread. One
explanation that could link the cellular- and organismal-level functions of ARIF-1 is that ARIF-
1-induced podosome or invadopodia-like structures might mediate degradation of the underlying
ECM and degrade barriers to viral infection, such as the insect BL. While we have not confirmed
that ECM degradation underneath clusters of invadosome-like structures occurs, this hypothesis
may inform current models of how other viruses, including human arbovirus pathogens, cross the
BL in their insect hosts. For example, Eastern equine encephalitis virus disrupts the midgut BL
of infected mosquitos (Weaver, 1988), though the mechanism of this disruption is unknown.
While podosome formation has not previously been described in lepidopteran cell lines,
invadosome-like structures have been described playing a role in myoblast fusion in Drosophila,
though these structures were not organized into larger clusters (Duan et al., 2012; Sens et al.,
2010). Such insect invadosome-like structures may hint at the existence of an ancestral
podosome or invadopodium activation pathway retained by both mammalian and invertebrate
animals that may be taken advantage of by viral pathogens. Thus, further understanding of the
molecular mechanisms of podosome and invadopodia formation in both mammalian and insect
cell models may uncover conserved roles in infection and other diseases.

Materials and Methods

Cell lines and viruses

Spodoptera frugiperda ovarian-derived Sf9 cells were maintained in suspension culture
in ESF 921 media (Expression Systems, Davis, CA) and in adherent culture in Grace’s media
(Gemini Bio-Products, West Sacramento, CA) with 10% fetal bovine serum (FBS; Gemini Bio-
Products) on T-25 tissue culture flasks at 28°C. S. frugiperda ovarian-derived Sf21 cells were
maintained in suspension culture in Grace’s media (Gemini Bio-Products) with 10% FBS
(Gemini Bio-Products) and 0.1% Pluronic F-68 (Gibco from Thermo Fisher Scientific, Waltham,
MA) at 28°C, and in adherent culture on T-25 tissue culture flasks in Grace’s media (Gemini
Bio-Products; Expression systems) with 10% FBS (Gemini Bio-Products) at 28°C. Bombyx mori
ovarian-derived BmN cells were a generous gift from Kostas Iatrou (Institute of Biosciences &
Applications, National Centre for Scientific Research, Greece), through Don Jarvis (University
of Wyoming). These cells were maintained in adherent culture on T-25 tissue culture flasks in
TC-100 media (Gibco from Thermo Fisher Scientific) with 10% FBS (Gemini Bio-Products) at
28°C. MDA-MB-231 human breast adenocarcinoma cells were maintained in adherent culture on
T-75 tissue culture flasks in Dubelco’s modified eagle medium (Gibco from Thermo Fisher
Scientific) supplemented with 10% FBS (Atlas Biologicals, Fort Collins, CO) that was heat-
inactivated at 65°C for 20 min. AcMNPV WOBpos virus (Goley et al., 2006), derived from
AcMNPV E2, was used as the wild-type virus.
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Generation of recombinant viruses

To generate AcCMNPV lacking a functional arif-1 gene (AcAarif-1), we constructed a
transfer vector by subcloning a Sall/Xhol fragment of AcCMNPYV viral genomic fragment EcoRI
A which contains arif-1 into the Xhol site of pBluescript I SK+ (Addgene, Watertown, MA) to
create the plasmid pEcoRI_ASalxh.pBSKS.rev. This plasmid was digested with Mlul (New
England Biolabs, Ipswich, MA), removing 74% of the arif-1 coding region, which was replaced
with a subcloned 5.4 kb fragment of Mlul digested pBlue-Tet, containing /acZ and tetracycline-
resistance (tetR) genes (Goley et al., 2006; Ohkawa et al., 2005) to help in the selection of
recombinant bacmids. The transfer vector was linearized by digestion with Smal and Apal (New
England Biolabs) and purified by agarose gel electrophoresis. 30 fmol of DNA was co-
electroporated with 0.2 pg of WOBpos bacmid DNA (containing the kanamycin-resistance
(kanR) gene) into BW251143/pKD46 E.coli (Datsenko and Wanner, 2000), which expresses an
arabinose-inducible recombinase on a plasmid with temperature-sensitive replication (Goley et
al., 2006). Recombinant bacmids were selected by plating on Luria-Bertani (LB) agar plates with
50 pg/ml kanamycin (Gibco from Thermo Fisher Scientific) and 10 pg/ml tetracycline
(MilliporeSigma, St. Louis, MO).

To generate an AcAarif-1 rescue virus (Acdarif-1 rescue), we introduced the arif-1 gene
into the polyhedrin locus of the AcAarif-1 bacmid. To do this, we generated the transfer plasmid
pARIF-1-Rescue-2 by PCR, amplifying a 2.2 kb fragment including arif-1 and 500 bp 5’ and 3’
flanking sequences from pEcoRI ASalxh.pBSKS.rev (Table 1), and inserted it using Gibson
assembly (New England Biolabs; Gibson ef al, 2009) into pWOBCAT (Ohkawa et al., 2010)
(Table 1) amplified and linearized by PCR, inserting it upstream of a chloramphenicol resistance
(cat) gene to help in the selection of recombinant bacmids. The resulting plasmid was digested
with Notl and Kasl (New England Biolabs) to remove a truncated kanR gene upstream of arif-1,
which was replaced by ligating (Takara Bio USA) a 2 kb PCR-amplified fragment from
pWOBpos2 (Goley et al., 2006) (Table 1) including the AcMNPV mini-F replicon and a full
kanR gene in place of the truncated kanR gene. This plasmid transfer vector, pARIF-1-Rescue-2,
was linearized through Kpnl digestion (New England Biolabs) and purified by agarose gel
electrophoresis. 30 fmol of DNA was electroporated with 0.2 ug of Ac4arif-1 bacmid DNA into
BW251143/pKD46 E.coli as described above, and bacteria were plated on LB agar plates with
25 pg/ml chloramphenicol and 10 pg/ml tetracycline (MilliporeSigma).

In all cases, positive colonies were grown in 2x YT media (MilliporeSigma) with 25
pg/ml kanamycin (Gibco from Thermo Fisher Scientific) for 18 hours at 37°C. Bacmid DNA
was extracted and transfected into Sf9 cells using TransIT-Insect Transfection reagent (Mirius
Bio, Madison, WI). Resulting virus was amplified by passaging in Sf9 cells, and correct
homologous recombination verified through restriction enzyme digestion of viral DNA. PCR and
sequencing of viral DNA was also used to confirm the presence of each desired genome
modification.

Plasmid construction for expression of wild type and mutant ARIF-1

To express full-length ARIF-1 and ARIF-1 C-terminal truncations, we used PCR to
amplify the following AcMNPV arif-1 regions from pEcoRI ASalxh.pBSKS.rev (listed as
amino acid numbers): ARIF-1(1-417), ARIF-1(1-219), ARIF-1(1-274), ARIF-1(1-371), ARIF-
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1(1-378), ARIF-1(1-398), and ARIF-1(1-401) along with C-terminal TAG stop codons (Table 1).
Fragments were purified by agarose gel electrophoresis and individually subcloned into
BamHI/NotI digested pBluescript II KS+ (Addgene). Colonies positive for the plasmid were
selected on LB agar with 100 pg/ml ampicillin (Gibco from Thermo Fisher Scientific), 100 uM
5-bromo-4-chloro-3-indolyl-p-D-galactopyranoside (X-Gal) and 100 uM Isopropyl - d-1-
thiogalactopyranoside (IPTG). Next, these plasmids were digested with BamHI and Notl (New
England Biolabs) and subcloned into BamHI/NotI digested pACT (Ohkawa et al., 2002). The
resulting plasmids have a B. mori actin promoter driving expression of each ARIF-1 truncation.

To generate ARIF-1 C-terminally tagged with eGFP-FLAG as well as GlyGlyGlyGlySer-
eGFP-FLAG (with a N-terminal linker), we amplified two DNA fragments with PCR and used
Gibson assembly to subclone these into the BamHI site of pBluescript II KS+ (Addgene). The
first fragment, containing arif-1, was amplified from pEcoRI ASalxh.pBSKS.rev with reverse
primers incorporating or not incorporating a C-terminal GlyGlyGlyGlySer linker (Table 1). The
second fragment, containing eGFP, was amplified from pEGFPN1 (Takara Bio USA) with the
reverse primer incorporating a FLAG tag (Table 1). Colonies positive for the assembled plasmid
were selected on LB agar with 100 pg/ml ampicillin and 0.1mM X-Gal and IPTG. We then PCR-
amplified the ARIF-1-eGFP-FLAG or ARIF-1-GlyGlyGlyGlySer-eGFP-FLAG sequence and
used Gibson assembly to subclone it into the Notl site of pACT (Table 1).

To generate fusions of ARIF-1 and its N-terminal truncations to ACMNPV gp64, we
PCR-amplified 2 fragments and assembled them into the Notl site of pACT. The first fragment
was gp64 from the 14 kb viral fragment Xhol G (Table 1). The second fragment was amplified
from pEcoRI_ASalxh.pBSKS.rev and encoded one of the following regions of arif-1 (listed as
amino acid numbers): K219-D417, T274-D417, P303-D417, or Y320-D417 (Table 1). The
resulting plasmids encode ARIF-1 and its truncations fused to the C-terminus of gp64.

To express ARIF-1 with point mutations of proline and tyrosine residues, PCR site-
directed mutagenesis was done by amplification of pACT ARIF-1 M1-D417 (full length) using
primers to incorporate the desired mutation. Overlapping primers were used to generate proline
to alanine mutations at ARIF-1 amino acids P303, P305, P309, P312, P328, P330, P335, P343,
P351, P352, and P354 (Table 1), as well as tyrosine to phenylalanine mutations in ARIF-1 at
amino acids Y226, Y238, Y241, Y246, Y320, Y325, and Y332 (Table 1). In all cases, the PCR
product was purified by agarose gel electrophoresis, digested with Dpnl (New England Biolabs)
to remove template DNA, transformed into XL-1 Blue E.coli (University of California
BerkeleyQB3 Macro Lab) and plated on LB agar plates with 100 pg/ml ampicillin (Gibco from
Thermo Fisher Scientific). Plasmid DNA from resulting colonies was sequence verified to ensure
the desired changes had been made.

In all cases, to generate DNA ready for transfection, plasmids were transformed into
JM109 E.coli and cultures grown in 150 ml 2x YT media (MilliporeSigma) overnight at 37°C. A
Genelute endotoxin-free Maxiprep kit (MilliporeSigma) was used to purify the DNA.

Plasmid construction for expression of GFP-tagged cortactin and Arp2/3 complex

To amplify the S. frugiperda cortactin gene, total mRNA was isolated from Sf21 cells
using an RNeasy kit (Qiagen, Hilden, Germany), and reverse transcribed to cDNA using a
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Protoscript II First Strand DNA Synthesis kit (New England Biolabs) using random hexamers as
primers. S. frugiperda cortactin-specific primers (Table 1) were used to PCR amplify a 1.9 kb
fragment from cDNA that was then used as a template for PCR amplification with a second
primer set (Table 1). Next, we constructed a plasmid vector for an N-terminal GFP-tagged S.
frugiperda cortactin. eGFP was PCR-amplified from pEGFPN1 (Takara Bio USA) and inserted
using Gibson assembly into a Notl/BamHI-digested pACT (Table 1). The amplified cortactin
fragment was then subcloned into the Notl site of the resulting plasmid using Gibson assembly
(Table 1). The resulting plasmid expresses GFP fused to the N-terminus of S. frugiperda
cortactin (GFP-cortactin).

To express a fusion of EGFP to the C-terminus of the p21 (ARPC3) subunit of the Arp2/3
complex (p21-EGFP), the Trichoplusia ni arpc3 gene from plZ-p21-EYFP (Goley et al., 2006)
was PCR-amplified and subcloned using Gibson assembly, along with eGFP PCR-amplified
from pEGPF-N1 (Takara Bio USA), into the BamHI site of pACT (Table 1).

In all cases, to generate DNA ready for transfection, plasmids were transformed into
JM109 E.coli and cultures grown in 150 ml 2x YT media (MilliporeSigma) overnight at 37°C. A
GenElute endotoxin-free Maxiprep kit (MilliporeSigma) was used to purify the DNA.

ARIF-1 purification, anti-ARIF-1 antibody generation, and western blotting

To express recombinant ARIF-1 protein in E. coli, the portion of the arif-1 gene encoding
the cytoplasmic C-terminal region (base pairs 654-1254, encoding the C-terminal 199 amino
acids) was amplified by PCR from pEcoRI ASalxh.pBSKS.rev and subcloned into the Sspl site
of pET-1M (University of California Berkeley QB3 Macro Lab) using Gibson Cloning. This
generated the plasmid pET-M1 ARIF-1 219 (Table 1) encoding a fusion protein of the predicted
arif-1 C-terminal cytoplasmic region with an N-terminal 6xHis tag, maltose binding protein
(MBP), and tobacco-etch virus (TEV) protease cleavage site (6xHi-MBP-TEV-ARIF-1-219-
417). This plasmid was transformed into E. coli strain BL21(DE3) (New England Biolabs), the
bacteria were grown at 37°C to an ODggo 0of 0.5, and expression was induced with 250 uM IPTG
for 2 h. Bacteria were harvested by centrifugation at 4000 rpm for 25 min at 4°C in a Beckman
J6M clinical centrifuge (Beckman Coulter Diagnostics; Brea, California), and re-suspended on
ice in lysis buffer (50 mM Tris pH 7.5, 200 mM KCI, 1 mM EDTA, 1 pg/mL each leupeptin,
pepstatin, and chymostatin (LPC, MilliporeSigma), 1 pg/mL aprotinin (MP Biomedicals LLC,
Irvine, CA), and 1 mM phenylmethylsulfonyl fluoride (PMSF, MilliporeSigma)). Lysozyme
(MilliporeSigma) was added to the cells at 1 mg/ml; the bacteria were sonicated on ice at 30%
power for 4x 15 sec in a Branson 450 Digital sonifier and centrifuged at 20,000 x g for 25 min
using an SS34 rotor in a Sorvall RC 6+ centrifuge. The supernatant was dripped twice through a
10 ml packed volume of amylose resin (New England Biolabs), washed with 5 column volumes
of column buffer (20 mM Tris, pH 7.0, 200 mM NacCl), and eluted with column buffer
containing 10 mM maltose. Fractions containing protein were pooled, and protein concentration
was determined by Bradford protein assay (Bio-Rad Laboratories, Hercules, CA).

Purified 6xHi-MBP-TEV-ARIF-1-219-417 was used to immunize rabbits (Pocono Rabbit
Farm and Laboratory, Canadensis PA) using a 91-day protocol. Before affinity-purifying anti-
ARIF-1 antibody, serum was first depleted of anti-MBP antibodies. Buffer exchange was carried
out on 10 mg 6xHi-MBP-TEV, purified as described above using an Amicon Ultracell 10 kDa
spin concentrator (MilliporeSigma) to concentrate the protein to 20 mg/ml in coupling buffer
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(0.2M NaHCOs, 500 mM NaCl, pH 8.0). This protein was coupled to a 1 ml packed column
volume of NHS-activated Sepharose 4 Fast Flow resin (GE Healthcare Life Sciences,
Marlborough, MA). 10 ml of serum was diluted 1:1 in binding buffer (20mM Tris, pH 8.0),
passed through a 0.22 um filter, passed over the MBP affinity resin six times at room
temperature, and the flow-through was collected. Buffer exchange was carried out as described
above to concentrate 10 mg of purified 6xHi-MBP-TEV-ARIF-1-219-417 to 10 mg/mL in
coupling buffer. This protein was coupled to another 1 ml packed column volume of NHS-
activated Sepharose 4 fastflow resin, and 10 ml of MBP antibody-depleted serum was passed
over the 6xHi-MBP-TEV-ARIF-1-219-417 affinity resin. Antibodies were eluted with 100 mM
glycine, pH 2.5, and immediately brought to pH 7.5 by addition of 1 M Tris, pH 8.8. Purified
antibody was stored at -20°C.

To observe ARIF-1 expression over the course of early viral infection, Sf21 cells were
infected with AcMNPV WOBpos, AcAdarif-1, and AcAarif-1 rescue viruses at an MOI of 10 and
harvested at 0, 2, 4, 6, 8, 10, 12, 16, 20, 24, 28, and 36 hpi. Cells were lysed in protein sample
buffer (50 mM Tris, pH 6.8, 10 mM SDS, 370 uM bromophenol blue, 5% glycerol, 1 pg/ml LPC
(MilliporeSigma), 1 pg/ml aprotinin (MP Biomedicals LLC), 1 mM PMSF (MilliporeSigma)),
and boiled for 5 min. Cell lysates were subjected to SDS-PAGE, transferred to PVDF membrane
(Immobilon from MilliporeSigma, Burlington, MA), and probed by Western blotting with rabbit
anti-ARIF-1 and rabbit anti-cofilin loading control (provided by Kris Gunsalus; NYU-AD and
Michael Goldberg; Cornell).

To observe expression of ARIF-1 and its truncated and mutated derivatives, adherent
Sf21 cells were transfected with plasmids expressing ARIF-1 using TransIT-Insect transfection
reagent (Mirus Bio, Madison, WI). At 3 d post transfection, cells were collected, lysed in protein
sample buffer (0.2M Tris HCL, 0.4 M DTT, 277 mM SDS, 6mM Bromophenol Blue, 4.3M
glycerol), and boiled and subjected to SDS-PAGE and Western blotting as described above.

Fluorescence microscopy

To image actin structures in live infected cells, Sf21 cells were plated onto 3 cm No 1.5
glass coverslip dishes (MatTek, Ashland, MA) and incubated overnight at 28°C in Grace’s with
10% FBS (Gemini Bio-Products). Cells were transfected with 5 pg of pACT-GFP-actin using
TransIT-Insect transfection reagent (Mirus Bio) and incubated for 2 d at 28°C in Grace’s media
with 10% FBS and antibiotics (100 pg/ml penicillin/streptomycin and 0.25 pg/ml Amphotericin
B). Cells were infected with an MOI = 10, and after 1 h adsorption at 28°C, they were washed
with Grace’s media with 10% FBS (this point is defined as 0 hpi), and were incubated at 28°C in
Grace’s media with 10% FBS until imaging.

To image actin structures in live cells, Sf21 cells were plated as described above and co-
transfected with 5 ng of pACT-ARIF-1 or its truncated or mutated derivatives, pACT-GFP-
ARIF-1 (Goley et al., 2006), pACT-GFP-P21, or pACT-GFP-Cortactin. Cells were incubated for
2 d at 28°C in Grace’s media with 10% FBS and antibiotics/antimycotics and imaged.

To quantify formation of clusters of invadosome-like structures in Sf21 cells transfected
with pACT-ARIF-1, without or with truncations and mutations, cells were transfected as
described above. At 2 d post transfection, 60 random cells per condition expressing visible GFP-
actin were imaged in triplicate at one Z plane at the basal side of the cell. The number of cells
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with invadosome-like structures, number of invadosome-like structures in each cell, and the
shape of the invadosome-like structures were recorded. The data is a result of three biological
replicates.

Imaging was performed using a Nikon/Andor confocal microscope with a Yokogawa CSU-XI
spinning disc, 100X VC objective, a Clara Interline CCD camera (Oxford Instruments Inc,
Pleasanton, CA), and MetaMorph software (Molecular Devices LLC, San Jose, CA) using a
100X VC objective at 488 nm.

TIRF imaging was performed on a Leica DMi8 S Infinity TIRF HP system with a 100X/1.47
TIRF oil immersion objective, a 488 nm excitation laser, and detected with a Hamamatsu Flash
V.4.0 sCMOS camera. Images were processed using ImagelJ software.

To quantify invadosome-like structure formation in infected cells over a time course,
Sf21 cells were plated onto pclear CELLSTAR black-walled 96-well plates (Greiner Bio-One,
Kremsmunster, Austria) and infected in triplicate at an MOI of 10 with WOBpos, Ac4arif-1, or
AcAarif-1 rescue virus as described above. Cells were fixed with 4% paraformaldehyde in
PHEM buffer (60 mM PIPES, pH6.9, 25 mM HEPES, 10 mM EGTA, 2 mM MgCl,), quenched
with 0.1 M glycine in PHEM buffer, permeabilized in 0.15% Triton X-100 in PHEM buffer, and
blocked with 5% normal goat serum (MP Biomedicals, Irvine, CA) and 1% bovine serum
albumin in PHEM. Cells were stained with anti-gp64 B12D5 primary antibody (a gift from Dr.
Loy Volkman) at a 1:200 dilution in PHEM buffer, and with a secondary Goat anti-mouse
AlexaFluor 488 conjugated antibody (Invitrogen from Thermo Fisher Scientific) at a 1:400
dilution, both in PHEM buffer. F-actin was visualized with Alexa Fluor 568 Phalloidin
(Invitrogen from Thermo Fisher Scientific) diluted 1:200 in PHEM buffer, and DNA was
visualized with 5 pg/ml Hoechst (MilliporeSigma) in PHEM buffer. Cells were imaged with an
Opera Phenix high-content image screening system (PerkinElmer, Waltham, MA) using a 40x
water immersion objective (PerkinElmer). Images were analyzed on Harmony image analysis
software (PerkinElmer) using maximum intensity projections, and the number of cells, number
of cells with gp64 signal, and number of cells with clusters of invadosome-like structures, and
the number of clusters of invadosome-like structures in each cell were recorded. The data is a
result of three biological replicates.

For Arp2/3 complex drug inhibition experiments, Sf21 cells were plated and transfected
with pACT GFP-actin as described above. Cells were infected with WOBpos virus as described
above, and at 4 hpi we added drugs latrunculin A to a concentration of 4 uM in DMSO, or
CK666, or CK689 to concentration of 100 uM in DMSO. Imaging was begun immediately, with
8 cells imaged every 30 s. Images were processed in image J, and the percent of invadosome-like
actin structures remaining was recorded. Data is a result of three biological replicates.
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Chapter 3

Future Directions
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My dissertation focuses on the ACMNPYV protein ARIF-1 and the previously uncharacterized
structures that its expression induces in insect cells. We discovered that ARIF-1 is necessary and
sufficient for the formation of structures that are similar to invadosomes in mammalian cells in
terms of dynamics and composition. These results raise interesting questions to examine in future
research. First, the molecular mechanism through which ARIF-1 induces invadosome-like
structure formation remains unknown. ARIF-1 may be tyrosine phosphorylated at Y332 and at
other residues (Dreschers et al., 2001), and phosphorylation at these sites could facilitate
interactions between ARIF-1 and host proteins. Second, the function of ARIF-1 induced
invadosome-like structures is unclear. Invadosome-like structures may direct targeted
degradation of the underlying ECM, though whether these structures form in live insects and can
degrade the insect BL is unknown. We speculate that ARIF-1 induces the formation of
invadosome-like structures in midgut epithelial cells, which can degrade the midgut BL,
accelerating viral escape of the midgut and systemic infection of the insect body. Here, I will
discuss each of these possibilities, outlining future directions that would be interesting to pursue.

What is the molecular mechanism through which ARIF-1 induces the formation of
invadosome-like structures?

It is likely that cytoplasmic tyrosine kinase signaling plays a role in ARIF-1 induced
invadosome-like structure formation. Cytoplasmic tyrosine kinases are one of two major classes
of tyrosine kinase that convert external and internal signals into cellular responses (Shah et al.,
2018). Many cytoplasmic tyrosine kinases have Src homology 2 (SH2) and Src homology 3
(SH3) domains, both of which serve as sites for protein-protein interactions (Mayer et al., 1988;
Sadowski et al., 1986; Shah et al., 2018). Regions of proteins that interact with SH2 domains are
marked by phosphorylated tyrosine residues (Sadowski et al., 1986; Shah et al., 2018), while
regions that interact with SH3 domains are characterized by proline-rich sequences (Mayer et al.,
1988; Shah et al., 2018). The proteins Nck1 and Grb2 also have SH2 and SH3 domains and are
involved in coupling phosphotyrosine signaling to actin dynamics (Buday et al., 2002; Li et al.,
2001). For example, during formation of vaccinia virus-induced actin pedestals, vaccinia virus
protein A36 is phosphorylated at Y112 and Y132, which act as binding sites for the SH2
domains of Nck1 and Grb2, respectively (Frischknecht et al., 1999; Leite and Way, 2015;
Scaplehorn et al., 2002). Nck1, along with WIP and N-WASP, are recruited to phosphorylated
A36 Y112, and together they mediate Arp2/3 complex recruitment and activation (Frischknecht
et al., 1999; Leite and Way, 2015; Moreau et al., 2000; Scaplehorn et al., 2002; Snapper et al.,
2001).

Invadosome formation is similarly mediated by protein-protein interactions through SH2
and SH3 domains. Phosphorylation of Tks5 at tyrosine 557 mediates binding to the SH2 domains
of Nck1 and Nck2, which may play a role in N-WASP recruitment (Stylli et al., 2009).
Furthermore, SH3 domains of Tks5 bind to N-WASP proline-rich sequences (Oikawa et al.,
2008), and mutation of several of the five SH3 domains in Tks5 prevents the formation of
invadopodia (Daly et al., 2020). Thus, protein-protein interactions involving SH2 and SH3
domains are crucial for viral hijacking of the actin cytoskeleton as well as for invadosome
formation.

Although ARIF-1 is tyrosine phosphorylated, the mechanism of how tyrosine
phosphorylation directs invadosome-like structure organization is unclear. It was previously
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reported that ARIF-1 is tyrosine phosphorylated within its first 255 residues by 4 hpi and is
further phosphorylated as infection progresses, becoming hyperphosphorylated between 12 hpi
and 48 hpi (Dreschers et al., 2001). Since hyperphosphorylation is correlated with disappearance
of F-actin from the cell periphery, previous studies postulated that hyperphosphorylation inhibits
ARIF-1 function (Dreschers et al., 2001).

In Chapter 2 of this dissertation, we showed that a phosphoablative mutation of ARIF-1
residue Y332 prevents the organization of invadosome-like structures into clusters. To
investigate if Y332 is phosphorylated during early infection, future studies could purify ARIF-1
from infected insect cells, and mass spectrometry could be used to determine if Y332 and other
tyrosine residues are phosphorylated. Furthermore, such studies could determine if residues other
than tyrosine, such as serine or threonine, are phosphorylated, or if there are other post-
translational modifications. These may mark sites of protein-protein interactions, as discussed
below, or they may otherwise regulate ARIF-1 function or stability. To follow up these studies,
mutations of individual or multiple residues could be made, and ARIF-1 expression and
invadosome-like structure formation could be assessed. Additionally, future studies could also
determine the identity of the kinase that phosphorylates ARIF-1

While it seems likely that ARIF-1 Y332 is phosphorylated, it is unclear if this marks a
binding site for host or viral proteins, or how mutation of this residue influences the clustering of
invadosome-like structures. If ARIF-1 functions as a scaffold protein for invadosome-like
structure formation in a manner analogous to Tks5 or A36, we would expect SH2 domain-
containing proteins Nck-1 or Grb-2 to bind to ARIF-1 phosphotyrosine residues, activating a
pathway that leads to Arp2/3 complex recruitment and formation of invadosome-like structures.
However, a phosphoablative Y332F mutation does not prevent actin polymerization in
invadosome-like structures, as it does for actin pedestal formation in phosphoablative mutations
of vaccinia virus A36 Y112 (Frischknecht et al., 1999). Rather, the Y332F mutation causes
invadosome-like structures to form throughout the entire cell rather than in clusters.

The presence of another ARIF-1 phosphotyrosine residue may thus be required for
invadosome formation. However, of the six other individual phosphoablative mutations we
constructed in ARIF-1, none had a significant effect on formation of invadosome-like structures
by themselves. These results suggest a possible redundancy in phosphotyrosine residues required
for invadosome formation, and future studies could involve constructing multiple ARIF-1
phosphoablative mutations at once. Mass spectrometry data indicating which of the residues are
phosphorylated could inform the decision of which combinations of residues to mutate.

Similar to the phenotype caused by the Y332F mutation, we found that mutation of
ARIF-1 residue P335 prevents the organization of invadosome-like structures into clusters.
Furthermore, we showed that while a large portion of the AcCMNPV ARIF-1 C-terminal proline-
rich region (371-417) enhances the frequency of clusters of invadosome-like structures, it is not
required for them to form. These results are not incongruous with previous studies that found that
the ARIF-1 C-terminal region is required for actin rearrangement, because the C-terminal
truncations in those studies also included P335 (Dreschers et al., 2001; Katsuma et al., 2015).
Thus, our work refines our understanding of the regions of ARIF-1 that are required for its
function. These proline-rich regions warrant future investigation as they could serve as binding
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sites for proteins with SH3 domains. While P335 does not appear to reside in a canonical SH3
binding domain — which generally consist of the core motif PXXP (Ren et al., 1993) —it is
possible that the host insect has alternative SH3 binding motifs that have not yet been identified.
Thus, it is important for future studies to determine how various ARIF-1 proline-rich regions
enhance invadosome-like structure formation. Future studies could construct mutations of
additional proline residues to determine the sites of protein-protein interactions at this region,
specifically concentrating on potential SH3 domain binding sites.

Another approach to interrogating proline-rich domains would be to consider sequence
conservation between ARIF-1 orthologs in other baculoviruses. For example, BmNPV ARIF-1
contains a 22 amino acid insertion at the C-terminus that is enriched in proline residues (Xu et
al., 2010), and it is unknown what role this insertion plays in infection or invadosome-like
structure formation. We found that mutations in BmNPV ARIF-1 that correspond to ACMNPV
ARIF-1(Y332F) and ARIF-1(P335A) have the same effects on invadosome-like structure
formation as they do for ACMNPV ARIF-1 (our unpublished data). This is perhaps not
surprising, given that ACMNPV and BmNPV are both closely related Group |
alphabaculoviruses (Jehle et al., 2006). However, it is possible that BmNPV ARIF-1 has
additional protein-protein interaction sites at the C-terminal proline-rich region that may
contribute to invadosome-like structure formation. Future studies investigating the role of ARIF-
1 proline rich regions could construct recombinant ACMNPV containing ARIF-1 orthologs from
an array of different baculoviruses, and determine how the presence of proline-rich regions
affects invadosome-like structure formation.

To determine how ARIF-1 contributes to invadosome-like structure formation, future
studies will also need to identify the proteins that interact with ARIF-1, especially at residues
Y332 and P335. To do this, cells would be infected with recombinant AcMNPV with a tagged
wild-type ARIF-1, ARIF-1(Y332F), or ARIF-1(P335A). Proteins interacting with ARIF-1 could
be identified following pulldowns of ARIF-1 and subsequent mass spectrometry. Since ARIF-1
is sufficient for invadosome-like structure formation, we expect that these interacting proteins
would be involved in the eventual recruitment and activation of the Arp2/3 complex.

The identification of proteins interacting with ARIF-1, especially at Y332 and P335 as
described above, would provide candidates whose function could be explored by subsequent
localization experiments to examine their presence in invadosome-like structures, and targeted
knockdowns by RNAI to examine their functions. Other candidate proteins could be investigated
based on the fact that they are commonly found in invadosomes in mammalian cells. These could
include SH2/SH3 domain-containing proteins such as Nckl and Grb2, as well as adhesion
proteins vinculin and alpha-actinin, cytoskeleton proteins such as N-WASP, a Tks5 homologue,
and matrix metalloproteases. Identifying the components of invadosome-like structures and how
they interact with ARIF-1 would allow us to better understand the function of invadosome-like
structures. Moreover, it could help uncover a unique pathway of virus-induced invadosome
formation in insect cells.

What is the function of ARIF-1 induced invadosome-like structures?

The role of invadosome-like structures during baculovirus infection is also not
understood. Specifically, it is not known if the role of ARIF-1 in the formation of invadosome-
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like structures in cultured cells in vitro is connected to the delay of systemic infection during in
vivo infection of insects (Katsuma et al., 2015). Our hypothesis, which attempts to connect these
two functions of ARIF-1, is that invadosome-like structures mediate insect BL degradation.
However, to make this connection, future studies will have to be conducted to first answer
whether invadosome-like structures mediate ECM degradation, and second, if this occurs during
infection of live insect hosts.

To verify that invadosome-like structures direct degradation of underlying ECM, we have
attempted to use an ECM degradation assay (Chen, 1989; Chen et al., 1985). While preliminary
data that suggests gelatin ECM degradation does occur underneath invadosome-like structures
(our unpublished data), we have not yet been able to reliably reproduce these results. Thus,
future studies would include attempting this assay with various cultured insect cell lines, as well
as using a variety of different ECM compositions including gelatin, fibronectin, or laminin in
order to approximate the physiological conditions present in the insect. Future studies could also
attempt to utilize a fluorescently quenched matrix, which would fluoresce in areas where
degradation has taken place (Jedeszko et al., 2008). Such a matrix could provide direct evidence
of degradation, allowing detection of low-levels of ECM degradation, and could distinguish
between a lack of ECM due to protrusive force from the invadosome-like structure and bona fide
degradation.

The second task is to test whether matrix degradation takes place in the body of the insect
host. This would involve, in part, implementation of an assay to track the progression of viral
infection in caterpillars. One such assay involves infecting insects with AcCMNPYV expressing
LacZ (Engelhard et al., 1994). After infection, the host midgut is extracted and treated with X-
gal, allowing the areas infected with virus to produce a colored pigment (Engelhard et al., 1994).
Future studies could utilize this assay to test if the size of infection foci is significantly smaller
when insects are infected with AcAarif-1, and with recombinant ACMNPV with ARIF-1(Y332F)
or ARIF-1 (P335A). To more directly test for BL degradation in insects, electron microscopy
could be used to investigate if the integrity of midgut BL is significantly different (Means and
Passarelli, 2010; Tang et al., 2007) in insects infected with wild-type AcC MNPV versus mutants
for which invadosome-like structure formation is inhibited.

Although we suspect that ARIF-1 plays a role in degradation of the midgut BL, an
alternative hypothesis for the role of ARIF-1 in infection is that it facilitates the release of
nucleocapsids from cells before viral replication. While AcMNPV ODV contain multiple
nucleocapsids, other baculoviruses such as single nucleopolyhedroviruses (SNPVs) only have
viral particles with single nucleocapsids (Ackermann and Smirnoff, 1983; Hughes and Addison,
1970; Summers and Volkman, 1976), raising the question of why multiple nucleocapsid
packaging has evolved. Interestingly, oral infection of caterpillars with ACMNPV ODV
containing multiple versus single nucleocapsids showed that ODV with multiple nucleocapsids
were more efficient at establishing secondary infection in tracheal cells, and infected tracheal
cells at a much higher rate (Washburn et al., 1999). These results confirm an earlier observation
that following entry of multiple nucleocapsids from AcMNPV ODV into a midgut epithelial cell,
some nucleocapsids transited to the basal plasma membrane and were able to bud out of the cell
at 2 hpi (Granados and Lawler, 1981). Theoretically, such a transit would allow AcMNPV to
accelerate systemic viral infection of the host by dispersing nucleocapsids to uninfected cells
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more quickly than if they were released after viral replication. Additionally, this pre-replicative
nucleocapsid escape strategy could prevent the virus from being cleared from the insect by the
sloughing off of gut epithelial cells, since this strategy would allow the virus to escape the gut
epithelium prior to the onset of sloughing (Washburn et al., 1999). Pre-replicative transit could
be accomplished by expression of early viral gene products, including gp64 (Washburn et al.,
1999), and as a delayed-early gene, ARIF-1 could play a role in this process by directing
modifications of the cortical actin cytoskeleton, allowing nucleocapsids to transit to the cell
membrane and bud out to form BV.

While pre-replicative nucleocapsid escape is an intriguing hypothesis, ARIF-1 likely has
other, or additional roles in baculovirus infection. ARIF-1 orthologs are present in genomes of
SNPV viruses, though such viruses could not undertake pre-replicative nucleocapsid escape by
the mechanism described above. Indeed, while ARIF-1 is only present in alphabaculoviruses
(Rohrmann, 2019), both SNPV and MNPV viruses are members of this family (Jehle et al.,
2006) since SNPV and MNPV classification does not conform to virus phylogeny (de A. Zanotto
et al., 1993). Furthermore, the number of nucleocapsids packaged into ODV is somewhat
dependent on the context of infection. For example, the baculovirus BomaNPV S2 produces
single nucleocapsid ODV when infecting cells derived from Bombyx mori, but produces multiple
nucleocapsid ODV when infecting cell lines derived from Trichoplusia ni (Xu et al., 2012).
Thus, ARIF-1 may play a role in pre-replicative nucleocapsid escape, though it is likely to have
persisted in alphabaculoviruses for other reasons.

Summary

Since the discovery of the first oncovirus, Rous sarcoma virus (RSV) (Rous, 1910) and
the observation of invadosomes in RSV-transformed fibroblasts, our understanding of how
viruses hijack basic cellular pathways to promote their proliferation and spread has only
expanded. The work presented in this dissertation is a step forward in uncovering the function of
AcMNPYV ARIF-1; however, this work also uncovers a previously undiscovered instance of
virus-induced invadosomes. Indeed, to our knowledge, no previous work has shown virus-
induced invadosomes in the lepidopteran lineage. The observation that invadosomes might form
in insect cells suggests the presence of an evolutionarily conserved pathway that both vertebrate
and invertebrate viruses have evolved to take advantage of. Further research on this topic could
illuminate the molecular mechanisms of invadosome-like structure formation, as well as
determine if these structures aid in virus dissemination. Overall, such work could uncover a
unique mechanism that a viral pathogen uses to establish and spread infection.
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Appendix

Video S1: Dynamic invadosome-like structures form in AcMNPYV infected Sf21 cells. Confocal timelapse
imaging of Sf21 cells expressing GFP-actin and infected AcMNPV. Cells were imaged every 2 min starting at 140
min post infection. Scale bar is 5 um. Time post ACMNPYV infection is shown.

Video S2: Stationary invadosome-like structures form clusters. Confocal timelapse imaging of Sf21 cells
expressing GFP-actin and infected with AcMNPV. Cells were imaged every 2 min starting at 218 min post
infection. Red circles indicate individual invadosome-like structures which disappear, modulating the shape of the
larger cluster. Yellow circles indicate individual invadosome-like structures that are maintained. Scale bar is 5 pm.
Time post AcCMNPV infection is shown.

Video S3: ARIF-1 expression is sufficient for formation of dynamic invadosome-like structures. Confocal
timelapse imaging of Sf21 cells expressing GFP-actin and ARIF-1. Cells were imaged 2 days post transfection.
Scale bar is 5 pm. Time elapsed during imaging is shown.

Video S4: Plasma membrane targeted ARIF-1 C-terminal cytoplasmic region is sufficient for formation of
dynamic clusters of invadosome-like structures. Confocal timelapse imaging of Sf21 cells expressing GFP-actin
and gp64::ARIF-1(219-417). Cells were imaged 2 days post transfection. Scale bar is 5 um. Time elapsed during
imaging is shown.

Video S5: Invadosome-like structures are uniformly distributed along the basal PM in Sf21 cells expressing
ARIF-1(Y332F). Confocal timelapse imaging of Sf21 cells expressing GFP-actin and ARIF-1(Y332F). Cells were
imaged 2 days post transfection. Scale bar is 5 um. Time elapsed during imaging is shown.

Video S6: Invadosome-like structures are uniformly distributed along the basal PM in Sf21 cells expressing
ARIF-1(P335A). Confocal timelapse imaging of Sf21 cells expressing GFP-actin and ARIF-1(P335A). Cells were
imaged 2 days post transfection. Scale bar is 5 um. Time elapsed during imaging is shown.

Video S7: Latrunculin A induces rapid dissolution of clusters of invadosome-like structures.

Confocal timelapse imaging of Sf21 cells expressing GFP-actin and infected with AcCMNPV. At 4 hpi, 4 uM
Latrunculin A was added to cell medium. Scale bar is 5 pm. Time elapsed after viral infection and Latrunculin A
addition is shown.

Video S8: Arp2/3 complex inhibitor CK666 induces dissolution of clusters of invadosome-like structures.
Confocal timelapse imaging of Sf21 cells expressing GFP-actin and infected with AcCMNPV. At 4 hpi, 100 uM of
CK666 was added to cell medium. Scale bar is 5 pm. Time elapsed after viral infection and CK666 addition is
shown.

Video S9: Inactive control Arp2/3 inhibitor CK869 has no effect on clusters of invadosome-like structures.
Confocal timelapse imaging of Sf21 cells expressing GFP-actin and infected with AcMNPV. At 4 hpi, 100 uM of
CK869 was added to cell medium. Scale bar is 5 pm. Time elapsed after viral infection and CK666 addition is
shown.
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