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“Where should I go?” -Alice.
“That depends on where you want to end up.” -The Cheshire Cat.
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ABSTRACT
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Yhteenveto: Enterovirusten indusoima neutraali sisddnmenoreitti ja sen
vuorovaikutukset epidermaalisen kasvutekijareseptorireitin kanssa

Diss.

Echovirus 1 (EV1) and coxsackievirus A9 (CVA9) are members of the human
Enterovirus B species in the family Picornaviridae. Both of these viruses bind to
integrins on the plasma membrane (PM) before entering the cells via endocytosis.
On the PM, EV1 clusters its receptor, a2f1 integrin, subsequently entering into
tubulovesicular structures that gradually form intraluminal vesicles (ILVs),
giving rise to multivesicular bodies (MVBs). The entry of EV1 is dependent on
macropinocytosis regulators. However, the structures related to CVA9
internalization and uncoating are as yet unidentified. The aims of this thesis were
to study the nature and importance of MVBs along the EV1 infection pathway
and to study the infectious entry pathway and endocytic structures of CVAO9.
Moreover, we were interested in the effect of EV1 entry on epidermal growth
factor receptor (EGFR) sorting and downregulation. We were able to show that
the clustering of a2f1 integrin induces the formation of neutral MVBs, separate
from EGFR-positive MVBs. Remarkably, CVA9 was also sorted into neutral
MVBs after internalization. Endosomal sorting complexes required for
transportation (ESCRTs) were necessary for both viral infections. As the ESCRT
machinery is mainly responsible for ILV formation, we concluded that
multivesicularity was needed for both infections. A set of endocytosis regulators
almost identical to that of EV1 was needed for CVA9 infection. In addition, both
viruses avoided the canonical endocytic structures, and acidification was not
needed for successful infection. Despite the separate entry pathways, EV1 caused
an accumulation of EGFR at the PM and in cytoplasmic endosomes and
concomitantly caused enhanced EGFR signaling and reduced downregulation.
This is probably due to higher protein kinase C a (PKCa) activation, which has
been shown to direct EGFR sorting to recycling instead of degradation.

Keywords: Coxsackievirus A9; echovirus 1; endocytosis; epidermal growth
factor receptor; multivesicular body.

Moona Huttunen, University of Jyviskyld, Department of Biological and
Environmental Science, P.O. Box 35, FI-40014 University of Jyviskyld, Finland
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1 INTRODUCTION

Our understanding of cell biology, and especially of endocytosis, has evolved
substantially in recent decades. Curiosity regarding the mechanisms and roles
of endocytosis increased rapidly in the late 1970s, and in the early 1980s, the
transitional, acidic structures between the primary endocytic vesicles and the
degradative lysosomes were named “endosomes.” Clathrin-mediated
endocytosis (CME) was long thought to be the only endocytosis route, and
other pathways only became widely appreciated as late as the 1990s. Although
physiological ligands (e.g., epidermal growth factor [EGF]) and their receptors
have a central role in the research of endocytosis, viruses have also been widely
used to study this phenomenon. As a result, researchers gather knowledge
concurrently from basic cell biology and from virology. Endocytosis is more
than just a simple process of transporting molecules across the plasma
membrane. Generally speaking, it is indistinguishably linked with almost all
aspects of cellular signaling. Nowadays, it is increasingly evident that in
addition to signaling from cargo molecules, endosomes and their maturation
processes also play a crucial role in regulating cellular signaling events.
Understanding the endocytic pathways of viruses and cellular receptors is
important, for instance, in the development of new antiviral treatments and
vaccines.

The aim of this thesis was to increase the knowledge of two enteroviruses,
echovirus 1 (EV1) and coxsackievirus A9 (CVA9), and more specifically, of their
infectious entry pathways and the structures involved. We found remarkable
similarities between these two enteroviruses. Based on the findings of this
thesis, it seems likely that the enterovirus internalization pathway could be
similar among numerous human enterovirus group B viruses. This finding
implies that future antiviral drugs could be effective against several
enteroviruses. The results of this thesis also showed that EV1 has specific effects
on epidermal growth factor receptor (EGFR) trafficking and downregulation,
causing increased growth factor signaling, which may have beneficiary effects
on EV1 infection.



2 REVIEW OF THE LITERATURE

2.1 Enteroviruses

The Enterovirus genus belongs to the Picornaviridae family. There are 12 species
of viruses in the Enterovirus genus: nine human enterovirus species (HEVs)
(including polioviruses, coxsackieviruses, echoviruses, and other enteroviruses)
and three human rhinovirus species. All HEVs have a positive-polarity, single-
stranded RNA genome approximately 7.5-kb long. The genome is enclosed in a
non-enveloped, icosahedral protein capsid (30 nm in diameter) consisting of 60
copies of each of the four different structural proteins (VP1-4). Ubiquitous
HEVs are important human pathogens that cause illnesses ranging from the
common cold to paralysis and other infections of the central nervous system,
carditis, and severe disease syndromes in newborns. In addition, EV1, CVA9,
and enteroviruses in general have been associated with type 1 diabetes (Hyoty
et al. 1995, Roivainen et al. 1998, Graig et al. 2013). Transmission of HEVs occurs
via direct contact with the virus, shed from the gastrointestinal or upper
respiratory tract. HEVs are acid-stable; this feature distinguishes them from
other picornaviruses, which are unstable in acidic conditions.

In a simplified model (Fig. 1), HEV infection begins when a virus attaches
to its receptor at the cell surface. After endocytosis, the HEV uncoats and
releases its genome into the cytoplasm, where it is translated by the host cell
translation machinery. The resulting polyprotein is cleaved by virus-encoded
proteases. The genome is replicated on cytoplasmic membranes by RNA-
dependent RNA polymerase, creating a negative strand template that is then
used for positive strand replication. The positive RNA genome is packaged into
the newly formed capsids and released upon maturation, usually by cell lysis.
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FIGURE1 Human enterovirus (HEV) replication cycle in cell. HEVs bind to a cellular
receptor, and after virus internalization, the genome is released into the
cytoplasm, where viral replication takes place. First, the genomic RNA is
translated to produce the viral polyprotein, which is processed to produce
various proteins needed for virus replication. The RNA synthesis occurs in
the replication complex. Replicated RNA is packed into newly synthesized
viral particles that are later released from the cell.

2.1.1 Echovirus 1 and coxsackievirus A9 and cell membrane receptors

Both EV1 and CVA9 belong to the Enterovirus B species (Hyypid et al. 1997) and
use integrins as their receptors or co-receptors for cell entry (Bergelson et al.
1992, Roivainen et al. 1994, Williams et al. 2004, Heikkild et al. 2009). Integrins
are transmembrane receptors on the plasma membrane (PM), and they mediate
cell attachment to the extracellular matrix (ECM) (Takada et al. 2007). In
addition, integrins transduce signals from the ECM to the cell.

EV1 uses a2l integrin as its receptor; however, the viral binding site is
different from the normal ligand (collagen and laminin) binding site (Bergelson
et al. 1992, Bergelson et al. 1993, Takada et al. 2007). Collagen binds to integrins
in open conformation, whereas EV1 seems to favor the closed conformation of
integrin in its binding (Jokinen ef al. 2010). Binding of EV1 causes integrin
clustering on the PM and results in EV1-receptor complex internalization
(Marjomaéki et al. 2002, Upla et al. 2004). In addition, antibody labeling against
2 microglobulin (f2M) demonstrates its necessity in EV1 infection, although
this molecule is not internalized in the cell with EV1 (Ward et al. 199§,
Marjomaki et al. 2002).

In several cell lines, including the lung carcinoma A549 cells, CVA9 has
been shown to bind to aVB3 and aVp6 integrins (Roivainen et al. 1994, Williams



12

et al. 2004, Heikkild et al. 2009). Typically, aVPB3 integrin acts as a vitronectin,
and aVp6 acts as a fibronectin receptor (Takada et al. 2007). CVA9 has been
shown to bind to integrin receptors via its Arg-Gly-Asp (RGD)-motif
(Roivainen et al. 1994, Williams et al. 2004). In contrast to EV1, CVA9 does not
associate with aV integrins during the internalization process (Heikkild et al.
2009). It has been proposed that besides integrins, other receptor candidates
(e.g., glucose-regulated protein 78A and $2M) might be involved in CVA9 entry
(Triantafilou et al. 1999, Triantafilou et al. 2002). It has been reported that in
Ab549 cells, after p2M was silenced with small interfering (si)RNA, CVA9 was
arrested at the cell periphery for one hour p.i. (Heikkild et al. 2010). However,
after one hour, CVA9 endocytosis continued, leading to an unproductive
infection.

2.2 Endocytosis

Endocytosis is a process by which the cell internalizes solutes, macromolecules,
cell surface components, and various particles. During endocytosis, the PM
invaginates and forms vesicles through membrane fission. Numerous parallel
operating internalization routes transfer cargo into the cells (Mayor and Pagano
2007, Doherty and McMahon 2009). Absorption of large (<500 nm) particles
typically occurs via triggered processes called phagocytosis or
macropinocytosis, whereas smaller particles are often internalized by pinocytic
routes, including the well-characterized CME and a set of clathrin-independent
pathways.

Invagination (and scission) of the PM forms endosomes, which are
responsible for regulating numerous tasks in the cells by sorting, processing,
recycling, storing, activating, silencing, and degrading incoming cargo (Huotari
and Helenius 2011). The internalized material is routed to various destinations
within the cell; the efficient sorting of these molecules is essential for many
cellular functions.

The canonical endocytic pathway has a few key elements (Fig. 2): the
recycling machinery (the PM, the early endosomes [EEs], the recycling
endosomes [REs], and a range of endocytic carrier vesicles [ECVs]), the
degradation machinery (lysosomes), and the connecting pathway from the EEs
to the degradative system (the multivesicular bodies [MVBs] and the late
endosomes [LEs]). The trans-Golgi network (TGN) interacts with the PM, EEs,
MVBs, LEs, and lysosomes. Cytosol also has a central role in endocytosis, as it
provides proteins needed in sorting, signaling, fusion/fission, and endosome
motility processes (Huotari and Helenius 2011).
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FIGURE2 Compartments in the canonical endocytic pathway. Early endosomes
function as an initial sorting structure, transferring molecules back to the
plasma membrane through recycling endosomes, to the trans-Golgi-network
by retrograde transport, or to the late endosomes/lysosomes. The late
endosomes receive cargo from the endocytic, biosynthetic, and autophagy
pathways and further deliver material to the lysosomes and to the Golgi
complex. Multivesicular body, MVB.

As mentioned previously, endosomes have important roles in regulating cargo
trafficking, storage, and degradation; they are also used as signaling
compartments (Miaczynska et al. 2004, Platta and Stenmark 2011). Endosome
maturation processes allow spatiotemporal regulation of protein trafficking.
Endosome maturation is also used in the activation and silencing of signal
transduction pathways. Intraluminal vesicle (ILV) formation and endosome
acidification are probably two of the most important processes in the
maturation of endosomes. ILVs are required for sorting membrane-associated
proteins for degradation in lysosomes (Gruenberg 2001, Gruenberg and
Stenmark 2004). For instance, signaling receptors are sorted out to ILVs and
removed from contact with the cytoplasm, and therefore, are inactivated. On
the other hand, acidic endosomes provide a suitable environment for ligand
detachment from receptors and hydrolytic reactions; they are also essential for
cargo sorting and inactivating internalized pathogens. The gradually decreasing
pH in the endocytic pathway provides cargo molecules with a “sense” of their
location in the pathway. For example, some viruses have to sense their location
accurately in order to be activated in the right endocytic structure (Mercer et al.
2010).
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2.2.1 Early and recycling endosomes

The EEs, which are the main sorting station in the endocytic pathway, are
usually the first structures to receive incoming molecules and solutes. Although
EE morphology, localization, composition, and function can be heterogeneous,
most EEs are relatively small and located near the PM (Lakadamyali ef al. 2006).
Studies have suggested that there are at least two distinct types of EEs, which
differ in their maturation kinetics — dynamic and static (Lakadamyali et al. 2006,
Leonard et al. 2008). The limiting EE membrane contains lipid-protein
subdomains; the structure of a single EE is rather complex, including tubular
and vacuolar parts (Huotari and Helenius 2011). According to current
knowledge, the tubular regions usually recycle back to the PM, whereas the
luminal parts of the EE mature onward and develop into ECVs or MVBs, which
transport cargo to the LEs (Scott ef al. 2014).

The EEs receive cargo through several pathways, including the CME,
clathrin-independent, and caveolar- and ADP-ribosylation factor 6
(Arf6)-dependent pathways (Mayor and Pagano 2007). A few minutes after
arrival in the EEs, the cargo molecules either recycle back to the PM or
accumulate in the sorting EEs to be delivered to the LEs and the lysosomes
(Maxfield and McGraw 2004). Transferrin (Tf) and its receptor have been
widely used as markers of the recycling pathways. After internalization via
CME, Tf can be found in EEs, which proceed to traffic Tf to the recycling
pathways (Mayle et al. 2012). There are two different recycling routes in cells: a
fast route traffics Tf directly back to the PM from EEs, whereas a slower route
transports Tf to the perinuclear REs first (Ghost et al. 1994, Lakadamyali et al.
2006).

At the mildly acidic pH (pH 6.8-5.9) of EEs (Maxfield and Yamashiro
1987), many membrane-bound receptors designated to be recycled are
uncoupled from their ligands. This is the case, for example, with low-density
lipoprotein (LDL)-receptors (Goldstein and Brown 2009). After the ligand-
receptor separation, ligands are transported toward the lysosomes, while
receptor molecules are recycled back to the PM. On the other hand, EGF and
EGER are a classical example of a ligand-receptor complex that is transported
to the ILVs of a maturing LE, and later, to the lysosomes for inactivation and
degradation (Wiley et al. 1991).

Because endocytosis internalizes massive amounts of membranes into the
cells, it is crucial that membrane lipids and proteins are recycled back to the PM
in an accurate and efficient manner. Although the EEs and the REs differ in
acidification properties and lipid/protein contents (including Rab GTPases)
(Zerial and McBride 2001, Hsu and Prekeris 2010), it is difficult to distinguish
between these two compartments at the molecular and morphological levels
(Tooze and Hollinshead 1991, Stoorvogel et al. 1996).

The interactions between cytosolic proteins and the cytosolic surface of the
EE membrane are important in many EE-related processes. Various proteins
and lipids localize in the tubular regions of EEs (Bonifacino and Rojas 2006),
where they contribute to molecular sorting, ECV maturation, and targeting to
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other organelles. The membrane subdomains can be enriched, for example,
with Rab5, Rab4, Rabl1l, and early endosome antigen 1 (EEA1) (Sonnichsen et
al. 2000). The Rab family of small GTPases is frequently associated with
membranes of different endocytic structures (Zerial and McBride 2001). Rab5 is
a key component of EEs, and it localizes on the EE-limiting membrane from the
beginning to the later stages of endosome maturation, where it is the main
regulator of the EE conversion to LE. Another Rab protein found in EEs is Rab4.
This protein is in charge of the direct and rapid recycling pathway from EEs to
the PM, while Rabl1 controls another, slower, recycling pathway (via REs) to
the PM (Zerial and McBride 2001). The EE compartments exhibit a high
capacity to undergo homo- and heterotypic fusion (Foret et al. 2012). One of the
key players in this fusion process is the Rab5 effector EEAl, a hydrophilic
peripheral membrane protein associated with the tubulovesicular parts of EEs
(Raiborg et al. 2001). In addition to the recycling pathway and the EE to LE
maturation processes, the EEs also exchange vesicles with the TGN.

The formation of the ILVs begins already in EEs, when the components of
the endosomal sorting complex required for transport (ESCRT) on the limiting
membrane of EE (Fig. 3) begin to sort the ubiquitinated membrane proteins into
ILVs (Gruenberg and Stenmark 2004).

2.2.2 Endosomal carrier vesicles and multivesicular bodies

While molecules that are recycled back to the PM or destined for the TGN are
collected in EE tubules, other proteins and solutes accumulate in the vacuolar
parts of the EEs for transport to the lysosomes (Scott et al. 2014). During this
process, the limiting membrane of an endosome invaginates and forms ILVs.
Later, these multivesicular endosomes detach from the EE and continue the
maturation process as free ECVs/MVBs (Gruenberg and Stenmark 2004).

In contrast to the EEs and the LEs, the ECVs/MVBs do not display
homotypic fusion or heterogeneous morphologies (Gruenberg 2001). At the
limiting membrane of an ECV/MVB, a specific phosphoinositide 3-kinase
(PI3K), VPS34, generates phosphatidylinositol 3-phosphate (PI3P) from
phosphatidylinositol (PI), which in turn initiates the sorting of ubiquitinated
receptors into ILVs (Shin et al. 2005). VPS34 itself is an effector of the EE GTPase
Rab5 (Shin et al. 2005). The PI3P serves as a recognition marker for PI3P-binding
proteins (e.g., hepatocyte growth factor-regulated tyrosine kinase substrate
[Hrs]) already on EEs (Gruenberg and Stenmark 2004). Hrs is a subunit of the
ESCRT-0 complex, and when recruited onto the endosome-limiting membrane,
it binds to ubiquitinated receptor molecules (Fig. 3) (Henne et al. 2011). After
this process, with the help of a sequential action of the ESCRT-I, -1I, and -III
complexes, the receptors are collected into forming ILVs (Fig. 3). ESCRT-0, -I,
and -II are involved in cargo sorting and contain ubiquitin-binding domains
(Henne et al. 2011). In addition, ESCRT-II recruits and activates ESCRT-III,
which in turn plays a role in the formation and scission of the ILV. In addition
to the four ESCRT complexes (ESCRT-0 to -III), associated proteins help in the
ILV formation process. One of those proteins is AAA-ATPase, VPS4, which is



16

necessary for the release of ESCRT-III from the endosome-limiting membrane,
thus promoting ILV formation (Henne ef al. 2011).

ESCRT-0 ESCRT-I ESCRT-Il ESCRT-II

! P3P

* PP,
t Ubiquitinated cargo
8 VPS4

FIGURE3 The endosomal sorting complexes required for transportation (ESCRT)
machinery. Each member of the ESCRT complex is composed of several
interacting proteins. ESCRT-0 recruits ubiquitinated cargo to the endosome-
limiting membrane. ESCRT-III deubiquitinates and sequesters the cargo to a
budding intraluminal vesicle. Phosphatidylinositol-3-phosphate (PI3P),
phosphatidylinositol 4,5-bisphosphate (PIP;). Modified from Williams et al.
(2007).

If the ESCRT machinery is disturbed (e.g., by component depletion), endosomes
typically display an abnormal morphology or fewer ILVs (Doyotte et al. 2005,
Razi and Futter 2006). For instance, depletion of components of ESCRT-III
complex VPS24 reduces the size of LEs (Bache et al. 2006). The limiting
membrane of endosome VPS24 binds to phosphatidylinositol 4,5-bisphosphate
(PIP2). Furthermore, inhibition of ESCRT-III or VPS4 activity affects ILV
formation (Fujita et al. 2003, Sachse et al. 2004). Before the vesicle closes, the
ubiquitin tag is removed from the cargo (Fig. 3) by the action of
deubiquitinating enzymes (Clague et al. 2012). After forming, the ECVs/MVBs
acidify rapidly (pH = 5.5) and continue their microtubule-dependent movement
toward the LEs, finally fusing with them (Huotari and Helenius 2011, Bissig
and Gruenberg 2013).

The EE-to-MVB-to-LE conversion is driven by the switch from Rab5 to
Rab7 (Zerial and McBride 2001). Overexpression of a constitutively active
mutant of Rab5 (Q79L) stops the process, but it does not inhibit ILV formation
or molecule sorting (Rink et al. 2005, Wegner et al. 2010). In addition to the
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Rab5-Rab7 switch, PI conversion to phosphoinositides plays a role in endosome
maturation. Parts of the ESCRT machinery are recruited by both PI3P and PIP»,
which enables ILV formation and cargo sorting (Katzmann et al. 2003, Whitley
et al. 2003).

2.2.3 Late endosomes and lysosomes

Unlike ECVs/MVBs, LE structure is highly pleomorphic and includes
multilamellar or mixed multivesicular/multilamellar regions (Huotari and
Helenius 2011, Bissig and Gruenberg 2013). During the maturation of LEs, their
luminal pH can drop from pH 6 to pH 4.9 (Maxfield and Yamashiro 1987). The
PI3P on the limiting membrane of LEs is converted to PIP>, and at the same
time, the LEs lose their capability to fuse with the EEs and to recycle material
back to the PM (Huotari and Helenius 2011). Instead, they acquire the necessary
tethering complexes to fuse with each other, with lysosomes, and with
autophagosomes (Lamb et al. 2013). In addition, the lysosomal hydrolases and
membrane proteins are transported to LEs from the TGN (Huotari and
Helenius 2011), and a new set of microtubule-dependent motors is associated
with LEs (Loubery et al. 2008). The motor proteins enable the LEs to move
deeper into the cell, where they fuse with each other, and eventually, with
hybrid organelles (LE/lysosome) and lysosomes (Luzio et al. 2007). The fusion
with lysosomes is essentially a dead-end pathway for most proteins in LEs.
Lysosomes are spherical, electron-dense structures with a heterogeneous
composition of vacuoles (Luzio et al. 2007). Classical lysosomes have a density
that is highly buoyant, and they can be separated from other endosomes by
subcellular fractionation.

LE lumens contain acid hydrolases, and highly glycosylated lysosomal
membrane proteins, such as Lampl, protect the limiting membrane of the LE
(van Meel and Klumperman 2008). ILV membranes have no protective
glycosylated  protein coat, but they do contain phospholipid
bis(monoacylglycero)phosphate/lysobisphoshatidic acid (BMP/LBPA), which
is thought to promote lipid hydrolysis (Huotari and Helenius 2011, Hullin-
Matsuda et al. 2014). In addition, the ILV membrane contains more cholesterol,
sphingolipids, and PI3P than the limiting membrane of LEs. LEs have a central
role in cholesterol transport (LDL-derived cholesterol), and they sense the
nutrient status of the cell (Settembre et al. 2013). Furthermore, mitogen-
activated protein kinase (MAPK) signaling on LEs has been found to regulate
LE dynamics and cargo degradation (Taub ef al. 2007).

2.2.4 Endosome acidification

Acidification and its regulation are important parts of endosome maturation in
the canonical endosomal pathway. pH values range between 6.8 and 6.1 in EEs,
between 6.0 and 4.8 in LEs, and they can drop to around 4.5 in lysosomes
(Maxfield and Yamashiro 1987).
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Several inhibitors (e.g., NH4Cl, nigericin, bafilomycins) are used regularly
to raise the pH of endosomes (Huotari and Helenius 2011). Bafilomycins inhibit
the function of vacuolar ATPase (V-ATPase) and rapidly elevate the pH in
acidic cellular structures (Bowman et al. 1988). V-ATPases are complex proton
pumps that bind and hydrolyze the ATP, pumping protons across the
endosomal-limiting membrane at the same time (Marshansky and Futai 2008).
V-ATPases are found on the limiting membranes of almost all intracellular
organelles.

Transfer of the cargo from the EEs to the LEs (or from the LEs to the
lysosomes in some cell lines) is blocked by bafilomycin Al, indicating a defect
in endosome maturation. However, bafilomycin Al seems to have no effect on
the recycling pathway (Clague et al. 1994, Bayer et al. 1998, Baravalle et al. 2005).

2.2.5 Endosome motility

Endosome movements are tightly linked to their maturation and function. EEs
are formed in the cell periphery, where they perform tiny back-and-forth
movements (Huotari and Helenius 2011). As they mature, their net movement
along the microtubules is toward the lysosome-rich, perinuclear region of the
cell. Two motor protein families, kinesin and dynein, mediate this movement
(Loubery et al. 2008).

The scattering of LEs and lysosomes all over the cytoplasm, caused by
disruption of the microtubules, postpones the maturation of endosomes, as the
Rab5/Rab7 switch is not functioning properly (Bayer et al. 1998, Vonderheit and
Helenius 2005). Interestingly, the depolymerization of microtubules by
nocodazole treatment blocks the trafficking of cargo molecules to the LEs and
lysosomes, although it does not inhibit endosome acidification (Bayer et al. 1998,
Mesaki et al. 2011).

2.2.6 EV1 and CVA9 endocytosis, uncoating, and replication

Although the structure of enteroviruses is quite simple, the interactions with
the host cell proteins can be complex. In the virus life cycle (Fig. 1), the
fundamental point is the delivery of a viral genome into the cell cytoplasm for
replication. Most viruses take advantage of the host cell's endocytic
mechanisms for this purpose (Mercer et al. 2010). Viruses have usually evolved
to use one or more receptors and entry mechanisms. Endosomes offer an
environment that is different from the cytosol, and the endosome maturation
process may serve as a trigger that leads to changes in the virus particle and
starts the virus uncoating process and/or delivery of the genome into the
cytoplasm for replication (Mercer et al. 2010).

According to Karjalainen et al. (2008), EV1 is internalized from lipid rafts
into tubulovesicular structures that accumulate fluid-phase markers (Fig. 4).
These endosomes further mature into MVBs (15 min-2 h p..). In an early
electron microscopy (EM) study, CVA9 viral particles were seen in vesicles that
later matured into large vacuoles (Hecker et al. 1974).
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In a sucrose gradient ultracentrifugation analysis, native enteroviruses
sedimented at 160S, particles that lost the VP4 polypeptides sedimented at 135S,
and particles lacking the RNA genome sedimented at 80S (Hogle 2002). In the
case of EV1, prior to binding to the cells, the viruses sedimented as the 1605
form (Marjoméki et al. 2002). After binding to SAOS cells that were stably
transfected with an expression construct encoding a2 integrin (SAOS-a2 cells),
EV1 sedimented as 160S and 135S particles (Marjomaki et al. 2002, Pietidinen et
al. 2004), and 80S particles start to form at 30 min p.i. In addition, a neutral red
(NR) assay demonstrated that viral uncoating starts at 30 min p.i. and continues
to 4 h p.i. (Siljamaki et al. 2013). Thus, the data suggest that EV1 uncoating is a
slow event that is initiated after virus internalization.

It has been observed that due to the release of viral RNA from the virus
capsids, colocalization between the EV1 capsid proteins and genomic RNA
decreases after 2 h p.i., (Pietidinen ef al. 2004). At 4 h p.., an increase in the
amount of viral RNA staining was observed in the cytoplasm. In conclusion,
EV1 uncoating takes place well before the genome is released from the EV1-
positive endosome to the cytoplasm. Around the time of the genome release,
the replication of EV1 starts in the cytoplasm (Upla et al. 2008).

EV1in SAOS-a2 cells

a2p1 integrin
2 microglobulin

CVA9 in A549 cells
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FIGURE4 Endocytosis of echovirus 1 (EV1) and coxsackievirus A9 (CVA9). EV1
infection is dependent on a2P1 integrin, 2 microglobulin, phosphokinase C
(PKC), phospholipase C (PLC), phosphoinositide 3-kinase (PI3K), Pakl,
N*/H* exchanger, actin, and cholesterol. EV1 is first internalized into
tubulovesicular structures that later (15 min p.i. and onward) mature into
multivesicular bodies (MVBs). EV1 uncoating starts 30 min p.i.,, and at4 h p.i,
new viral proteins start to accumulate in the cytoplasm. CVA9 infection is
dependent on aV3/6 integrins, 2 microglobulin, dynamin, Arf6, N*/H*
exchanger, and possibly, actin and cholesterol.
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2.2.6.1 Factors involved in EV1 and CVA9 endocytosis

Although many viruses infect cells via CME (Mercer et al. 2010), EV1 and CVA9
do not seem to do so. The transfection of dominant negative (DN) forms of
Eps15 (which prevents the formation of clathrin-coated vesicles) or AP180
(which interferes the clathrin route) have been shown to inhibit the
internalization of Tf, but not EV1 or CVA9 infections (Benmerah et al. 1999, Ford
et al. 2001, Pietidinen et al. 2004, Upla et al. 2004, Heikkili et al. 2010). In addition,
CVA9 infection was not inhibited by chlorpromazine (chemical inhibitor of
CME) or by siRNAs against genes involved in CME (EEA1, Rab5, clathrin
heavy chain) (Heikkild et al. 2010). On the other hand, Krieger et al. (2013)
suggested that CME might play a role in EV1 infection in polarized intestinal
epithelial cells (Caco2), even though it is not the major route of endocytosis.

The GTPase dynamin was originally thought to participate only in
clathrin-coated pit closure, but it was shown later to be important in other
endocytic pathways as well (Doherty and McMahon 2009). Expression of the
DN mutant of dynamin II, dyn2(K44A), inhibited EV1 infection in green
monkey kidney cells (CV-1), but not in SAOS-a2 cells (Pietidinen et al. 2004,
Karjalainen ef al. 2008). In addition, CVA9 infection efficiency was reduced in
Ab549 cells overexpressing the DN form of dynamin 2 (Heikkild et al. 2010).
Moreover, dynasore (dynamin inhibitor) inhibited EV1 infection in Caco2 cells
and CVA9 infection in A549 cells, arresting the viral particles at the PM
(Heikkild et al. 2010, Krieger et al. 2013).

It has been suggested that in SAOS-a2 cells, EV1 infection is C-terminal
binding protein 1/brefeldin A-ADP-ribosylated substrate (CtBP1/BARS)-
dependent (Liberali et al. 2008). CtBP1/BARS is a p21-activated kinase 1 (Pak1)
substrate required for the closure of macropinosomes. CtBP1/BARS also seems
to have a role in the EV1 infection of Caco2 cells (Krieger et al. 2013). Based on
transfection and colocalization studies, Heikkil4 et al. (2010) suggested that Arf6
participates in CVA9 internalization, at least in the early phase of viral entry.

Classically, both non-specific and specific chemical inhibitors of
endocytosis have been used to classify endocytosis of the PM proteins. Tables 1
and 2 summarize inhibitors that have been used to study EV1 and CVA9
infections. Factors needed in EV1 and CVA9 infections are shown in Figure 4.

The protein kinase C (PKC) family consists of a number of serine-
threonine kinases that controls the functions of other proteins through the
phosphorylation process. PKCs are activated by phosphatidylserine,
diacylglycerol, and tumor-promoting phorbol esters such as phorbol myristate
acetate (PMA) (Mellor and Parker 1998). EV1 infection has been reported to
increase the phosphorylation status of PKCa in SAOS-a2 cells (Upla et al. 2004).
Although short PMA treatments have been suggested to stimulate the PKCs,
chronic treatment induces the degradation of PKCs (Srivastava et al. 2002),
which inhibits the EV1 infection (Upla et al. 2004). Upla et al. (2004) delineated
the crucial role of PKCa to the first minutes of internalization of EV1 in SAOS-
a2 cells. Furthermore, PKC inhibition with rottlerin caused a block in EV1
infection when the drug was added early in Caco2 cells (Krieger et al. 2013).
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Phospholipase Cs (PLCs) are intracellular enzymes that play an important
role in signal transduction processes. They participate in PIP> metabolism,
generating inositol triphosphate and diacylglycerol. PLCs perform their
catalytic function at the PM, where their substrate PIP; is present. It has been
reported that PLC inhibitor U73122 blocked EV1 infection only during the early
entry of EV1, and it inhibited the internalization process of the virus
(Karjalainen et al. 2008).

PI3Ks are intracellular signal transducer enzymes that phosphorylate the 3
position hydroxyl group of the inositol ring of Pls. Although PI3K inhibitor
LY294002 was shown to inhibit EV1 infection, it did not block the viral
internalization, and the virus was able to enter the endosomes (Karjalainen et al.
2008). In addition, silencing PI3K with siRNA or using an inhibitor
(Wortmannin) did not decrease CVA9 infection in A549 cells (Heikkild et al.
2010).

Paks, which are associated with fluid-phase endocytosis and
macropinocytosis (Dharmawardhane et al. 2000, Liberali et al. 2008), are targets
of Rho GTPases Rac and Cdc42 (Manser et al. 1994). Paks and Rho GTPases are
also known to regulate actin dynamics (Ridley 2006). It has been reported that
the DN Pakl construct (Pak AID) totally blocked EV1 infection, whereas the
infection efficiency was not affected when cells were transfected with a highly
active mutant (Pakl T423E) or with wild-type (WT) Pakl (Karjalainen et al.
2008). Rac1 transfections (DN and WT forms) and siRNA silencing revealed that
malfunctions in Racl inhibited the EV1 infection, suggesting that Racl may be
the upstream regulator of Pakl (Karjalainen et al. 2008). In Caco2 cells, Pakl
inhibitor IPA-3 blocked EV1 infection when it was added 2 h p.i., suggesting
that it acts on post-entry events in the infection (Krieger et al. 2013). In CAV9
infection, silencing Pakl or Racl with siRNAs had no effect on viral
proliferation (Heikkild et al. 2010).

The Na*/H* exchangers are membrane proteins that regulate ion flux
across membranes. The PM isoforms of this protein extrude one intracellular
proton in exchange for one extracellular sodium. Ethylisopropylamiloride
(EIPA) (N+/H+ exchanger inhibitor) inhibited EV1 infection even when added
2 h pi. (Karjalainen et al. 2008, Krieger et al. 2013). It also caused an
accumulation of EV1 close to the PM and arrested further viral transport.
Correspondingly, EIPA also inhibited CVA9 infection in A549 cells and arrested
CVAD9 particles in vesicle-like structures in the cell periphery (Heikkila et al.
2010).

The actin cytoskeleton plays an essential role in endocytosis. Actin
assembly creates protrusions that help the extracellular materials to internalize;
actin supports membrane invagination, elongation of the invagination, scission
of the new vesicle, and movements of the vesicle away from the membrane
(Mooren et al. 2012). In SAOS-a2 and Caco2 cells, actin-depolymerizing drugs,
such as cytochalasin D, have been shown to inhibit EV1 infection (Karjalainen et
al. 2008, Krieger et al. 2013) and cause EV1 to accumulate on the periphery of
SAOS-a2 cells (Karjalainen et al. 2008). The stabilizing drug jasplakinolide also
inhibited EV1 infection efficiently, and it totally blocked EV1 transportation
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from the PM (Karjalainen ef al. 2008, Krieger et al. 2013). Interestingly, in CV-1
cells, an EV1 infection assay with three actin drugs—latrunculin A (an actin
monomer-sequestering drug), jasplakinolide, and cytochalasin D —showed no
effect on EV1 infection (Pietidinen et al. 2004). Although the actin-stabilizing
drug jasplakinolide significantly reduced CVA9 infection, the actin-disrupting
agents, cytochalasin D and latrunculin A, did not inhibit CVA9 proliferation
(Heikkild et al. 2010).

As endosomes mature, they move toward the perinuclear region along
microtubules (Loubery et al. 2008). Nocodazole is a microtubule-disrupting
agent, but interestingly, it was not shown to have any inhibitory effects on EV1
or CVA9 infections in CV-1 or A549 cells, respectively (Pietidinen et al. 2004,
Heikkila et al. 2010).

Membrane cholesterol is important for clathrin- and caveolin-independent
virus entry mechanisms (Mercer et al. 2010). This seems to be the case for EV1 as
well, as nearly all compounds affecting cholesterol synthesis, distribution, or
sequestering inhibited viral infection in all of the cell lines studied (Table 1).
Siljaméki et al. (2013) concluded that cholesterol contained membranes needed
for EV1 internalization and efficient infection, and that the virus is dependent
on those cholesterol domains until replication occurs. Interestingly, methyl -
cyclodextrin or a mixture of progesterone and nystatin did not affect the
efficiency of CVA9 infection (Heikkild et al. 2010). On the other hand, it has been
proposed that CVA9 internalization is lipid microdomain dependent
(Triantafilou et al. 2002, Triantafilou and Triantafilou 2003).

Calpains are calcium-dependent cysteine proteases that degrade
cytoskeletal and cytoplasmic proteins. Calpain 1 is mainly found in cytosol,
whereas calpain 2 is associated with detergent-insoluble membrane domains
(Upla et al. 2004). EV1 internalization has been shown to cause calpain
relocalization, and both calpain 1 and calpain 2 were translocated to EV1-
positive vesicles during the early phases of viral entry (Upla et al. 2008).
Furthermore, calpain activity increased during EV1 infection. Because the
calpain inhibitor, calpeptin, inhibited EV1 infection even when added at 2.5 h
p.i., and because it prevented infection after a microinjection of EV1 genomic
RNA into the host cells, Upla et al. (2008) concluded that calpain activation is
needed after the release of the EV1 genome into the cytoplasm.
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TABLE 1 Pharmacological inhibitors used in echovirus 1 (EV1) infection studies. The
plus sign (+) stands for dependence of the target molecule and the minus sign
(-) stands for independence of the target molecule in the EV1 infection.
Protein kinase C (PKC), phosphoinositide-3-kinase (PI3K),
bisindolylmaleimide (BIM), safingol (SAF), phorbol-12-myristate-13-acetate
(PMA), ethyl-isopropyl amiloride (EIPA), cytochalasin D (CytD),
jasplakinolide (Jas), nocodazole (Noc), methyl-B-cyclodextrin (MBCD),
progesterone (Prog), nystatin (Nys).
Target Dependence  Inhibitor Cell line Article
PKC + BIM/SAF SAOS Upla et al. 2004
PKC + BIM/SAF CV-1 Pietidinen et al. 2004
PKC + PMA SAOS Upla et al. 2004
PKC + Rottlerin Caco2 Krieger et al. 2013
PLC + U-73122 SAOS Karjalainen etal. 2008
PI3K + LY290042 SAOS Karjalainen etal. 2008
Pak1 + IPA-3 Caco2 Krieger et al. 2013
Nat*/H* exchanger  + EIPA SAOS Karjalainen etal. 2008
Na*/H* exchanger + EIPA Caco2 Krieger et al. 2013
Actin + CytD SAOS Karjalainen etal. 2008
Actin - CytD CVv-1 Pietidinen et al. 2004
Actin + CytD Caco2 Krieger et al. 2013
Actin - LatA CV-1 Pietidinen et al. 2004
Actin + Jas SAOS Karjalainen etal. 2008
Actin - Jas CV-1 Pietidinen et al. 2004
Actin + Jas Caco2 Krieger et al. 2013
Microtubules - Noc CV-1 Pietidinen et al. 2004
Cholesterol + MBCD SAOS Marjomaiki et al. 2002
Cholesterol + MBCD CV-1 Pietidinen et al. 2004
Cholesterol + MBCD Caco?2 Krieger et al. 2013
Cholesterol + Filipin SAOS Siljamaki et al. 2013
Cholesterol - Filipin Caco2 Krieger et al. 2013
Cholesterol + Nystatin SAOS Siljaméki et al. 2013
Cholesterol + Ketoconazole SAOS Siljamaki et al. 2013
Cholesterol + Prog+Nys CV-1 Pietidinen et al. 2004
Cholesterol - U18666A SAOS Siljaméki et al. 2013
Sphingolipid + Fumonisin B1 SAOS Siljaméki et al. 2013
Calpain + Calpeptin SAOS Upla et al. 2008
Calpain + Inhibitorl/2  SAOS Upla et al. 2008
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TABLE 2 Pharmacological inhibitors used in coxsackievirus A9 (CVA9) infection
studies. The plus sign (+) stands for dependence of the target molecule and
the minus sign (-) stands for independence of the target molecule in the CVA9
infection. Phosphoinositide-3-kinase (PI3K), ethyl-isopropyl amiloride
(EIPA), cytochalasin D (CytD), latrunculin A (LatA), jasplakinolide (Jas),
nocodazole (Noc), methyl-p-cyclodextrin (MBCD), progesterone (Prog),
nystatin (Nys).

Target Dependence  Inhibitor Cell line Article

PI3K - Wortmannin =~ A549 Heikkil4 et al. 2010
N+/H+ exchanger + EIPA A549 Heikkila et al. 2010
Actin - CytD A549 Heikkil4 et al. 2010
Actin - LatA A549 Heikkili et al. 2010
Actin + Jas A549 Heikkil4 et al. 2010
Microtubule - Noc A549 Heikkil4 et al. 2010
Cholesterol - MBCD A549 Heikkili et al. 2010
Cholesterol - Prog+Nys A549 Heikkili et al. 2010

As discussed previously, endocytic structures accumulate specific molecules
(e.g., Rabs, Lamp1) on their limiting (or intraluminal) membranes, which have
been used to identify different endocytic structures within cells. Table 3 lists the
canonical endosomal markers that have been used to study EV1 location in
cells.

In SAOS-a2 and CV-1 cells, EV1 does not colocalize with the EE, RE, LE,
lysosomal, ER, or TGN markers (Marjoméki et al. 2002, Pietidinen et al. 2004,
Karjalainen et al. 2008, Rintanen et al. 2012). Interestingly, in Caco2 cells, EV1
colocalized with EEA1 and Lamp2 (Krieger et al. 2013). Krieger et al. (2013) also
found that EV1 infection was inhibited by siRNA-targeting Rab5 and by the
expression of dominant negative Rab5. In contrast, Rab7 siRNA and dominant
negative Rab7 had only a slight inhibitory effect or no effect at all on EV1
infection. In conclusion, Rab5-positive early endosome structures might play a
role in EV1 infection in Caco2 cells. In contrast, silencing Rab5 with siRNA had
no effect on CVA9 proliferation in A549 cells (Heikkild et al. 2010).
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TABLE 3 The canonical endosomal markers used to study echovirus 1 (EV1) location in
cells. Rough/smooth endoplasmic reticulum (r/sER), early endosome antigen
1 (EEA1), cation-independent mannose 6-phosphate receptor (CI-MPR), dil-
labeled low-density lipoprotein (Dil-LDL), protein disulfide-isomerase (PDI).

Structure Colocalization Protein Cell line Article

Early endosome - EEA1 SAOS Marjomaéki et al. 2002
Early endosome - EEA1 SAOS Karjalainen et al. 2008
Early endosome - EEA1 SAOS Rintanen et al. 2011
Early endosome + EEA1 Caco2 Krieger et al. 2013
Recycling endosome - Transferrin ~ SAOS Marjoméki et al. 2002
Late endosome - CI-MPR SAOS Marjoméki et al. 2002
Late endosome - CI-MPR SAOS Karjalainen et al. 2008
Late endosome - CD63 SAOS Karjalainen et al. 2008
Late endosome - CD63 SAOS Rintanen et al. 2011
Late endosome - Lampl SAOS Rintanen et al. 2011
Late endosome + Lamp2 Caco2 Krieger et al. 2013
Late endosome - Rab7 SAOS Rintanen et al. 2011
Lysosome - LysoTracker CV-1 Pietidinen et al. 2004
Lysosome - Dil-LDL SAOS Rintanen et al. 2011
rER - PDI SAOS Marjomiki et al. 2002
rER - PDI CV-1 Pietidinen et al. 2004
sER - Syntaxin17  CV-1 Pietidinen et al. 2004
Trans-Golgi - TNG-46 SAOS Marjomaéki et al. 2002

One of the most important characteristics of the EE-to-LE-to-lysosome
maturation process is endosome acidification. Bafilomycin A1, a drug that
prevents endosomal acidification by inhibiting the vacuolar proton pump, has
been reported to have an inhibitory effect on EV1 infection in SAOS-a2 cells if
administered during the early phase of infection (Rintanen et al. 2012). On the
other hand, it had only a slight effect on EV1 infection in Caco2 cells (Krieger et
al. 2013), and CVA9 infection was not inhibited by NH4Cl (inhibitor of
endosomal acidification) (Heikkild et al. 2010).

2.3 Epidermal growth factor receptor

EGFR, a transmembrane cell-surface receptor, plays an important role in
essential cellular functions, such as proliferation and migration. Its activity also
has an important role in the pathogenesis of human cancers. EGFR belongs to
the ErbB family of receptor tyrosine kinases. The ErbB protein family consists of
four members (Erbl-4), which bind multiple ligands: EGF, transforming
growth factor-a, heparin-binding EGF, betacellulin, amphiregulin, epiregulin,
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epigen, and neuregulins 1-4 (Olayioye et al. 2000). In this thesis, we focus on
Erb-1, the “typical” EGFR.

2.3.1 EGFR endocytosis

Although EGFR can be activated by ligand-independent mechanisms as well as
by multiple ligands, in this thesis we focus on the receptor activation caused by
its primary ligand, EGF. Ligand binding produces a conformational change in
the extracellular domain of the receptor, which activates EGFR and leads to
receptor dimerization and internalization (Ogiso et al. 2002). Under normal cell
culture conditions, the majority of EGFRs are located on the PM, where the
receptors are constitutively internalized at the rate of basal membrane recycling
(Wiley et al. 1991).

While inactive EGFR is mainly recycled back to the cell surface (Wiley
2003), the activation of EGFR leads to accelerated internalization and
degradation of the receptor (Wiley et al. 1991). This downregulation and
degradation is the major negative feedback regulatory mechanism that controls
the intensity and duration of receptor signaling. On the other hand, EGF-
receptor complexes remain active in endosomes and continue to signal even
after internalization (Wiley 2003, Platta and Stenmark 2011).

When EGEFR is activated with a low concentration of EGF (1-2 ng/ml or
lower), the receptor is internalized at a high rate (Wiley 1988). The mechanism
of endocytosis is clathrin-dependent (Sorkin and Goh 2008), but soon after
internalization, clathrin-coated vesicles release their coats and fuse with EEs
(Hopkins et al. 1985) (Fig. 5). This process occurs minutes after endocytosis.
Instead of dissociating from its ligand at mildly acidic EE conditions, EGFR
remains to be dimerized, phosphorylated, and ubiquitinated (Sorkin and
Carpenter 1991, Sigismund et al. 2013).

When cells are stimulated with high concentrations of EGF, clathrin-
independent internalization takes over (Sorkin and Goh 2008), and most of the
EGF-receptor complexes are internalized with slower kinetics (Lund et al. 1990).
Liberali et al. (2008) showed that in epidermoid carcinoma cells (A431),
stimulation with high concentrations of EGF leads to CtBP1/BARS-dependent
macropinocytic internalization of EGFR.

From EEs, there are two major destinations for EGFR-—recycling or
degradation (Fig. 5)—and the equilibrium between them balances receptor
signaling. Recycling of the EGF-receptor complex occurs through two
kinetically and mechanistically distinct pathways (Grant and Donaldson 2009).
The rapid pathway involves early endosomes and Rab4- and Rab35-regulated
structures, whereas the second recycling pathway exhibits slower kinetics and
probably originates from a pool of EGF-receptor complexes located in the
limiting membrane of MVBs. These structures are Rabll-positive. Increased
recycling is predicted to prolong signaling of the EGFR (Platta and Stenmark
2011).
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FIGURE5 Model of EGFR endocytosis and intracellular sorting (low EGF stimulation
concentration). EGF binding leads to receptor dimerization, phosphorylation,
and ubiquitination. Ubiquitinated EGFRs are recognized at the plasma
membrane by  clathrin-mediated  endocytosis = machinery.  After
internalization, the EGF-receptor complex either recycles back to the plasma
membrane or remains in early endosomes, which later mature into
multivesicular bodies (MVB). Ubiquitinated EGFRs are recognized by the
ESCRT machinery, and intraluminal vesicles (ILVs) are formed. Receptors
that are not ubiquitinated can be recycled back to the plasma membrane via
the slow recycling pathway. Later, MVBs fuse with lysosomes, resulting in
degradation of both EGF and EGFR.

After 15-20 min of EGF stimulation, ubiquitinated EGF-receptor complexes,
destined for degradation, begin to accumulate in the intraluminal membranes
of MVBs with the help of the ESCRT machinery (Fig. 3) (Sorkin and Goh 2008).
After this process, the receptors cannot be recycled back to the PM.
Ubiquitinated receptors are recognized by several proteins (e.g., the ESCRT-0
component Hrs and the ESCRT-I component tumor susceptibility gene 101
(TSG101)) (Williams and Urbe 2007). The interaction of Hrs with TSG101
promotes the recruitment of subsequent ESCRT complexes following the
ESCRT-III-dependent ILV scission (Henne et al. 2011). Loss of TSG101 induces
the formation of multicisternal endosomes (Doyotte et al. 2005) and inhibits the
degradation of EGFR (Razi and Futter 2006). ESCRT-III complex component
VPS24 is also necessary for EGFR degradation (Bache et al. 2006). Before sorting
to ILVs, ubiquitin is removed from the EGFR by deubiquitinating enzymes, and
free ubiquitin is recycled back to the cytosolic pool of ubiquitin.
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2.3.2 Ligand-mediated EGFR activation and receptor signaling

EGEFR is known to dimerize and autophosphorylate upon EGF binding (Ogiso
et al. 2002, Sorkin and Goh 2008). Consequently, phosphotyrosine-binding
proteins and other cytoplasmic substrates are recruited to the site, activating
multiple signaling pathways, including the MAPK, PI3K, and PLC pathways.
PI3K is known to recruit Akt/protein kinase B to the plasma membrane,
whereas PLC directly interacts with EGFR, leading to PKC activation (Lill and
Sever 2012). Although signaling from activated EGFRs occurs mostly from the
plasma membrane, it is now known that receptors are able to activate specific
signaling pathways from intracellular structures as well (Wiley 2003).



3 AIMS OF THE PRESENT STUDY

The detailed aims of the present study were as follows:

1

To define the infectious entry pathway of CVA9 and the endocytic
structures along the pathway (II)

To study the nature and importance of multivesicular structures along the
EV1 and CVA9 infection pathways (I, II)

To study the effect of EV1 entry on the receptor recycling pathways:
detailed study of EGFR sorting and downregulation (III)



4 OVERVIEW OF THE METHODS

Detailed descriptions of the materials and methods used can be found in the
original publications, indicated by Roman numerals. The methods used in this
study are summarized in Table 4.

TABLE 4 Methods used in the original publications included in the thesis.

Method Publication

Cell culture I, 11, III
Virus (EV1 or CVA9) production and purification I, 11, III
Transfections I 1I
siRNA experiments I
Quantitative real-time PCR analysis LI
Viral (EV1 or CVA9) infections I, 11, III
Integrin clustering experiments 1
Endosomal pH measurement 1O
Immunofluorescence and confocal microscopy L 11, 11
Data analysis and processing of the microscopic data L 1L I
Electron microscopy I, 1I
Statistical testing I 10, III
Live cell microscopy L1I

SDS-PAGE and immunoblotting 111




5 RESULTS AND DISCUSSION

5.1 CVAO9 endocytosis and uncoating

As earlier studies have suggested that there are some similarities in
internalization pathways (e.g., integrins as cellular receptors, independent of
CME or microtubule polymerization) between EV1 and CVA9, we wanted to
investigate the nature of CVA9 endocytosis in further detail. We started by
using chemical inhibitors that have been widely used to downregulate
endocytosis (Table 5).

TABLE 5 Pharmacological inhibitors used in coxsackievirus A9 (CVA9) infection. The
plus sign (+) stands for dependence of the target molecule and the minus sign
(-) stands for independence of the target molecule in the CVA9 infection.
Phospholipase C (PLC), phosphoinositide-3-kinase (PI3K), ethyl-isopropyl
amiloride (EIPA), nocodazole (Noc), bafilomycin Al (Baf).

Target Dependence  Inhibitor Cell line Article
PLC + U-73122 A549 1I
Racl + NSC23766 A549 II
Nat*/H* exchanger  + EIPA A549 II
PI3K - Wortmannin A549 11
PI3K - LY290042 A549 II
Pakl - IPA-3 A549 II
Microtubule - Noc A549 II
Acidification - Baf A549 II

In both the CAVY infection and RT-PCR assays, U-73122, NSC23766, and EIPA
caused a statistically significant decrease in infection or genomic strand
production, while Wortmannin, LY290042, and IPA-3 had no significant effect
(I, Fig. 2). Thus, the results suggested that PLC, Racl, and Na*/H* exchanger
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inhibitors decrease CVA9 infection, whereas PI3K or Pakl do not seem to play a
role in the CVA9 infection process.

When we investigated the temporal effects of PLC on Racl and Na*/H*
exchanger inhibitors more closely, we found that the inhibitory effect of U-
73122 is limited to the early stages of infection (before 1 h p.i.) (II, Fig. 2). This
finding was expected, as we also found that PLC acts early in EV1 infection
(Karjalainen et al. 2008). In addition, the previous control assays for U-73122
action showed that it blocks the entry of dextran completely, further proving
that PLC activity is needed in the very first uptake step of fluid-phase
endocytosis (Karjalainen et al. 2008). In the case of NSC23766, the inhibitory
effect on CVA9 infection was restricted to time points between 1 and 3 h p.i,,
whereas EIPA disrupted the infection from early time points to later ones (II,
Fig. 2). Racl plays a vital role in a range of cellular processes (actin
reorganization, cell transformation, initiation of DNA synthesis, cell migration)
(Bosco et al. 2009), and we found that Racl inhibitor did not interrupt the viral
uncoating process, but rather, acted after uncoating (II, Fig. 2). Although the
exact role of Racl in CVA9 infection remains to be studied, we suggest that in
CVAD9 infection, Racl acts in membrane remodeling through the activation of
actin (Morel et al. 2009). Earlier results suggested that EIPA causes the
accumulation of EV1 and CVA9 close to the PM, arresting further transport
(Karjalainen et al. 2008, Heikkild et al. 2010, Krieger et al. 2013). EIPA has also
been shown to inhibit the intracellular replication of at least two other
enteroviruses (human rhinovirus 2 and coxsackievirus B3) (Gazina et al. 2005,
Harrison et al. 2008). In addition, it has been suggested that EIPA inhibits Racl
and Cdc42 activation (Koivusalo et al. 2010). In conclusion, EIPA seems to have
several inhibitory effects along the enterovirus endocytosis pathways.

In order to determine the time course of CVA9 uncoating, replication, and
formation of new infective particles, we performed various assays. The NR
assays revealed that while CVA9 uncoating starts at 30 min p.i., the majority of
the process takes place at around 2 h p.i (II, Fig. 1). This timing is rather similar
to what we observed earlier with EV1 (Pietidinen et al. 2004, Siljaméki et al.
2013). The immunolabeling of double-stranded RNA, as well as TCIDs assays,
suggested that both active replication of CVA9 (visible dsRNA structures) and
infectious particle formation occurred after 3 h p.i. Again, this result is very
similar to earlier observations of EV1 (Pietidinen et al. 2004, Upla et al. 2008) and
other enteroviruses, although there are cell-line-dependent differences. For
example, in HeLa cells, poliovirus releases its genome rapidly after 10 min p.i.
(Brandenburg et al. 2007), but in polarized human brain microvascular
endothelial cells, poliovirus remains on the PM and enters the cytoplasm after
2.5 h (Coyne et al. 2007), and uncoating takes place after 4 h.

Viewed together, the results show that the entry of CVA9 is very similar to
that of EV1; the only clear difference is the lack of effect of Pakl. However, that
effect might be cell-type dependent, as all of the CVA9 experiments were
conducted in A549 cells; EV1 and CVA9 were not tested in similar cell lines.
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52 CVA9 and EV1 do not enter the canonical endocytosis
pathway, and the infections are independent of acidification

As earlier results suggested that EV1 does not colocalize with the EE, RE, LE or
lysosome markers in SAOS-a2 or CV-1 cells (Table 3) (Marjomaki et al. 2002,
Pietidinen et al. 2004, Karjalainen et al. 2008, Rintanen et al. 2012), we wanted to
investigate whether CVA9 also evades these classical endocytic structures. As
with EV1, CVA9 colocalization with EEA1, Rab7, and Lampl was low during
virus internalization (II, Fig. 4). Moreover, Coyne et al. (2007) showed that yet
another enterovirus, poliovirus, did not colocalize with EEA1, Rab7, or Lamp?2.

In our experiments, the DN-Rab5 (Rab5-S34N-GFP) construct inhibited
CVAD9 infection in a statistically significant manner, whereas the constitutively
active mutant had a minor inhibitory effect on CVA9 infection (II, Fig. 4).
Heikkild et al. (2010) previously suggested that Rab5 does not play a role in
CVAD9 infection in A549 cells. As this result was based on a siRNA assay, where
the total silencing of Rab5 was somewhat uncertain, we cannot say for sure
whether Rab5 is needed for CVA9 infection. On the other hand, Krieger et al.
(2013) concluded that Rab5 has a role in EV1 infection in Caco?2 cells. Although
Rab5 is strongly associated with EEs, Krzyzaniak et al. (2013) suggested that
Rabb is also active in macropinocytosis.

A strong piece of evidence for EV1 and CVA9 not choosing the lysosomal
pathway comes from functional endocytosis studies using Dil-LDL. Dil-LDL
has been shown to be targeted via the sorting early endosomes to the lysosomes
and to colocalize with Lampl (Humpbhries et al. 2010, 11, Fig. 4). When Dil-LDL
was internalized into SAOS-a2 and A549 cells together with clustered a2(1
integrin/ EV1 and CVAJY, respectively, no colocalization between virus particles
and Dil-LDL was detected (Rintanen et al. 2012, I, Fig. 2, II, Fig. 4), strongly
suggesting that both of these viruses avoid lysosomes.

Because the microtubule-depolymerizing agent nocodazole blocks the
transport of cargo from EEs to LEs (Bayer et al. 1998, Mesaki et al. 2011) and
does not have an effect in EV1 or CVA9 infection (Pietidinen et al. 2004, Heikkild
et al. 2010, II, Fig. 5), we wanted to test whether virus transfer to LEs is
important for CVA9 infection. The results showed that nocodazole treatment
did not increase CVA9 colocalization with EEA1 or decrease the measured
background colocalization with Lampl (II, Fig. 5). Thus, these results further
confirmed that CVA9 internalization is not dependent on the canonical entry
pathway (from early to late endosome and lysosome).

Endosomes acidify as they mature in the canonical endocytosis pathway.
Our earlier studies suggested that EV1 does not colocalize with acidic vesicles
(Pietidinen et al. 2004) and that CVA9 infection is not inhibited by NH4Cl
(Heikkild et al. 2010). Therefore, we studied whether CVA9 was also
independent of acidification for its infectious pathway. Although the V-ATPase
inhibitor bafilomycin A1 slightly decreased CVA9 infection, the RT-PCR assay
revealed no decrease in genomic or complementary strand production (II, Fig.
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8). Because bafilomycin A1l has been shown to arrest transport in EEs (Bayer et
al. 1998), we tested whether bafilomycin Al treatment causes an accumulation
of CVA9 particles in EEs, and we found that such an accumulation did not
occur (II, Fig. 8). As with EV1 (Karjalainen et al. 2008), CVA9 did not colocalize
with LysoTracker during the 3.5h live imaging period (II, Fig. 9). Lastly, an
intra-endosomal pH measurement assay was performed in order to gain more
accurate information regarding the internal pH of the endosomes along the EV1
internalization and CVA9 pathways. In these assays, the intra-endosomal pH of
a2fpl integrin structures (during EV1 infection) and CVA9-positive vesicles
stayed neutral at time points 1, 2, and 3 h p.i (I, Fig. 2, II, Fig. 8).

In conclusion, the results demonstrated that EV1 and CVA9 do not
accumulate in canonical, acidic endosomes or need endosome acidification for
successful infection. Various studies have shown that at least poliovirus and
coxsackievirus B3 infections are independent of acidic environment (Gromeier
and Wetz 1990, Perez and Carrasco 1993, Brandenburg et al. 2007, Patel et al.
2009). Although it was already known that enteroviruses are acid stable, these
results provide evidence that endosome acidification may not be needed at all
in enterovirus infection.

5.3 EV1 and CVA9 accumulate in MVBs, and ESCRT machinery
is needed in the infections

According to our earlier results, EV1 is internalized into tubulovesicular
structures that later mature into MVBs (Fig. 4) (Karjalainen ef al. 2008). Next, we
wanted to investigate whether MVBs play a role in CVA9 infection as well.
From EM images and quantitative analyses conducted from them, it can be seen
that CVA9 particles are mostly on the PM at 5 min p.i., whereas after 30 min,
approximately one-third of the CVA9 particles were internalized and could be
found inside endosomes (II, Fig. 3). Moreover, approximately half of these
structures were identified as MVBs. Later, at 2 h p.i., CVA9 particles were
mostly found in MVBs, suggesting that MVBs are truly important for infectious
entry of CVA9. As the ESCRT machinery catalyzes the progressive involution of
the endosomal-limiting membrane and formation of MVBs (Gruenberg and
Stenmark 2004, Henne et al. 2011), we tested the importance of the ESCRT
machinery for EV1 and CVA9 infection by perturbing the function of selected
ESCRT proteins.

VPS4 is essential for the dissociation of ESCRT-III from the endosomal
membrane (Babst et al. 1998). We transfected SAOS-a2 and A549 cells with a
DN-VPS4 (VPS4-E235Q-GFP) or control GFP plasmid, and after 48h of
expression, we infected the same cells with EV1 or CVA9, respectively. The
overexpression of DN-VPS4 had a clear inhibitory effect on both infections (I,
Fig. 3, 1I, Fig. 6). In the case of CVA9, double-stranded RNA production had
also clearly decreased in DN-VPS4-transfected cells (11, Fig. 6).
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As VPS4-E235Q-GFP seemed to prevent the infection of EV1 and CVA9,
we further studied the morphology of a2-, EV1-, and CVA9-MVBs by confocal
microscopy and by EM. The confocal microscopy findings indicated that both
EV1 and a2-integrin colocalized with VPS4-E235Q-GFP-endosomes that were
CI-MPR- and Tf-negative (I, Fig. 4 and S4). The EM studies revealed that most
of the clustered a2-integrin in VPS4-E235Q-GFP-expressing cells was found in
small endosomes; however, integrin was occasionally trapped on the limiting
membrane of enlarged VPS4-E235Q-GFP-positive structures (I, Fig. 3). In the
control cells, a2-MVBs were larger and contained ILVs with integrin both on
the limiting membrane and in internal membranes. Furthermore, the EM assay
revealed that considerably less integrin was found in the MVBs of VPS4-E235Q-
GFP-expressing cells than in those of control cells. Similarly, the electron
micrographs showed that in VPS4-E235Q-GFP-transfected cells, CVA9 was
found in small vesicles with no ILVs (11, Fig. 7).

The ESCRT-0 protein Hrs binds to the endosome-limiting membrane and
recruits other ESCRT components to this ILV formation site (Henne et al. 2011).
As overexpression of WT-Hrs blocks EGFR transport (Urbe et al. 2003), we were
interested to see whether Hrs overexpression had an effect on CVA9 infection
or on the internalization of EV1 receptor a2f1 integrin. We transfected A549
and SAOS-a2 cells with Hrs-WT-GFP or a control GFP plasmid. In A549 cells
transfected with the control GFP plasmid, the CVA9 infection proceeded
normally (II, Fig. 6). In contrast, the overexpression of WT-Hrs-GFP had a
strong inhibitory effect on the production of CVA9 capsid protein. In WT-Hrs-
GFP-expressing SAOS-a2 cells, the association of a2pl integrin clusters with
Hrs was studied by live cell microscopy. Time-lapse imaging showed that
colocalization of a2 integrin and Hrs gradually increased during integrin
internalization (up to 2 h) (I, Fig. 6). The same process was seen in a
colocalization analysis between endogenous Hrs and clustered a2 integrin
using confocal microscopy and cryo-EM (I, Fig. 7 and S4). The cryo-EM assay
also revealed that CVA9 was not found in the MVBs of WT-Hrs-transfecteed
cells (II, Fig. 7).

The importance of the ESCRT-I proteins TSG101 and VPS37A and the
ESCRT-III protein VPS24 were studied in EV1 infection by siRNA,
immunofluorescence, and cryo-EM assays. SAOS-a2 cells were co-transfected
with siRNA and an indicator of successful transfection (siGLO marker). The
siRNAs against VPS37A and VPS24 decreased EV1 infection efficiently,
whereas siRNA knock-down of TSG101 had a minor inhibitory effect on the
infection (I, Fig. 5). Fluorescent images of SAOS-a2 cells with downregulated
VPS37A  revealed that virus capsids were frequently trapped in small
cytoplasmic vesicles, while control siRNA-transfected cells were infected
normally (I, Fig 5). In electron micrographs, VPS37A and VPS24 colocalized
with clustered a2 integrin (I, Fig. 7).

In conclusion, both EV1 and CVA9 accumulate in MVBs during their
internalization. We studied the role of ESCRT machinery comprehensively in
both EV1 and CVA9 infections, and the results suggest that all of the ESCRT
proteins studied were needed in EV1 and CVA9 infections. This finding further
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confirms the importance of MVBs and ILVs in both EV1 and CVA9 infections.
Although MVBs are generally thought to lead to degradative lysosomes, not all
of the material in the ILV membrane ends up in lysosomes. For example, class 11
major histocompatibility complex (MHC) and tetraspanins form class II MHC
compartments that are not degradative (van Niel ef al. 2006). Another example
of non-degradative MVBs are melanosomes (Theos et al. 2006). Although the
results show the importance of ESCRT machinery and MVBs in both virus
infections, the mechanistic reason for the need for MVBs remains unclear.

In summary, EV1 and CVAY internalization resemble each other closely: 1)
the effects of endocytosis inhibitors and the uncoating and replication time
courses were similar; 2) both viruses avoid canonical endocytic structures but
accumulate in non-acidic MVBs; 3) acidification is not needed for successful
EV1 or CVAQ9 infection; and 4) functional ESCRT machinery is essential for both
viruses. Because other enteroviruses are also known to be independent of
endosome acidification, one can speculate whether there are also further
similarities with other enteroviruses. If so, this knowledge might help in
antiviral and vaccine development.

5.4 EGFR and EV1 are closely associated during virus infection

On the PM, EGFR has been shown to reside close to a2f1 integrin and to co-
immunoprecipitate with it (Yu ef al. 2000, Moro et al. 2002). Furthermore, EGF
stimulation has been shown to cause internalization of a21 integrin (Ning et al.
2005). However, our results here suggest that in SAOS-a2 and A549 cells,
neither EV1 nor a2 integrin colocalize with EGFR after their stimulated
internalization (I, Fig. 8, III, Fig. 1). Furthermore, EGF stimulation has no effect
on EV1 infection or the internalization efficiency of clustered a2 integrin (I, Fig.
8). This may be due to the fact that EV1 causes the formation of a novel entry
pathway for the virus-integrin complex that is separate from the continuous
recycling pathway of a2l integrin along the CME (Rintanen ef al. 2012). Thus,
it seems that the virus-induced pathway is not sensitive to EGF stimulation. In
contrast, we wanted to study whether EV1 internalization had an effect on
EGEFR endocytosis.

In A549 cells, a2 integrin and EGFR colocalized on the PM in the absence
of EGF stimulation, but after EGF stimulation and integrin clustering, the
internalized receptors no longer colocalized (I, Fig. 8). The internalization of
EV1 (and clustered a2 integrin) and biotinylated EGF in SAOS-a2 and A549
cells was followed using fluorescence microscopy. Although the structures
resided very close to each other, the confocal images showed no apparent
colocalization between biotin-EGF and EV1 or its receptor (I, Fig. 8 IlI, Fig. 1).
This finding was confirmed by quantifying the colocalization between
endogenous EGFR and EV1/clustered a2 integrin in both SAOS-a2 and A549
cells (I, Fig. 8). The live imaging showed that the biotin-EGF and clustered a2
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integrin structures were very close to each other, but still separate (III, Movies 1
and 2).

Finally, we depolymerized the microtubules with nocodazole and tested
whether doing so had any effect on EGFR or EV1 targeting. Nocodazole-
treated, EGF-stimulated SAOS-a2 cells were infected with EV1, and
internalization of EGFR and EV1 was followed using confocal microscopy. In
the nocodazole-treated cells, EGFR-positive vesicles accumulated in the cell
periphery, and EGFR degradation was inhibited (I, Fig. 8). Moreover, the data
showed no apparent colocalization of EGFR with EV1, which would be the case
if they followed the same internalization pathway.

Collectively, these results indicate that although EGFR and EV1 are closely
associated during their internalization, they still traffic through separate
pathways. EGFR is degraded in lysosomes, while clustered a2 integrin and EV1
accumulate in cytoplasmic vesicles.

5.5 EV1infection slows down the degradation of EGFR

Although we had observed that the a2 integrin signal turns over at a higher
pace after viral infection (Rintanen et al. 2012), this downregulation is much
slower than what has been typically observed for EGFR in numerous studies
(Burke et al. 2001, Salazar and Gonzalez 2002, Sigismund et al. 2008). In
addition, after EGF stimulation in SAOS-a2 cells, the signal from clustered a2
integrins stayed strong during 2 h of imaging, whereas the EGFR signal was
reduced (I, Fig. 8). Although this was the case with clustered a2 integrins, we
observed that the EV1 infection caused higher surface and internalized EGFR
signals compared to the control cells without EV1 (III, Fig. 2). The same result
was seen in SDS-PAGE samples for the total pool of endogenous EGFR. These
results clearly showed that EV1 infection had an inhibitory effect on the overall
downregulation of EGFR.

As EV1 infection may affect cellular function in a more general manner,
we studied the role of EV1 infection in the receptor recycling pathways. Tf is
one of the most studied molecular cargoes that are directed to the recycling
pathway after entering into EEs (Mayle et al. 2012). If there is a defect in
recycling caused by EV1 infection, there should be an increase in the
colocalization of Tf with EEA1. The colocalization analyses showed that there
was no apparent difference in Tf and EEA1 colocalization in cells with or
without EV1 (III, Fig. 3). Another well-studied cargo molecule is the fluid phase
marker IgG, which is destined for either recycling or degradation (Ward et al.
2003). The quantifications from confocal images revealed no differences in the
number of IgG-positive objects between samples with or without EV1, meaning
that EV1 does not have an effect on overall fluid phase uptake efficiency in
Ab549 cells (111, Fig 3).

In conclusion, EV1 infection seems to accumulate EGFR on the PM and
slow down the downregulation of EGFR without affecting other endocytosis
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pathways. Whether the PM accumulation is due to a deceleration of EGFR
internalization or an increase in EGFR recycling back to the PM is still unclear.

5.6 Changes in EGFR sorting and signaling during EV1 infection

Because EV1 infection decelerates the degradation of EGFR, we wanted to
study whether this is reflected in EGFR colocalization with EEs, REs, LEs, or
lysosomes. Reduced EGFR degradation could be due to 1) EGFR accumulation
on the PM, 2) EGFR accumulation in EEs or LEs (before lysosomal degradation),
3) EGFR accumulation in macropinosomes, or 4) increased trafficking of EGFR
to the recycling pathway. The quantifications from the confocal images revealed
no statistically significant differences in EGFR colocalization with EEA1 or Rab7
during EV1 infection (III, Fig. 4). On the other hand, EGFR colocalization with
recycling Tf was slightly increased at 15 min p.i. and decreased with Lampl at 1
h p.i.,, suggesting that EV1 infection might increase the recycling of EGFR back
to the PM and decrease its targeting to lysosomes. Our previous studies showed
macropinocytic uptake of both EV1 and EGFR (Karjalainen et al. 2008, Liberali et
al. 2008). Both pathways used a similar regulator, CtBP1/BARS, which is
needed to close the macropinocytic cup during uptake (Liberali et al. 2008).
Hence, when activated by high concentrations of EGF, EV1 and EGFR may use
a similar uptake pathway and accumulate in rather large macropinosome-like
structures, depending on the cell type studied. It seems possible that EGFR
accumulates in macropinosomes before entering degradative lysosomes;
therefore, its accumulation does not result in colocalization with canonical
endocytic markers.

Our previous studies revealed that EV1 infection activates PKC (Pietidinen
et al. 2004). We also know that EGFR phosphorylation by PKC targets EGFR to
recycling structures (Bao et al. 2000). We therefore wanted to study whether
phosphoPKCa (pPKCa) status was increased in EGF+EV1 treated cells. While
EGF and EV1 were each already able to induce the cellular phosphorylation
status of PKCa, treatment with a combination of EGF and EV1 increased the
pPKCa activity even further (III, Fig. 5). In EGF+EV1 treated cells, an enhanced
pPKCa signal could direct the EGFR pathway towards recycling; however, this
aspect and the specific phosphorylation of EGFR still need to be studied. As
EV1 alone also caused an accumulation of surface EGFR, it seems possible that
the increase in PKCa phosphorylation by EV1 is sufficient to increase recycling
and accumulate the EGFR at the PM.

The phosphorylation status of two signaling proteins, Akt and p44/42
MAPK, were followed to evaluate the activity of EGFR signaling in cells during
EV1 infection. After a 15-min EGF stimulation, Akt was already active, but the
activity level was much lower after 2 h (IlI, Fig. 5). EV1 treatment alone resulted
in a lower level of phosphorylated Akt, suggesting that it could not induce
EGFR phosphorylation to a great extent. In contrast, after the treatment with
both EGF and EV1, the cells displayed much higher phosphorylation of Akt
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after 15 min, 2 h, and 4 h, suggesting that EGFR signaling was higher due to
accumulation in cytoplasmic endosomes. Similarly, the p44/42 MAPK
phosphorylation status was clearly increased at all tested time points in the
EGF+EV1 samples (Ill, Fig. 5), which provides further evidence that EGFR
signaling was increased due to EV1 infection.



6 CONCLUDING REMARKS

The main conclusions of this thesis are as follows:

I

I

The EV1 internalization pathway involves a novel MVB population (Fig.
6), which is separate from canonical acidic endosomes (e.g., the EGFR
degradation pathway). Although the two pathways are separate, the same
ESCRT mechanisms partially regulate the EVI-MVB formation, and
ESCRT machinery is needed for successful EV1 infection.

The infectious entry pathways of EV1 and CVA9 follow very similar
characteristics (Fig. 6), which may be the case for other closely related
enteroviruses as well. Similar to EV1, the majority of CVA9 uncoating
occurs in non-acidic MVBs around 2 h p.., and CVA9 infection is
independent of endosome acidification. Genome replication begins
around 3 h p.., and later, newly synthesized viral capsid proteins and
infectious viral particles accumulate in the cytoplasm.

EV1 entry has a specific effect on EGFR sorting and downregulation
without affecting transferrin recycling or default sorting to the lysosomal
pathway. EV1 causes accumulation of EGFR endosomes in the cytoplasm
and allows for more recycling, whereas sorting to lysosomes is reduced.
This leads to prolonged signaling in endosomes and reduced
downregulation of EGFR.

Despite their significance, there are no common drugs or vaccines against
enterovirus infections other than for polio. Because EV1 and CVA9
internalization pathways resemble each other greatly and there are similarities
with other enteroviruses as well, this knowledge could be used in future
antiviral and vaccine development.
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FIGURE6  Epidermal growth factor (EGF) binding leads to EGF receptor (EGFR)
internalization via clathrin-mediated (shown here) and possibly other
pathways. After internalization, the EGF-receptor complex is either recycled
back to the plasma membrane or transferred to acidic multivesicular bodies
(MVBs), and later, to late endosomes and lysosomes for degradation.
Intraluminal vesicles of EGFR-MVBs are formed by the ESCRT machinery. At
the cell surface, echovirus 1 (EV1) receptor a2l integrin colocalizes with
EGEFR; however, after receptor clustering by EV1 and virus-receptor complex
internalization, the EV1 and EGFR pathways are separated. EV1-positive
tubulovesicular structures mature into non-acidic MVBs. As in EGFR-MVB
maturation, the ESCRT machinery here is also responsible for intraluminal
vesicle formation, and functional ESCRT machinery is needed in EV1
infection. As with EV1, coxsackievirus A9 (CVA9) is also internalized into
endosomes, which gradually form ESCRT-driven intraluminal vesicles,
leading to non-acidic MVBs. The uncoating and replication time courses of
EV1 and CVA9 are similar. The majority of uncoating occurs around 2 h p.i.
(when the virus is found in MVBs), although it starts as early as around 30
min p.i. The double-stranded RNA (dsRNA) structures appear in cells after 3
h, and later, the newly synthetized capsid proteins and infectious virus
particles fill the cell cytoplasm.
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YHTEENVETO (RESUME IN FINNISH)

Enterovirusten indusoima, neutraali sisidnmenoreitti ja sen vuorovaikutuk-
set epidermaalisen kasvutekijireseptorireitin kanssa

Virukset ovat itsendiseen eldmddn kykenemittomid biologisia jarjestelmid, jotka
tarvitsevat isdntdsolun proteiineja ja energiantuottoa lisddntydkseen. Virukset
rakentuvat genomista (DNA tai RNA) ja sitd ymparoivastd proteiinikuoresta eli
kapsidista. Tamaén lisdksi joillain viruksilla kapsidia ympéroi lipidikalvosta ja
sithen uponneista proteiineista ja hiilihydraateista koostuva vaippa. Viruksen
elinkierto koostuu neljédstd perusvaiheesta: (1) isdntdsolun tunnistaminen ja sii-
hen kiinnittyminen; (2) perintdaineksen siirtiminen isdntdsoluun; (3) uusien
virusrakenneosien tuottaminen isdntdsolussa ja (4) uusien viruspartikkeleiden
vapautuminen isdntdsolusta. Enterovirukset ovat pienid, pyoreitd vaipattomia
RNA-viruksia, jotka lisddntyvat péddasiassa suolistossa. Ne eivit kuitenkaan
tavallisesti aiheuta suolistotauteja vaan esimerkiksi nuhakuumetta, aivokalvo-
tulehdusta, sydédnlihastulehdusta, enterorokkoa ja muita ihottumatauteja. Ente-
rovirusten ryhmédn kuuluvat muun muassa poliovirus, echovirukset, cox-
sackievirukset sekd muut enterovirukset.

Yksi viruksen elinkierron tdrkeimmistd tapahtumista on perintdaineksen
siirtdiminen isantdsoluun. RNA-virusten genomin monistuminen (replikaatio)
tapahtuu isdntdsolun solulimassa, ja sinne péddsemiseksi viruksen on ohitettava
monia esteitd (solukalvo, isantdsolun immuunipuolustus jne.). Endosytoosi on
kaikille soluille tyypillinen tapahtuma, jonka avulla solu ottaa sisddnsd nestetta
ja siihen liuenneita molekyylejad (esimerkiksi ravinteet ja kasvutekijat). Endosy-
toosissa solukalvolle muodostuu kuoppa, joka myshemmin kuroutuu irti kal-
vosta. Ndin muodostuneet kalvopéillysteiset rakkulat (endosomit) kuljettavat
kalvon lipidit ja proteiinit sekd endosomin sisallon eteenpdin solulimassa. Solut
kayttavat erilaisia endosytoosireittejd erilaisten molekyylien kuljettamiseen.
Tunnetuimmat reiteistd ovat klatriinivélitteinen endosytoosi sekd makropinosy-
toosi. Solulimassa endosomit kypsyvit edelleen. Yleensd kypsymisen aikana
endosomin kalvon proteiinikoostumus muuttuu ja endosomin sisélté happa-
moituu.

Téssd vditoskirjatyossd tutkitut enterovirukset, echovirus 1 (EV1) ja cox-
sackievirus A9 (CVAY), kayttavit endosytoosia genominsa toimittamiseen isan-
tdsolun solulimaan. Aiemmat tutkimukset ovat osoittaneet, ettd esimerkiksi
EV1 tunkeutuu solun sisdédn makropinosytoosia muistuttavan reitin avulla, ja
noin kahden tunnin jilkeen viruksen sisidnmenosta viruspartikkelit kertyvét
monirakkulaisiin endosomeihin.

Tamén viitoskirjan ensimmaéisessd ja toisessa osatyossd tutkittiin tarkem-
min EV1n ja CVA9:n sisddnmenoreittejd sekd solunsisdisid rakenteita, joihin
viruspartikkelit sisidnmenonsa jidlkeen kertyvit. Osatytssd 1 osoitettiin, ettd
EV1-rikkaat monirakkulaendosomit eroavat happamista rakenteista, joihin esi-
merkiksi epidermaalinen kasvutekijareseptori (EGFR) kertyy klatriinivalitteisen
endosytoosin jdlkeen. Neutraalien EV1-monirakkulaendosomien muodostumi-
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sessa kuitenkin toimii samat proteiinit (ESCRT-koneisto) kuin happamien
EGFR-rakenteiden muodostumisessa. Osatydssd I todettiin my0s, ettd toimiva
ESCRT-koneisto ja monirakkulaiset rakenteet ovat valttaiméattomia onnistunees-
sa EV1-infektiossa.

Osatyosséd Il keskityttiin toisen enteroviruksen, CVA9:n, endosytoosireit-
tiin ja infektion aikaisiin virusrikkaisiin rakenteisiin. CVA9:n kdyttamén endo-
sytoosireitin ja viruksen elinkierron aikataulun havaittiin muistuttavan todella
paljon EV1:n vastaavia. Kuten EV1, myos CVA9 kertyi infektion aikana moni-
rakkulaisiin, neutraaleihin rakenteisiin, joiden muodostuminen ESCRT-
koneiston avulla oli valttamatontd infektion onnistumisen kannalta.

Viitoskirjan viimeisen osatyon tulokset paljastivat, ettd EV1-infektiolla on
spesifinen vaikutus EGFR:n lajitteluun ja hajotukseen. Normaalisti kasvutekijil-
ld stimuloitu EGFR ohjautuu nopeasti entsymaattiseen hajotukseen, mutta
EV1:l4 infektoiduissa soluissa tim& hajotus on hitaampaa ja EGFR nayttdisi
kertyvidn sekd solukalvolle ettd solunsisdisiin rakenteisiin. Tdmé johtaa EGFR:n
valittamén signaloinnin pidentymiseen, minkd voi ajatella olevan hyodyksi
EV1-infektion kannalta.

Virusten avulla tehtdvilld solu- ja molekyylibiologisella perustutkimuksel-
la on pitkit perinteet. Samaan aikaan nykylddketieteestd 16ytyy sovelluksia vi-
ruksille muun muassa rokotetuotannossa ja syopdhoidoissa. Tamén lisdksi ny-
kyinen globaaliyhteiskunta, helpottunut tavaroiden ja ihmisten liikkuminen
sekd viime vuosina ilmaantuneet uudet ja mahdollisesti erittdin vaaralliset vi-
rustaudit nostavat jatkuvasti esille virustutkimuksen ja viruslddkkeiden kehi-
tyksen tarkeyden.
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ABSTRACT

Coxsackievirus A9 (CVA9) is a member of the human enterovirus B species in the Enterovirus genus of the family Picornaviridae.
According to earlier studies, CVA9 binds to « V3 and a V6 integrins on the cell surface and utilizes 32-microglobulin, dy-
namin, and Arf6 for internalization. However, the structures utilized by the virus for internalization and uncoating are less well
understood. We show here, based on electron microscopy, that CVA9 is found in multivesicular structures 2 h postinfection
(p.i.). A neutral red labeling assay revealed that uncoating occurs mainly around 2 h p.i., while double-stranded RNA is found in
the cytoplasm after 3 h p.i. The biogenesis of multivesicular bodies (MVBs) is crucial for promoting infection, as judged by the
strong inhibitory effect of the wild-type form of Hrs and dominant negative form of VPS4 in CVA9 infection. CVA9 infection is
dependent on phospholipase C at the start of infection, whereas Racl is especially important between 1 and 3 h p.i., when the
virus is in endosomes. Several lines of evidence implicate that low pH does not play a role in CVA9 infection. The infection is not
affected by Bafilomycin Al. In addition, CVA9 is not targeted to acidic late endosomes or lysosomes, and the MVBs accumulat-
ing CVA9 have a neutral pH. Thus, CVA9 is the second enterovirus demonstrated so far, after echovirus 1, that can trigger neu-
tral MVBs, which are important for virus infection.

IMPORTANCE

‘We demonstrate here that the enterovirus coxsackievirus A9 (CVA9) uses a nonclathrin and nonacidic pathway to infect cells.
CVA9 does not accumulate in conventional late endosomes or lysosomes. We found that inhibitors of phospholipase C (PLC),
Racl, and the Na*/H" exchanger decreased CVA9 infection. The PLC inhibitor acts on early entry, the Racl inhibitor acts be-
tween 1 and 3 h, when the virus is in endosomes, and the Na*/H* exchange inhibitor acts during various steps during the virus
life cycle. The infection depends on the formation of novel neutral multivesicular bodies (MVBs), which accumulate CVA9 dur-
ing the first hours of entry. Thus, CVA9 is the second enterovirus demonstrated so far, after echovirus 1, that can trigger forma-
tion of neutral MVBs. The data show that these enteroviruses favor nonacidic conditions and complex MVBs to promote virus

infection.

H uman enteroviruses (HEVs) belong to the Picornaviridae family
and have an approximately 7.5-kb-long single-stranded RNA
genome with positive polarity. The genome is enclosed in an ico-
sahedral protein capsid (30 nm in diameter), consisting of 60 cop-
ies of each of the four different structural proteins (VP1 to -4).
HEVsare important human pathogens and cause illnesses ranging
from the common cold to paralysis and other infections of the
central nervous system, carditis, and severe disease syndromes in
newborns. HEVs are classified into four species (A to D) on the
basis of sequence analysis (1). Of the coxsackie A viruses (CVAs),
type 9 is the only one that belongs to the HEV-B species (2). CVA9
particle has an extension containing an RGD (arginine-glycine-
aspartic acid) motif at the C terminus of the VP1 protein that is
not found in other HEVs except for echovirus 9 strain Barty (3).

CVA9 has been studied quite extensively by using molecular
biology methods and in animal models. It has been shown that the
virus attaches to oV integrins on the cell surface in several cell lines
(4-6), including the lung carcinoma A549 cells used in this study.
Other receptor candidates, such as glucose-regulated protein 78 A
and a subunit of major histocompatibility complex class I
(MHC-I) antigen (7), as well as B2-microglobulin (8), have also
been proposed to be involved in CVA9 entry. After primary at-
tachment, CVA9 does not appear to be bound to aV integrins
during internalization (4), in contrast to another enterovirus,
echovirus 1 (EV1), which is internalized in complex with its re-
ceptor, a2P1 integrin (9).
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Most animal viruses take advantage of the host cell’s endocytic
mechanisms for internalization, and viruses have evolved to use
one or more receptors and entry mechanisms (10). After arrival in
the endosome lumen, viruses can be, for example, exposed to
changes in pH and ions and proteolytic events that may initiate the
uncoating process (11, 12). These events trigger changes in the
virus particle that lead to the delivery of the genome into the cell
for further replication.

From our previous studies, we know that B2-microglobulin,
dynamin, and Arf6 play roles in the entry process of CVA9 (13).
Recent structural studies also revealed details about the uncoating
process of CVA9 (14). However, the cellular structures used by
CVAQ for internalization and uncoating are still poorly known.
Recently, we showed that another enterovirus, EV1, does not enter
the host cell in acidic endosomes (15, 16). Instead, EV1 enters
multivesicular bodies (MVBs) that morphologically resemble
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acidic endosomes, even though they are biochemically different
structures. This was a striking finding, as the MVBs are supposed
to exhibit low pH, and acidity has been suggested to contribute to
their biogenesis (17, 18). As both EV1 and CVA9 are acid-stable
enteroviruses, we wanted to see if these viruses exhibit similarities
in their internalization processes and, more importantly, if CVA9
could also induce the biogenesis of neutral MVBs. We show here
that after uptake from the plasma membrane, CVA9 accumulates
in nonacidic MVBs and that those structures are needed in CVA9
infection.

MATERIALS AND METHODS

Cells, viruses, and antibodies. The human lung carcinoma A549 cell line
was obtained from the American Type Culture Collection (ATCC). The
cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM)
containing 5% fetal bovine serum (FBS) supplemented with penicillin
and streptomycin. CVA9 (Griggs strain) (2, 19) was propagated in A549
cells and purified in sucrose gradients as described previously (20). Cul-
ture medium for virus infections was supplemented with 1% FBS. For all
infection studies, a multiplicity of infection (MOI) of 10 was used. Typi-
cally, this MOI leads to 50 to 70% infection in A549 cells.

Polyclonal rabbit antiserum against CVA9 was produced as described
earlier (21), and mouse monoclonal antibody (MAb) K6 against the virus
(22) was obtained from Lucia Fiore (Instituto Superiore di Sanita, Rome,
Italy). Alexa Fluor 488 (AF-488)- and AF-555-labeled anti-mouse and
anti-rabbit secondary antibodies and the ProLong Gold antifade reagent
were obtained from Invitrogen. In addition, the following antibodies were
used: J2, recognizing double-stranded RNA (dsRNA; MADb; catalog num-
ber 10010500; English & Scientific Consulting Kft.); early endosome
antigen 1 (EEA1; MAb; catalog number 610457; BD Transduction Labo-
ratories); Lampl, to identify late endosomes and lysosomes (MADb; sc-
20011; Santa Cruz Biotechnology); Rab7, to identify a member of the Rab
family of small guanosine triphosphatases (GTPases) Rab7 (polyclonal
antibody produced in rabbit; catalog number R4779; Sigma-Aldrich);
phalloidin-tetramethylrhodamine B isothiocynate for labeling filamen-
tous actin (catalog number P1951; Sigma); anti-green fluorescent protein
(GFP; IgG fraction produced in rabbit) and LysoTracker Green for label-
ing acidic structures (product numbers A11122 and L7526, respectively;
Invitrogen).  1,1'-Dioctadecyl-3,3,3’,3’-tetramethyl-indocarbocyanine
perchlorate—low-density lipoprotein (Dil-LDL) was obtained from Seppo
Yld-Herttuala (University of Eastern Finland, Kuopio, Finland).

I fluorescence and focal microscopy. A549 cells were
grown on coverslips to subconfluency. CVA9 was first bound to the cells
for 45 min on ice in DMEM containing 1% FBS, then the cells were
washed, and after incubation at 37°C (in 1% DMEM) they were fixed with
4% paraformaldehyde (PFA) for 20 min, permeabilized with 0.2% Triton
X-100 for 5 min, and stained with antibodies (dilutions made in 3%
bovine serum albumin [BSA]-phosphate-buffered saline [PBS]). In the
preinternalization labeling assays, CVA9 capsids were labeled with pri-
mary and secondary antibodies prior to the incubation. The cells were
mounted using ProLong Gold antifade reagent with 4',6-diamidino-2-
phenylindole and examined with an Olympus microscope IX81 with a
Fluo-

View-1000 confocal setup or a Zeiss Cell Observer wide-field microscope.

Neutral red-CVA9 assay. A Neutral red-CVA9 (NR-CVA9) assay was
conducted in A549 cells that were infected in the presence of 10 wg/ml of
NR (catalog number 101369; Merck). The virus was released after over-
night infection by freeze-thawing the cells three times and harvesting by
centrifugation. NR-CVA9 was used without further purification. A549
cells were incubated with NR-CVA9 for 45 min on ice, washed, and incu-
bated at 37°C in the darkness. At the indicated time points, the cells were
exposed to light for 10 min at room temperature and subsequently trans-
ferred back to 37°C. The control cells were not exposed to the light reac-
tion. At 6 h postinfection (p.i.), the cells were labeled for immunofluores-
cence (see “Immunofluorescence and confocal microscopy,” above). The
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TABLE 1 Pharmacological inhibitors used in this study

Inhibitor Effect Concn used
U-73122 Phospholipase C inhibition 10 pM
Wortmannin Phosphoinositide-3-kinase inhibition 100 nM
NSC23766 Racl inhibition 100 uM
IPA-3 Pakl inhibition 5pM

EIPA Na'/H" exchange inhibition 100 pM
Nocodazole Microtubule depolymerization 33 uM
Bafilomycin Al Vacuolar ATPase inhibition 50 nM
LY290042 Phosphoinositide-3-kinase inhibition 50 uM

proportion of infected cells that reacted with the anti-CVA9 antibody was
then calculated. In a subsequent NR-CVA9 assay, the Racl inhibitor
NSC23766 (see “Chemical inhibitors,” below, and Table 1) or dimethyl
sulfoxide (DMSO) was added to A459 cells prior to incubation. At the
indicated time points, the cells were exposed to light for 10 min at room
temperature, after which the medium was changed back to 1% DMEM
and the cells were transferred back to 37°C.

TCIDj, assay. For the 50% tissue culture infective dose (TCIDs,)
assay, first the A549 cells were grown on 24-well plates to subconfluency.
CVA9 was bound to cells for 45 min on ice in DMEM containing 1% FBS.
Then, the cells were washed and incubated at 37°C for the indicated times,
after which they were scraped and pelleted. The cell-virus pellets were
stored at —20°C and later dissolved in PBS (containing 0.5 mM MgCl,).
For the TCIDs, assay, A549 cells were seeded in a 96-well plate and after
overnight incubation the earlier-prepared cell-virus extracts were added
to the first well and then serially diluted using 1:4 dilutions. The plates
were incubated at 37°C for 2 days. To fix and label the extract mixtures in
the plates, a 0.2% crystal violet stain (containing 5% formalin and 10%
ethanol) was added to the wells. After incubation at room temperature,
the wells were washed with H,O and air dried. The TCID5,/ml values were
calculated by using the Reed-Muench formula.

Chemical inhibitors. A549 cells were incubated at 37°C in DMEM
supplemented with 1% FBS and 10 pM U-73122 (product number
662035; Calbiochem), 100 nM Wortmannin (product number 681675;
Calbiochem), 100 wM NSC 23766 (product number 2161; Tocris Biosci-
ence), 5 WM IPA 3 (product number 3622; Tocris Bioscience), 100 pM
5-(N-ethyl-N-isopropyl) amiloride (EIPA; product number A3085;
Sigma), 33 pM Nocodazole (product number M1404; Sigma), 50 nM
Bafilomycin Al (product number 196000; Calbiochem), or 50 pM
LY294002 (product number 440202; Calbiochem). The inhibitors were
added to cells 30 min before the infection assay or at the indicated time
points postinfection, depending on the assay. After 6 h, the proportion of
the cells containing virus capsid protein were calculated. The cell viability
after the drug treatments was tested in a 3-(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyl-2H-tetrazolium bromide (MTT) cell growth assay (product
number CT02; Millipore) according to the manufacturer’s instructions.

RT-PCR. The control and CVA9-infected A549 cells were collected
from the plates 6 h p.i.,, pelleted, and stored at —70°C until analyzed.
Methods for the RNA quantification have been described earlier (23). The
cell pellets were subjected to automatic nucleic acid extraction in a
MagNA Pure 96 instrument (product item 06541089001; Roche Applied
Science). An aliquot of each extract was reverse transcribed with 1.2 pM
antisense primer (5'-GAAACACGGACACCCAAAGTA) or sense primer
(5"-CGGCCCCTGAATGCGGCTAA) or without a primer, using 20 U
RevertAid H Minus Moloney murine leukemia virus reverse transcriptase
(RT) and 4 U RiboLock RNase inhibitor (Fermentas). From the 20-ul RT
reaction mixture, a 5-pl sample was used in a PCR with 600 nM each
primer and Maxima SYBR master mix (Fermentas). Amplifications were
run on a Rotor-Gene 6000 (Corbett Research) with the following cycling
conditions: 95°C for 10 min; 40 cycles of 95°C for 155, 64 to 55°C (touch-
down 1°C/cycle for the first 10 s) for 30 s, 72°C for 40 s; and final melt at 72
t095°C, 1°C/5 5. A dilution series of a plasmid containing CVA9 cDNA (2)
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was used to generate a standard curve. The copy numbers of the genomic
and complementary strands were obtained by PCR after the RT reaction
with the antisense primer and with the sense primer, respectively. The
copy number observed after PCR of the RT reaction mixture without a
primer was deducted from the assay values to correct for the primer-
independent signal.

EM. For visualization of the internalized CVA9 particles (see Fig. 3B
and D, below), prior to the incubation at 37°C A549 cells were labeled with
anti-CVA9 rabbit polyclonal antibody against the viral capsid proteins
and, subsequently, with protein A (PA)-gold (diameter, 10 nm; Cell Mi-
croscopy Center, Utrecht, Netherlands). The samples were processed for
electron microscopy (EM) as described previously (24). Briefly, the cells
were fixed in 4% PFA containing 0.1% glutaraldehyde in 50 mM Tris
buffer, pH 7.6, at room temperature for 1 h or at 4°C overnight. After 1%
osmiumtetroxide (in H,O) treatment, the cells were dehydrated, stained
with 2% uranylacetate, and embedded in LX-112 Epon (product number
21210; Ladd Research).

In addition to this monolayer preparation, EM samples were also pre-
pared by cell pelleting. A549 cells, grown on plates, were washed with 0.1
M phosphate buffer and fixed with 2.5% glutaraldehyde in the buffer at
room temperature for 10 min. The samples were centrifuged (6,000 rpm,
30 min) and washed three times with 0.1 M phosphate buffer and two
times with H,O. The pellets were then embedded into 2.5% agarose in
H,0 at 37°C. The pelleted samples in agarose were fixed again and stained
with 1% osmium tetroxide in H,O at room temperature for 30 min. After
three washes, the samples were stained with 1% uranyl acetate in H,O at
room temperature for 30 min, washed again, and dehydrated with acetone
(two times with 30%, 50%, 70%, and 100% for 10 min). Before proceed-
ing to the 100% LX-112 Epon embedding step, the samples were preem-
bedded with a mixture of Epon in 100% acetone (equal volumes) at room
temperature for 45 min. The monolayer and pellet samples were cut, and
the section images were observed by using a Jeol 1400 microscope.

For cryo-immuno-EM (see Fig. 7A to C, below), cells were treated as
described by Slot and Geuze (25). Briefly, nontransfected and transfected
A549 cells were infected with CVA9. The cells were then fixed in 4% PFA
in 0.1 M phosphate buffer at room temperature, after which the cells were
scraped from the substrate and further fixed for 1 h. After pelleting, the
cells were immersed in 12% gelatin in PBS, cut into small pieces, placed in
2.3 M sucrose in PBS at 4°C, and frozen in liquid nitrogen. Thin cryosec-
tions were cut with a Leica Ultracut UCT microtome. For double immu-
nolabeling, the sections were first incubated in 5% BSA, 0.1% gelatin in
PBS. Antibodies and gold conjugates were diluted in 0.1% BSA in PBS. All
washings were performed in 0.1% BSA-C in PBS. After blocking as de-
scribed above, sections were exposed to the primary antibodies (rabbit
anti-CVA9 and rabbit anti-GFP) for 60 min each (with a blocking step in
between). After washing, mixtures with PA-gold complex (diameters, 5
and 10 nm, respectively) were incubated. The controls were prepared by
carrying out the labeling procedure without primary antibody. The sec-
tions were embedded in methylcellulose and examined with a Jeol 1400
microscope.

Transfections. FuGENE HD transfection reagent (product number
E2311; Promega) was used for transfections of subconfluent A549 cells
according to the manufacturer’s instructions. The cells were used for ex-
periments after an expression time of 48 h. The Hrs-WT-GFP fusion was
obtained from Sylvie Urbé (Cellular and Molecular Physiology, Univer-
sity of Liverpool, Liverpool, United Kingdom), the VPS4-E235Q-GFP
plasmid was obtained from Harald Stenmark (Department of Biochem-
istry, Institute for Cancer Research, The Norwegian Radium Hospital,
Oslo, Norway), the Rab5-Q79L-yellow fluorescent protein (YFP) and
Rab5-$34N-enhanced green fluorescent protein (EGFP) fusions were ob-
tained from Lucas Pelkmans (Institute of Molecular Life Sciences, Uni-
versity of Zurich, Zurich, Switzerland), and the Rab5-WT-GFP fusion
was obtained from Miguel Seabra (Faculty of Medicine, National Heart
and Lung Institute, Imperial College, London, United Kingdom).
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Dil-LDL assay. A549 cells were grown on coverslips to subconfluency.
CVA9 was first bound to the cells for 45 min on ice in DMEM containing
1% FBS. After removing the excess virus, the cells were incubated in 1%
DMEM complemented with 30 pg/ml of Dil-LDL for 2 h. After fixation
and permeabilization, the cells were stained with CVA9 anti-capsid, anti-
Lampl, and fluorescent secondary antibodies.

LysoTracker green assay. One hour after CVA9 inoculation, Lyso-
Tracker Green was added to the A549 cells and the mixture was incubated
for 1 h at 37°C. CVA9 was labeled prior to internalization, which was
initiated by moving A549 cells to a preheated (37°C) microscope sample
stage. Localization of LysoTracker Green and CVA9 capsid proteins was
followed during the infection in live cells by using the Zeiss LSM510 con-
focal setup with CO,-independent medium (Life Technologies) contain-
ing 1% FBS.

Intraend 1 pH measur Intraendosomal pH measure-
ments were conducted as previously described (15). Briefly, CVA9 was
first bound to A549 cells on ice, followed by incubation with rabbit poly-
clonal anti-CVA9 antibody. Then, equal amounts of goat anti-rabbit—
fluorescein and goat anti-rabbit AF-555 conjugates were bound to the
cells on ice, and the cells were moved to 37°C for 4 h. The cells were kept
at 37°C in the Zeiss LSM510 confocal setup under CO,-independent me-
dium containing 1% FBS. Confocal sections were taken 1, 2, and 3 h p.i.
To construct a pH titration curve, cell membranes were permeabilized
with 20 wM nigericin in pH standard buffer solutions [150 mM KCl, 5
mM glucose, and 15 mM Tris (pH 7.5 and 7.0) or 15 mM 2-(N-morpho-
lino)ethanesulfonic acid (pH 6.5)]. Altogether, 30 cells in each case from
two independent experiments were scanned, and the ratio of fluorescein/
AF-555 fluorescence was determined for each section with the program
BiolmageXD (26).

Data analysis and processing of the microscopy data. An open source
software package, BiolmageXD (26), was used for the confocal image
quantifications. Levels for the laser power, detector amplification, and
optical sections were optimized for each channel before starting the im-
aging. In the dsRNA assay, altogether 20 cells from two independent ex-
periments, 10 cells from each, and from all different time points were
randomly selected and optically sectioned using a confocal microscope.
For measuring of the number, size, and intensities of dsRNA objects, the
following BiolmageXD protocol was used. First, volumes were filtered
with a difference-of-Gaussians filter to suppress noise and enhance re-
gions of interest. Next, a manually selected threshold level was applied to
produce binary image data. Finally, individual objects were found for
analysis by computing a Euclidean distance transform on binary data,
inverting the result, and applying the watershed transform from local
minimal positions. Depending on the experiment, objects smaller than 0,
6, or 10 voxels were removed.

To quantify the level of colocalization, altogether 20 cells from two
independent experiments, 10 cells from each, were randomly selected and
optically sectioned by using a confocal microscope. Colocalization was
evaluated from the center slice images or from the projection of the cell by
examination of the merged images, and further analysis was performed
with the BiolmageXD program. The images were preprocessed with a
difference-of-Gaussians filter to remove noise and enhance regions of
interest before the colocalization analysis. Thresholds for the analysis were
adjusted manually to eliminate fluorescence originating from the back-
ground and from diffuse staining. Signal overlap was expressed separately
for both of the channels, as a proportion of the intensity colocalizing with
the other channel. Statistical significance of observed colocalization was
calculated by using Costes algorithm (27), embedded within the software,
and only colocalizations with zero coincidence probabilities were taken
into account (i.e., P = 1.00).

For measuring the intensities of the vesicles in the pH experiment, a
multistep segmentation protocol implemented within BiolmageXD soft-
ware was used. Images were first smoothed with the Gaussian filter and
binary by using an adaptively calculated threshold value (mean + 5) from
10 lateral pixel size radius regions. Objects were defined using the Euclid-
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FIG 1 Uncoating and replication of CVA9 in A549 cells. (A) The infection rate (the proportion of cells producing viral capsid protein 6 h p.i.) after incubation
with Neutral Red (NR)-labeled CVA9. The cells were exposed to light treatment at different time points, and the infection was continued to 6 h p.i. The control
cells (Ctrl) were infected and incubated in the darkness. The results are averages of two independent experiments (* standard errors [SE]) for 600 cells counted.
(B) The number of dsRNA structures in cells. A549 cells were infected with CVA9; samples were fixed at different time points and labeled with anti-dsRNA and
anti-CVA9 capsid antibodies. The results are averages of two independent experiments (* SE). At each time point, 20 cells were imaged. (C) Representative
confocal images of CVA9-infected A549 cells at 3, 4, and 5 h p.i., labeled with anti-CVA9 capsid (green) and anti-dsRNA (red) antibodies. Bars, 10 pm. (D) The
TCIDs,/ml values at different time points p.i. A549 cells were infected with CVA9, collected at different time points, and serially diluted on top of A549

monolayers. After 2 days of incubation, TCID;,/ml values were calculated.

ean distance transform and watershed transform as explained above. Fi-
nally, all objects of sizes smaller than 5 voxels were removed from the
analysis to remove noise and small debris.

Statistical testing. A t test was used for pairwise statistical comparison
between samples. For proportions or ratios, a t test was applied after an
arcsine square root transformation of the original variable to convert the
binomial distribution of the data to follow a normal distribution. For
testing the means between samples from EM, a binomial  test was applied.

RESULTS

Uncoating and replication of CVA9. In order to determine the
time course of CVA9 uncoating in A549 cells, we used a Neutral
red-labeled virus (NR-CVA9) (28). Light exposure causes irre-
versible cross-linking of the labeled viral genome, thus inhibiting
the viral uncoating process. If the viruses have not undergone
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uncoating before the light reaction, no new virus will be synthe-
sized, whereas uncoated viruses will initiate a replication cycle that
includes expression of VP1. If the light exposure was performed 0
or 15 min p.i., the cells did not produce VP1 at 6 h p.i. When the
light exposure was performed at 30 min or 1 h p.i., less than 20%
of the cells were infected at 6 h p.i., suggesting that the uncoating
process had started but was not yet at its peak (Fig. 1A). When the
light treatment was carried out at 2 and 4 h p.i., around 60 to 75%
of the cells expressed VP1 at 6 h after infection. The results suggest
that the majority of CVA9 capsid uncoating takes place around 2 h
after virus attachment.

To investigate the timing of active replication, we fixed the
infected cells at different time points and labeled them with both a
CVA9 (anti-capsid) antibody and a ]2 antibody. The J2 antibody
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recognizes dsRNA that is the primary element in the infection
cycle. The mock-infected cells were negative for J2 labeling (Fig.
1B). The first visible dsRNA-containing structures appeared in
cells at 3 h p.i. (Fig. 1B and C), and they appeared in scattered
locations near but not colocalizing with the structures positive for
CVA9 capsid protein (Fig. 1C). The number of dsRNA structures
(Fig. 1B and C) in addition to the volume and intensity increased
as the infection progressed (data not shown).

Furthermore, we performed a TCIDs, assay to evaluate the
timing of infective particle formation. Infected A549 cells were
collected at different time points, fragmented, serially diluted, and
cultured on top of a new monolayer of A549 cells. After 2 days of
incubation, the cells were fixed and labeled with crystal violet dye,
and TCID;,/ml values were calculated. The results showed that as
the entry and uncoating processes begin, the CVA9 particles start
to lose their infectivity after 1 h (Fig. 1A and D). After the 3-h time
point, at the same time when dsRNA structures appear in the
cytoplasm (Fig. 1B and C), the TCID5,/ml values correspondingly
increased (Fig. 1D). Taken together, we conclude that the uncoat-
ing of the majority of CVA9 particles takes place around 2 h p.i.,
and active replication (visible dsRNA structures) of the virus and
new infective particle formation occur after 3 h p.i.

Effects of chemical inhibitors of endocytosis on CVA9 infec-
tion. Earlier studies suggested that components belonging to the
clathrin pathway are not involved in CVA9 entry (13). However,
there s still very little understanding of CVA9 internalization, and we
wanted to investigate in further detail some players that have effects
on EVI entry, e.g,, phospholipase C (PLC), Pakl, Racl, and the
Na*/H" exchanger (29). We decided to use chemical inhibitors that
have been widely used to downregulate the action of these proteins.
The inhibitors used in this study and their mode of action are shown
in Table 1. First, we determined which inhibitors affected CVA9 in-
fection. We treated the A549 cells with the chemical inhibitors for 30
min prior to CVA9 binding on ice. After removing the unbound
virus, the cells were incubated at 37°C with the inhibitors. At 6 h p.i.,
the cells were fixed and labeled with the primary anti-CVA9 antibody
and fluorescent secondary antibody. The proportion of A549 cells full
of virus capsid proteins was calculated in different situations (Fig.
2A). U-73122, NSC23766, and EIPA caused statistically highly signif-
icant (P = 0.0, 0.0004, and 0.0, respectively) decreased in infection,
whereas Wortmannin and IPA-3 had no significant effects. To eval-
uate the cell viability after the drug treatments, a colorimetric MTT
assay (Millipore) was performed. The drug treatments did not cause
significant cell death (data not shown), indicating that the observed
changes in virus proliferation were due to inhibitory effects of the
drugs.

Next, we carried out an RT-PCR assay to find out whether the
drugs affected new viral RNA production. In correspondence with
the immunofluorescent (IF) assay results described above,
U-73122, NSC23766, and EIPA caused statistically significant de-
creases (P = 0.006, 0.01, and 0.006, respectively) in genomic
strand production (Fig. 2B). The same inhibitors seemed to de-
crease the production of the complementary strand also, although
the reductions were not statistically significant. As in the IF assay
(Fig. 2A), Wortmannin and IPA-3 had no statistically significant
effects on virus RNA production (Fig. 2B). To verify the Wort-
mannin result, we also used the drug LY290042, another inhibitor
of phosphatidylinositol 3-kinase (PI3-kinase), which gave similar
results (data not shown). The results from both the IF and RT-
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FIG 2 Effects of endocytosis inhibitors on CVA9 infection. (A and B) A549 cells
were preincubated with inhibitors (Table 1) that were also present throughout the
experiment. After virus binding, the cells were incubated for 6 h. (A) The infection
percentages (cells producing high amounts of CVA9 capsid protein at 6 h p.i.) of
control (Ctrl and DMSO) and inhibitor-treated cells were quantified. The exper-
iment was performed three times, and the means are shown (* standard errors
[SE]). Statistical significance was calculated with a paired-sample ¢ test (after arc-
sine square root transformation). ***, P << 0.001. (B) The presence of genomic (+)
and complementary (—) RNA strands was analyzed with RT-PCR. The results are
averages of three parallel samples (= SE). Statistical significance was calculated
with a paired-sample ¢ test. **, P << 0.01. (C) The inhibitors were introduced to the
cells at different time points postinfection, and the incubation with the inhibitors
was carried out until 6 h p.i., after which the infection percentages were quantified.
The experiment was performed two times, and the means are shown (= SE). (D)
The Racl inhibitor (NSC23766) was introduced to the cells at different time
points. After the 1-h treatment, the medium was replaced with fresh 1% DMEM
and the incubation was carried out until 6 h p.i., after which the infection percent-
ages were quantified. The experiment was performed two times, and the means are
shown (= SE). (E) The NR-CVA9 was bound to A549 cells in the darkness. The
Racl inhibitor (NSC23766) or DMSO (a control) were introduced to the cells, and
cells were incubated in the darkness for 0, 1.5, or 6 h. At these time points, the
10-min light reactions were carried out, the drug was replaced with fresh medium,
and cells were transferred back into the incubator for the remaining incubation
time (6 h). The infection percentages were quantified at each time point. The
experiment was performed two times, and the means are shown (+ SE).

PCR assays thus suggested that PLC, Racl, and Na®™/H" ex-
changer inhibitors decrease CVA9 infection in A549 cells.

In order to clarify more carefully the temporal regulation of
PLC, Racl,and Na*/H™" exchanger inhibitors in CVA9 infection,
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we performed a more detailed time course inhibitory assay. In this
assay, the drugs were introduced to the cells at different time
points postinfection, and incubation with the inhibitors was car-
ried out until 6 h p.i. After fixation, the VP1 protein was labeled
with fluorescent antibody and the proportions of A549 cells con-
taining newly synthesized virus proteins were calculated under
different conditions. As shown in Fig. 2C, the inhibitory effect of
U-73122 was limited to early stages of infection (before 1 h p.i.). In
the case of NSC23766, the inhibitory effect seemed to be limited to
time points before 3 h p.i. (Fig. 2C). EIPA, on the other hand,
disrupted the infection more or less throughout the experiment
(Fig. 2C).

To better elucidate the time point when the Racl inhibitor affects
CVA?9 infection, the 1-h interval treatments with NSC23766 were
carried out over 6 h of infection. The virus bound onto the cells with-
out the inhibitor. If the Racl inhibitor treatment were performed at 0
to 1 h p.i. or later, NSC23766 was replaced with fresh 1% DMEM; at
the 6-h time point, only a 20% decrease in the infection rate was
observed, relative to the DMSO control (set as 100%) (Fig. 2D). This
result also confirmed the known fact that the inhibitory effect of
NSC23766 is reversible. If the NSC23766 treatment were carried out
between the 1- to 2-h or 2- to 3-h time points, CVA9 infection rates
were dramatically decreased (Fig. 2D). The drug treatment at 3 to 4 h
p.i. (Fig. 2D) confirmed the previous results (Fig. 2C; NSC23766
chart), indicating that after the 3-h time point NSC23766 lost its in-
hibitory effect. These results suggested to us that Racl is somehow
involved in the CVA9 infection process at time points between 1
and 3 h.

As the inhibitory effect of NSC23766 seemed to coincide with the
time points most important for the CVA9 uncoating process, we car-
ried out a variation of the NR assay with this drug. In this experiment,
NR-CVA9 bound to A549 cells on ice in the dark. After removing the
unbound virus, the Racl inhibitor (NSC23766) or DMSO (control)
was introduced to the cells, and cells were incubated in the dark for 0,
1.5, or 6 h. At these time points, the 10-min light reactions were
carried out, the drug was replaced with fresh 1% DMEM without the
inhibitor, and cells were put back into the incubator for the remaining
time (total incubation time, 6 h). After fixation, the cells were labeled
with the primary anti-CVA9 antibody and fluorescent secondary an-
tibody, and the proportions of A549 cells containing newly synthe-
sized virus proteins were calculated. As shown in Fig. 2E, if the light
reaction was executed at the 0-h time point, no newly synthetized
VP1 proteins were observed after 6 h of incubation in either DMSO-
or NSC23766-treated cells, as expected (control experiments). In ad-
dition, if the NSC23766 was kept on the cells throughout the assay,
the virus infection was totally inhibited (Fig. 2E, NSC23766 at 6 h), as
already shown in Fig. 2A and B for the other assays. Furthermore,
DMSO-treated cells were infected after 6 h, as expected (Fig. 2D).
Interestingly, if the light reaction was executed at the 1.5-h time point,
both DMSO- and NSC23766-treated cells were infected with simi-
larly lower efficiencies at 6 h p.i. The magnitude of infection was in
good agreement with the uncoating results obtained and illustrated in
Fig. 1A. The results therefore suggest that the Racl inhibitor
NSC23766 does not affect the uncoating of CVA9, and this leaves us
with an interesting suggestion, that Racl may exert its effect through
other means than uncoating when the virus resides in endosomes.

CVA9 accumulates in MVBs. In order to investigate CVA9
infection at the ultrastructural level, we used EM methods. CVA9
was first bound onto the surface of A549 cells on ice, and the virus
particles were labeled with an anti-capsid antibody and PA-gold

May 2014 Volume 88 Number 9

Coxsackievirus A9 Infection via Multivesicular Bodies

particles (diameter, 10 nm). Cell-bound CVA9Y, attached to anti-
body and PA-gold, was then internalized at 37°C, and the cells
were fixed at various time points. We confirmed by fluorescence
microscopy methods that this preinternalization labeling of the
virus maintained to a large extent its infectivity (Fig. 3A). At 5 min,
CVA9 particles were found mostly on the plasma membrane, usu-
ally near membrane extensions (Fig. 3B). After 15 min, the virus
was still found mainly attached to these ruffles in several areas
(data not shown). When the CVA9 particles and cellular actin
were labeled with fluorescent dyes, these ruffles were typically ac-
tin positive (Fig. 3C).

We were interested in the nature of the structures where CVA9
accumulated during the entry process. The EM assay indicated
that at 30 min, around 28% of CVA9 particles were internalized
and could be found in vesicles close to the plasma membrane (Fig.
3D) and that about half of the vesicular structures had visible
intraluminal vesicles (ILVs) (Fig. 3E). At the 30-min time point,
the colocalization of CVA9 capsid protein, labeled with IF meth-
ods before virus internalization, with early endosome (EEA1) an-
tibody, was negligible (Fig. 3F). EM images taken at 2 h p.i. re-
vealed that internalized CVA9 was then mostly found in MVBs
(Fig. 3D and E). The MVBs resembled typical multivesicular
structures, with several small ILVs and occasional larger vesicles.
Strikingly, at the 2-h time point, the preinternalization labeled
CVA9 did not colocalize with the lysosomal marker Lamp1 (Fig.
3G). Quantification of the proportions of the CVA9-containing
endosomes with or without ILVs showed that the number of mul-
tivesicular structures containing CVA9 increased significantly
(P < 0.001) between 30 min and 2 h (Fig. 3E). Uninfected cells,
treated with primary and secondary antibodies in the EM assay,
showed negligible PA-gold background. These results demon-
strated that during the internalization process, CVA9 accumulates
in MVBs, which interestingly seems to be distinct from EEA1- and
Lampl-positive structures.

CVA9 is not targeted to EEAl- or Lampl/Rab7-positive
structures, and the infection is microtubule independent. Al-
though the CVA9-MVBs in the EM images closely resembled the
acidic early and late endosomes, they did not seem to colocalize
with the canonical endosomes in the IF images (Fig. 3D, F, and G).
Therefore, the role of early and late endosomes in CVA9 infection
was studied further, and the presence of the virus particles in these
structures was quantified. The A549 cells were infected with
CVA9, and between 15 to 120 min of incubation, cells were fixed
and labeled with CVA9 anticapsid antibody and early endosome
(EEA1) or late endosome/lysosome (Lamp1 and Rab7) antibod-
ies. In addition, multiple transfections were prepared to investi-
gate the role of Rab5 in CVA9 infection, and the colocalization
between CVA9 and Dil-LDL during the internalization process
was determined.

During 15 to 60 min of incubation, a low amount of the CVA9
particles (labeled after fixation) colocalized with EEA1-positive
structures (Fig. 4A). Only a few vesicles showed colocalization in
the IF images, and it seemed that even the low amount of colocal-
ization was somewhat exaggerated, due to close apposition of the
separate vesicles and limited resolution of the confocal micros-
copy images, leading to some false colocalization. In addition to
EEAL labeling, we were interested in the role of Rab5 in CVA9
infection. The A549 cells were transfected with wild-type (WT)-
Rab5-GFP, constitutively active Rab5 (Rab5-Q79L-GFP), or
dominant negative (DN)-Rab5 (Rab5-S34N-GFP); after 48 h of
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FIG 3 CVA9 accumulates in MVBs. (A) After CVA9 binding onto A549 cells, the virus was labeled with primary anti-CVA9 capsid antibody followed by
fluorescent secondary label (Pre-Int). The 6-h infection was carried out, and the infection rates (cells producing CVA9 capsid protein at 6 h p.i.) were quantified.
The experiment was performed three times, and the means are shown (* standard errors [SE]). (B) For EM, the virus and antibody binding was as performed
as described for panel A, except that the fluorescent secondary label was replaced with protein A (PA)-gold particles (diameter, 10 nm). After 5 min of incubation
at 37°C, the samples were prepared for EM (epon embedding). The arrowhead indicates the presence of CVA9 label in sections. Bar, 100 nm. (C) A549 cells were
infected with CVA9, and after 5 and 15 min at 37°C, the samples were fixed and labeled with anti-CVA9 capsid antibody (green) and tetramethyl rhodamine
isothiocyanate phalloidin (red). Bars, 5 um. (D) Sample preparations were prepared as described for panel B. The asterisks indicate the presence of CVA9 label
in the sections after 30 min and 2 h of incubation. Bars, 200 nm. (E) The ratio of CVA9-positive structures with (black bars) or without (gray bars) ILVs was
quantified from more than 300 cells. (F and G) Prior to the 30 min or 2 h of incubation at 37°C, A549 cells were labeled with anti-CVA9 antibody (green). After

the incubations, samples were fixed and labeled with EEA1 or Lamp1 antibodies (red). Bars, 10 pm.

expression the cells were infected with CVA9 for 6 h, and virus
capsid protein production in transfected A549 cells was deter-
mined. The constitutively active mutant had little effect on CVA9
infection, whereas the DN Rab5 (Rab5-S34N-GFP) construct in-
hibited CVA9 infection in a statistically significant manner (P =
0.009) (Fig. 4B).

Colocalization of virus particles with Lamp1-positive structures
was quite low, reaching a maximum 25% at the 2-h time point (Fig.
4C), suggesting that CVA9 mainly associates with structures other
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than Lamp1-positive endosomes. Furthermore, the colocalization of
CVA9 with Rab7 was even lower (<10%) during the 30- to 120-min
incubation periods, indicating that CVA9 does not traffic through
late endosomes (Fig. 4D). According to our previous observations,
and as stated above, close apposition of the endosomal vesicles be-
tween virus signal with Lamp1 may cause a false-positive signal due to
limited resolution under confocal microscopy (16). As seen in Fig. 4C
and D, Lamp] vesicles were more crowded in the perinuclear region
than Rab7-positive structures, which may be the reason why CVA9
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FIG 4 CVA9 infection is not associated with the lysosomal pathway. (A) A549 cells were infected with CVA9, and after 15, 30, or 60 min of incubation, the
samples were fixed and labeled with anti-CVA9 capsid antibody (green) and EEA1 antibody (red). Quantification of colocalization of CVA9 with EEA1 was done
from projection stacks of single cells by using the BiolmageXD software (see Materials and Methods). Altogether, 30 cells from three independent experiments
were analyzed. The results are shown as mean values (* standard errors [SE]). Bars, 10 pm. (B) A549 cells were transfected with a wild-type Rab5 (Rab5-WT—
GFP; WT in the chart), constantly active Rab5 construct (Rab5-Q79L-GFP; Q79L in the chart), or a dominant negative Rab5 construct (Rab5-S34N-GFP; S34N
in the chart). After 48 h for expression, the cells were infected with CVA9 and the infection percentage (cells producing CVA9 capsid protein at 6 h p.i.) of
transfected cells was quantified. The results are mean values of two independent experiments (*+ SE), and statistical significance was calculated with a paired-
sample ¢ test (after arcsine square root transformation). **, P < 0.01. (C and D) A549 cells were treated and analyzed as described for panel A. After 30, 60, and
120 min of incubation, the samples were fixed and labeled with anti-CVA9 capsid antibody (green) and Lamp1 or Rab7 antibodies (red). Altogether, 30 cells from
three independent experiments were analyzed. The results are shown as mean values (* SE). Bars, 10 wm. (E) CVA9 was internalized into A549 cells with
Dil-LDL (30 pg/ml) for 2 h. The samples were fixed and labeled with anti-CVA9 capsid (green) and Lamp1 antibodies (blue); Dil-LDL is seen in red. The
colocalized voxels between CVA9 and Dil-LDL or Lamp1 and Dil-LDL were done from projection stacks and using the BiolmageXD software.

colocalization with Lamp1 seems to be higher than with Rab7. In The microtubule-depolymerizing agent Nocodazole (Noc)
order to verify the negligible use of the clathrin pathway, we examined ~ blocks transport of the cargo from early to late endosomes, result-
simultaneous entry of CVA9 with Dil-LDL, which is the canonical  ing in the accumulation of cargo in earlier structures in the acidic
marker of the clathrin pathway, which ends eventually in lysosomes. ~ pathway (30). We thus decided to use this drug to inhibit CVA9
Co-uptake of Dil-LDL and CVA9 resulted in clearly distinct endo-  entry to late endosomes in order to evaluate whether the virus
somes in the cytoplasm after 2 h (Fig. 4E). Several Dil-LDL vesicles  transfer to late endosomes is important for CVA9 infection. We
costained with Lamp1, whereas CVA9 stayed separate, further dem-  treated A549 cells similarly as in the chemical inhibitor assay
onstrating that CVA9 acts separate from the clathrin-dependent —above (see Materials and Methods). The results showed that Noc
pathway. treatment did not inhibit infection during the 6 h of incubation
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FIG 5 Microtubules are not needed in CVA9 infection. (A) A549 cells were
preincubated with nocodazole (Noc) (see Table 1). After CVA9 binding, cells
were incubated for 6 h. The inhibitor was present throughout the experiment.
The proportions of infected cells (cells producing CVA9 capsid protein 6 h p.i.)
among control (Ctrl) and inhibitor-treated cells were quantified. The experi-
ment was repeated three times, and the mean values are shown (* standard
errors [SE]). Statistical significance was calculated with a paired-sample t test
(after arcsine square root transformation). (B) A549 cells were preincubated
with Noc, and the cells were infected with CVA9. After a 1-h (EEA1) or 2-h
(Lampl) incubation, the samples were fixed and labeled with anti-CVA9 and
EEAI or Lampl antibodies, respectively. Quantification of colocalization of
CVA9 with EEA1 and Lampl was done from confocal projection stacks of
single cells by using BiolmageXD software. Thirty cells from each of the three
independent experiments were analyzed. The results are shown as mean values
(+ SE).

(Fig. 5A). We confirmed the breakdown of the microtubule net-
work after Noc treatment based on diffuse cytoplasmic labeling of
tubulin monomers when we used IF labeling (data not shown).
The cell viability after the drug treatments was verified by the
colorimetric MTT assay (Millipore) (data not shown). Next, we
tested whether Noc treatment caused an accumulation of CVA9
label in early endosomes, which would be expected if late endo-
somes were used in the viral infectious pathway. A549 cells were
treated with Noc for 30 min prior to CVA9 binding, and after 1 h
of incubation the cells were fixed and labeled with CVA9 anticap-
sid antibody and EEA1 antibody. As Fig. 5B shows, such accumu-
lation did not occur. In addition, we studied whether Noc treat-
ment affected CVA9 colocalization with Lampl. The results
showed that Noc treatment did not statistically significantly de-
crease CVA9 colocalization with Lamp1 (P = 0.62) (Fig. 5B). In
conclusion, since Noc treatment did not inhibit CVA9 infection
or affect colocalization with EEA1, the results further confirmed
that CVA9 internalization is not dependent on the canonical entry
pathway (from early to late endosome and lysosome).

MVBsare important for CVA9 infection. In mammalian cells,
MVBs are form via progressive involution of the endosomal lim-
iting membrane in a process catalyzed by the endosomal sorting
complex required for transport (ESCRT) (31, 32). One of the first
components that acts in the complex set of events leading to pro-
tein sorting to MVBs is ESCRT 0, the hepatocyte growth factor-
regulated tyrosine kinase substrate (Hrs) (33). Hrs binds directly
to the limiting membrane of the endosome and recruits other
ESCRT components to the site. Since earlier results suggested that
overexpression of WT-Hrs causes a block of epidermal growth
factor receptor (EGFr) transport, possibly by titration of interact-
ing factors required downstream of Hrs (e.g., ESCRTs) or due to
problems in the release of Hrs from endosomal membranes (34),
we were interested in whether Hrs overexpression had an effect on
CVA9 infection. We transfected A549 cells with Hrs-WT-GFP or
a control GFP plasmid, and after 48 h of expression the cells were
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FIG 6 The ESCRT complex is needed for successful CVA9 infection. (A)
Fluorescent images of GFP-transfected cells (Ctrl plasmid, green) and CVA9-
infected cells (red) at 6 h p.i. The asterisks represent transfected cells. Bars, 30
pm. (B) A549 cells were transfected with a wild-type plasmid of Hrs (Hrs-WT-
GFP; Hrs in the chart) or the control GFP construct (Ctrl). After 48 h for
expression, cells were infected with CVA9, and the infection percentages (cells
producing CVA9 capsid protein 6 h p.i.) of transfected cells were quantified 6
h p.i. The results are mean values of two independent experiments (* standard
errors [SE]), and statistical significance was calculated with a paired-sample ¢
test (after arcsine square root transformation). ***, P < 0.001. In the maxi-
mum intensity projection of confocal sections (time point, 6 h p.i.), the Hrs-
WT-GFP was visualized in green and CVA9 was visualized in red. Bar, 30 pm.
(C) The dominant negative mutant of Vps4 (VPS4-E235Q-GFP; DN-Vps4 in
the chart) and the control GFP construct (Ctrl) were transfected in cells. Sam-
ple preparation and analysis were performed as described for Fig. 6B. The
results are mean values of two independent experiments (+ SE), and statistical
significance was calculated with a paired-sample ¢ test (after arcsine square
root transformation). ***, P < 0.001. Maximum intensity projection of con-
focal sections of a cell expressing VPS4-E235Q-GFP (DN-VPS4, green) at 6 h
p.i. CVA9 is shown in red. Bar, 30 pm. (D) The transfection was performed as
for panel C. After CVA9 infection (6 h), the samples were labeled with anti-
dsRNA antibody, and the percentages of dsRNA-positive cells within the
transfected cells were calculated. In both cases, more than 50 cells were
quantified.

infected with CVA9 for 6 h and virus capsid protein was labeled. In
control cells, transfected with the control GFP plasmid, the cyto-
plasm contained large amounts of virus capsid proteins after 6 h
p.i. (Fig. 6A). In contrast, the overexpression of WT-Hrs—GFP had
a strong and statistically significant (P = 0.0007) inhibitory effect
on VP1 production (Fig. 6B). In WT-Hrs-transfected cells, CVA9
label was found in vesicle-like structures, whereas in normally
infected cells (Fig. 6A) the whole cytoplasm was full of newly syn-
thesized capsid protein and we could not identify vesicle-like
structures. For visualization purposes when using the confocal
microscope, the imaging thresholds were set differently to visual-
ize the low amount of input virus after transfection (Fig. 6B and C)
and to visualize the much higher amount of newly synthetized
capsid protein in infected cells (Fig. 6A).

We previously showed that the last component of ESCRTs, the
ATPase Vps4 (35), inhibits EV1 infection and EV1-MVB function
(15). Therefore, we also wanted to examine the role of Vps4 in
CVA9 infection. A549 cells were transfected with DN-Vps4
(VPS4-E235Q-GFP) or a control GFP plasmid. As with the Hrs
transfection experiment mentioned above, after 48 h of expres-
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FIG 7 WT-Hrs and DN-Vps4 transfections restrict CVA9-MVB formation. (A) A549 cells were infected with CVA9 for 2 h after which the cells were prepared
for cryo-immuno-EM. Thin frozen sections were then labeled for CVA9 capsid protein (PA-gold; diameter, 5 nm; asterisks) and GFP (PA-gold; diameter, 10
nm). Bars, 100 nm. (B and C) A549 cells were transfected with the DN mutant of Vps4 (VPS4-E235Q-GFP; DN-Vps4 (B) or WT-Hrs (C). After 48 h for
expression, the cells were infected with CVA9 for 2 h and then prepared for cryo-immuno-EM. Thin frozen sections were then labeled for CVA9 capsid protein
(PA-gold; diameter, 5 nm; asterisks) and GFP (PA-gold; diameter, 10 nm). Bars, 100 nm.

sion, the cells were processed for CVA9 infection and capsid pro-
tein labeling by IF methods. The overexpression of VPS4-E235Q—
GFP had a strong and statistically significant (P = 2.3E—05)
inhibitory effect on VP1 production (Fig. 6C). As with the WT-
Hrs transfection described above, CVA9 label in DN-Vps4-trans-
fected cells was found in vesicle-like structures. Besides the VP1
labeling, we also labeled the dsRNA in cells transfected with VPS4-
E235Q-GFP or control plasmid. The confocal images and analy-
ses based on those images indicated that in VPS4-E235Q-GFP-
expressing cells, the amount of dsRNA structures was clearly
decreased (Fig. 6D).

In addition to the infectivity assays descripted above, we used
cryo-immuno-EM to verify whether virus label was present in
MVBs during normal infection versus after overexpression of
WT-Hrs or transfection with DN-Vps4 (VPS4-E235Q-GEFP).
Nontransfected and transfected A549 cells were infected with
CVAY, and cryo-immuno-EM-samples were prepared. From thin
sections, CVA9 capsid protein and GFP were labeled with PA-gold
(diameter, 5 and 10 nm, respectively). In nontransfected cells,
MVBs positive for CVA9 label were frequently found after 2 h (Fig.
7A). In contrast, in cells transfected with DN-Vps4 (VPS4-
E235Q-GFP; verified by GFP labeling), CVA9 was observed in
small vesicles with no clear accumulation of ILVs (Fig. 7B). Like-
wise, after overexpression of WT-Hrs, the transfected cells showed
high amounts of smaller vesicles in the cytoplasm, and in those
cells CVA9 was not observed in MVBs (Fig. 7C). Together with the
infectivity assay results (Fig. 6A to D), these results showed that at
least two players (Hrs and Vps4) are involved in the MVB forma-
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tion process during CVA9 infection and thus directly indicated
that ESCRTS are needed for formation of virus-driven MVBs.

Endosomes accumulating CVA9 are neutral. In order to
study in more detail the relations of CVA9 to acidic structures and
whether acidity is at all needed for CVA9 infection, we used several
approaches that exploited chemical inhibitors and direct intraen-
dosomal measurements of acidity. A vacuolar proton ATPase (v-
ATPase) is known to establish an acidic pH in the lumen of endo-
cytic organelles, and the pH gradually proceeds to lower values
from early endosomes to late endosomes and lysosomes (36).
Bafilomycin Al (Baf) is a specific v-ATPase inhibitor, and it has
been shown to inhibit vesicle budding from early endosomes (37)
and the transport from late endosomes to lysosomes (38). We thus
decided to use this drug to inhibit acidification of endosomes dur-
ing CVA9 entry. We treated A549 cells similarly as for the first
chemical inhibitor assay (see Materials and methods) and ob-
served that, although the Baf treatment slightly decreased the in-
fection rate of CVA9, the virus maintained its level of infectivity to
a large extent (Fig. 8A). In addition, we performed an RT-PCR
assay for the Baf-treated cells, and no decrease in the genomic or
complementary strand production was observed (Fig. 8B). To ver-
ify that Baf treatment elevated the pH in endocytic compartments,
an intraendosomal measurement assay was carried out for the
control protein EGFr, which is known to accumulate in late endo-
somes and lysosomes (16). The cell viability after the drug treat-
ments was verified by the colorimetric MTT assay (Millipore).

In HeLa cells, Baf arrests the transport of markers in early en-
dosomes, in the canonical early endosomes-to-late endosomes-
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FIG 8 Bafilomycin Al does not inhibit CVA9 infection. (A) A549 cells were
preincubated with Baf (see Table 1). After CVA9 binding, the cells were incu-
bated for 6 h in the presence of inhibitor. The proportions of infected cells
(cells producing CVA9 capsid protein at 6 h p.i.) of control (Ctrl) and inhibi-
tor-treated (Baf) cells were quantified. The experiment was repeated three
times, and the mean values are shown (* standard errors [SE]). Statistical
significance was calculated with a paired-sample ¢ test (after arcsine square
root transformation). *, P < 0.05. (B) A549 cells were preincubated with Baf,
and the cells were infected with CVA9. After 6 h, samples were prepared for
RT-PCR. The presence of genomic (+) and complementary (—) RNA strands
was analyzed with RT-PCR. The RT-PCR results are averages of three parallel
samples (= SE). Statistical significance was calculated with a paired-sample ¢
test. (C) A549 cells were pre-incubated with Baf, after which the A549 cells
were infected with CVA9 and after incubation for 1 h (for EEA1 labeling) or 2
h (for Lampl1 labeling), cells were fixed and labeled with anti-CVA9 and EEA1
or Lamp] antibodies. Quantification of colocalization of CVA9 with EEA1 and
Lampl was done from confocal projection stacks of single cells by using Bio-
ImageXD software. Thirty cells from each of the three independent experi-
ments were analyzed. The results are shown as mean values (* SE).

to-lysosomes route (39). Thus, we next tested whether Baf treat-
ment caused an accumulation of CVA9 label in early endosomes.
A549 cells were treated with Baf for 30 min prior to CVA9 binding,
after which the cells were infected with the virus; after 60 min of
incubation, the cells were fixed and labeled with CVA9 anticapsid
antibody and EEA1 antibody. As shown in Fig. 8C (EEA1 bars),
such accumulation did not occur. In addition, we studied whether
Baf treatment affected CVA9 colocalization with Lamp1. The re-
sults showed that the colocalization between CVA9 capsid protein
and Lampl labels decreased, although not in a statistically signif-
icant manner (P = 0.06).

As the Baf result described above suggested that the CVA9
entry pathway is not dependent on vesicle acidification, we
wanted to determine directly whether the endosomes used by
CVA9 are at all acidic. We started by live imaging of CVA9 with
LysoTracker green, which is used as a live probe that accumulates
in acidic structures. After CVA9 binding, capsid protein labeling,
and internalization for 1 h at 37°C, LysoTracker green was added
to the cells for 1 h at 37°C. Our earlier results (Fig. 3A) already
demonstrated that this kind of preinternalization labeling of the
virus does not inhibit the CVA9 infection rate significantly. Lyso-
Tracker green labeling showed a bright signal in a high number of
endosomes, probably representing both late endosomes and lyso-
somes (Fig. 9A). Despite the high number of acidic endosomes,
there was no apparent colocalization with CVA9-positive endo-
somes (Fig. 9B). These results thus further confirmed that CVA9
does not accumulate in acidic structures during a 3.5-h live imag-
ing period.

In order to gain more accurate information of the pHs of the
endosomes along the infectious CVA9 pathway, we performed an
intraendosomal pH measurement assay (15, 16). In the assay, a
pH-stable AF-555 conjugate and a pH-sensitive fluorescein iso-
thiocyanate (FITC) conjugate were introduced to forming CVA9-
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FIG 9 CVA9 structures are nonacidic. (A and B) After CVA9 binding, the virus
capsid was labeled (red) and the internalization was initiated by moving A549 cells
to a preheated (37°C) microscope sample stage. After 1 h, LysoTracker green was
added to the cells for 1 h. Localization of LysoTracker green- and CVA9-positive
structures was followed during CVA9 infection in live cells. Bar, 5 pm. (A) A
representative confocal projection stack image taken at 1 h 50 min p.i. Bar, 10 pum.
(B) Quantifications of colocalization of CVA9 with LysoTracker green were done
from projection stacks of single cells by using the BiolmageXD software. Alto-
gether, 60 individual cells were analyzed. (C, D, and E) A549 cells were sequentially
incubated on ice with primary and secondary antibodies to label plasma mem-
brane-bound CVA9. The secondary antibody was conjugated with pH-sensitive
FITC (fluorescein; green) and pH-resistant AF-555 (red). The internalization was
started by moving the cells to 37°C, and the cells were imaged live with a confocal
microscope. (C) The ratios between FITC and AF-555 signals with or without
CVA9 were measured from each time point and compared with the pH standard
curve. Error bars represent standard errors of three independent experiments (30
cells measured from each). (D) The pH standard curve was acquired by measuring
ratios of virus-bound dyes in the presence of different pH buffer solutions supple-
mented with nigericin. Error bars represent standard errors of three independent
experiments (30 cells measured from each). (E) Images represent single confocal
sections of cells, showing the two dyes in endosomes at pH 6.5 and 7.5 and after 1
h 20 min p.i. Bars, 5 pm.

positive endosomes. The fluorescence intensity ratio between
FITC and AF-555 was measured from internalized CVA9 vesicles
at different time points and compared against a pH standard curve
(Fig. 9D) that was prepared in the same live assay. The assay
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showed in three consecutive assays that the pH of CVA9 vesicles
stayed remarkably neutral at time points 1, 2, and 3 h p.i. (Fig. 9C).
As shown in Fig. 9E, the fluorescence signal for the fluorescein
conjugate was remarkably lower at pH 6.5 than pH 7.5. The results
thus demonstrated altogether that CVA9 does not accumulate in
acidic endosomes.

DISCUSSION

In spite of extensive molecular studies of CVA9, the structures
involved in the infectious entry and uncoating processes have re-
mained unclear. We recently reported that CVA9 does not use
clathrin- or caveolinl-associated pathways to infect A549 cells
(13). Here we have shown that CVA9 enters endosomes that grad-
ually develop into nonacidic multivesicular endosomes. These re-
sults are remarkably similar to those we observed with another
enterovirus, EV1 (15, 16), and thus suggest that these two acid-
stable enteroviruses may also bear other similarities in theur
mechanisms of internalization, uncoating, and genome release
from endosomes.

According to the results presented here, uncoating of CVA9 in
A549 cells is initiated at 30 min p.i. The major part of uncoating
takes place around 2 h, when the virus is found in MVBs, which
was confirmed by EM. The first signs of active replication
(dsRNA) were observed at 3 h p.i., and the formation of new,
infective CVA9 particles occurred after the 3-h time point. The
uncoating and replication time schedule is very similar to what we
found for EV1. In SAOS-a2 cells, the majority of EV1 uncoating
took place after 1 h (9, 40), and the increase of positive- and neg-
ative-strand viral RNA was detectable around 2 to 3 h (15, 23, 41).
Inspections of the data accumulated from other enteroviruses
suggest some further similarities, although there are clearly cell-
line-dependent differences as well. In HeLa cells, poliovirus (PV)
RNA release is rapid and efficient and begins already after 10 min
p.i. (28). On the other hand, in polarized human brain microvas-
cular endothelial cells, PV remains on the cell surface longer, as it
starts to enter the cytoplasm at 2.5 h p.i., and the uncoating takes
place after 4 h (42).

The effects of inhibitory drugs on infection showed clear sim-
ilarities with EV1 but also some interesting differences. Similar to
EV1, CVA9 infection was affected by inhibitors of PLC, Rac1, and
an Na"/H™" exchanger but, in contrast, was not affected by the
inhibitors of PI3K and Pakl. As with EV1, the effect of PLC inhi-
bition was restricted to early time points of infection (before 1 h).
We showed previously that PLC inhibition causes an arrest of EV1
and fluid-phase uptake on the plasma membrane (29). Most
probably, this is the case also with CVA9, considering that PLC
inhibition was without effect during uncoating of the virus. EIPA
has been used as one major indicator of macropinocytosis in nu-
merous virus studies. It exerts its effect already during early entry,
leaving many viruses and ligands undergoing macropinocytosis
on the plasma membrane or, as it was shown for CVA9 and EV1,
in peripheral early-type vesicles (13, 29). However, as seen from
our detailed time course studies, EIPA seems to have several in-
hibitory effects all the way through virus infection and not only
during virus entry, which makes it difficult pinpoint the point of
action. It has been shown that EIPA inhibits the intracellular rep-
lication of human rhinovirus 2 and coxsackievirus B3 (43, 44),
and in the case of human rhinovirus 2, the viral release process is
also inhibited in EIPA-treated cells. EIPA was recently shown to
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cause local changes in the Na™ and H" gradients in vesicles and
prevent Racl and Cdc42 activation (45).

The effects on Racl signaling by EIPA may actually explain
some of the unexpected results that we observed with the Racl
inhibitor at a later step for both the EIPA and Racl1 inhibitors. Our
previous results with EV1 suggested that Racl is involved during
early entry, leading to downstream Pakl activation and use of
CtBP/BARS for macropinocytic entry on the plasma membrane
(29,46). Now, with CVA9, it is clear that Racl inhibition was most
effective in the postentry, endosomal step. Furthermore, CVA9
infection was not dependent on Pakl, suggesting that early down-
stream activation of Pakl via Racl is not needed. What could be
the role of Racl in the endosomal structures? Unexpectedly, the
Racl inhibitor did not disturb the viral uncoating process, which
was verified in an NR-based uncoating assay. Racl is a small
GTPase, which plays a fundamental role in a variety of cellular
processes: actin cytoskeletal reorganization, cell transformation,
the introduction of DNA synthesis, and cell migration, to name a
few (47). Actin nucleation and polymerization have been shown
to control endosome biogenesis, even beyond the first entry step,
indicating that actin may have direct effects on cytoplasmic endo-
somes, presumably driving membrane remodeling (48). Here, our
results suggest that Racl activation is needed after the viral un-
coating process. The exact role of Racl in the endosomes during
CVA9 infection is a subject for further studies.

We were especially interested in the endosomes that accumu-
lated CVA9 during the first 2 h of infection, because the majority
of CVA9 uncoating takes place during that time period and be-
cause the production of dsRNA has not yet started in the cyto-
plasm. Several lines of evidence demonstrated that MVBs are im-
portant structures in CVA9 infection. First of all, the EM analysis
showed the majority of the CVA9-positive structures were multi-
vesicular at 2 h p.i. Furthermore, between 30 min and 2 h, the
proportion of CVA9 vesicles with ILVs increased. The most direct
evidence for the importance of the MVBs to CVA9 infection
comes from the studies with the ESCRT machinery. Both the over-
expression of the first component of this machinery, Hrs, as well as
expression of the DN mutant of the last component (Vps4) had a
strong effect on CVA9 infectivity, indicating that infection does
not occur without MVBs. This is similar to what we found for EV1
previously (15). In addition, cryo-immuno-EM showed that in
cells transfected with either WT-Hrs or DN-Vps4 (VPS4-E235Q—
GFP), CVA9 was found in endosomes without ILVs. The mecha-
nistic understanding of the possible role of ILVs in EV1 and CVA9
infections remains a subject for further studies.

Since the most studied pathway leading to MVBs is the acidic
canonical endosomal pathway (early to late endosomes and lyso-
somes), the dogma has been that the MVBs are mostly acidic.
However, we showed previously and extensively for EV1 that acid-
ity did not play a role for EV1 infection and that the MVBs used by
EV1 were close to neutral in acidity (15, 16, 29). We demonstrated
here that CVA9 does not enter the conventional acidic endosomes
and, further, that it does not require an acidic environment for
initiation of infection: (i) Baf treatment did not decrease viral
RNA or protein production, (ii) CVA9 did not colocalize with
EEA1, Lampl, internalized Dil-LDL, or Rab7, and (iii) the extents
of colocalization with these structures were not changed after the
Baf or Noc treatment. The findings are similar to what we ob-
tained for EV1 infection (16, 29, 41) but, interestingly, these re-
sults bear similarities also with PV infection. Coyne et al. (42)
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showed that vesicles containing PV, VP1, or the PV receptor did
not colocalize with EEA1, Rab7, or the late endosome marker
LAMP-II. In addition, the productive RNA release and infectivity
of PV were not dependent on the acidic environment of late en-
dosomes (28, 49-51). Moreover, endocytosis of yet another en-
terovirus, coxsackievirus B3, and its infectivity are suggested to be
independent of clathrin, caveolin, and endosomal acidification in
HeLa cells (52). Thus, it is becoming more evident that some
enteroviruses have similarities in their entry and that acidity may
not play a role in their infectious cycle.

In conclusion, based on the findings in this report, we gener-
ated a model for CVA9 internalization and intracellular CVA9
structures that are important in the infection process (Fig. 10).
CVA9 infection starts by virus uptake associated with plasma
membrane ruffles. Inhibition of PLC activity is most effective dur-
ing the earlier time points of virus uptake. Internalized CVA9 is
found in endosomes that gradually form ESCRT-driven intralu-
minal vesicles, leading to neutral MVBs. The majority of uncoat-
ing occurs around 2 h p.i., when the bulk of CVA9 is in MVBs.
Racl inhibition affects CVA9 infection in the endosomal step,
after which replication starts in the cytoplasm and leads to accu-
mulation of dsRNA structures and later newly synthesized viral
capsid proteins and infective virus particles.
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