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ABSTRACT Coxsackievirus B (CVB) is a common enterovirus that can cause various
systemic inflammatory diseases. Because CVB lacks an envelope, it has been thought Received 14 August 2017 Accepted 22
to be inherently cytolytic, wherein CVB can escape from the infected host cell only September 2017

. . Accepted manuscript posted online 4
by causing it to rupture. In recent years, however, we and others have observed that

October 2017
various naked viruses, such as CVB, can trigger the release of infectious extracellular Citation Sin J, Mcntyre L, Stotland A, Feuer R

microvesicles (EMVs) that contain viral material. This mode of cellular escape has Gottlieb RA. 2017. Coxsackievirus B escapes the
been suggested to allow the virus to be masked from the adaptive immune system. Irireeied)ealllin eadies mitejpisesoncs. .

s . . Virol 91:e01347-17. https://doi.org/10.1128/JVI
Additionally, we have previously reported that these viral EMVs have LC3, suggest- 01347-17.
ing that they originated from autophagosomes. We now report that CVB-infected Editor Terence S. Dermody, University of
cells trigger DRP1-mediated fragmentation of mitochondria, which is a precursor to Pittsburgh School of Medicine
autophagic mitochondrial elimination (mitophagy). However, rather than being Copyright © 2017 American Society for

. . .. Microbiology. All Rights Reserved.
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from the cell. We believe that CVB localizes to mitochondria, induces mitophagy, and
subsequently disseminates from the cell in an autophagosome-bound mitochondrion-
virus complex. Suppressing the mitophagy pathway in HL-1 cardiomyocytes with ei-
ther small interfering RNA (siRNA) or Mdivi-1 caused marked reduction in virus pro-
duction. The findings in this study suggest that CVB subverts mitophagy machinery
to support viral dissemination in released EMVs.
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IMPORTANCE Coxsackievirus B (CVB) can cause a number of life-threatening inflam-
matory diseases. Though CVB is well known to disseminate via cytolysis, recent re-
ports have revealed a second pathway in which CVB can become encapsulated in
host membrane components to escape the cell in an exosome-like particle. Here we
report that these membrane-bound structures derive from mitophagosomes. Block-
ing various steps in the mitophagy pathway reduced levels of intracellular and extra-
cellular virus. Not only does this study reveal a novel mechanism of picornaviral dis-
semination, but also it sheds light on new therapeutic targets to treat CVB and
potentially other picornaviral infections.
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oxsackievirus B (CVB) is a significant human pathogen that exhibits tropism toward

the central nervous system, the pancreas, and the heart. CVB can cause severe
acute inflammatory diseases, such as meningitis, pancreatitis, and myocarditis (1-8),
and infants are particularly susceptible to generalized CVB infections (9-11). CVB is a
member of the Picornaviridae family and Enterovirus genus. These viruses are nonen-
veloped and possess a positive-sense single-stranded RNA genome which encodes a
single viral polypeptide that autocleaves to form the constituents necessary to assem-
ble new virions. Due to its lack of an envelope, CVB has classically been thought to
escape the infected cell by inducing lytic cell death once the viral copy number reaches
a certain threshold and the cell succumbs to the viral burden (12-14). Though this
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mechanism allows for rapid release of viral particles, the death of the host cell both
limits replication time and leaves the naked virus susceptible to neutralizing antibodies.

Like most viruses, CVB subverts many host cellular processes to support viral
replication. Noteworthy among these hijacked pathways is macroautophagy (herein
referred to as autophagy) (15, 16). Autophagy is a degradative process by which the cell
targets damaged or unnecessary proteins and organelles to be destroyed by the
lysosome. This begins with the initiation of a double-membrane phagophore which is
thought to derive from the endoplasmic reticulum. This structure is decorated with the
protein LC3-Il, which binds to the adaptor protein p62/SQSTM1, allowing ubiquitinated
cargos to be trafficked to the phagophore. After the phagophore fully elongates and
engulfs the cargo, it is referred to as an autophagosome. The autophagosome then
fuses with the lysosome, and the activation of acidic hydrolases causes the degradation
of the contents within.

Not only is autophagy important in recycling cellular components, but also it can
also function to eliminate foreign pathogens (xenophagy). Several bacterial strains,
including Streptococcus pyogenes and Mycobacterium tuberculosis, were identified early
on as pathogens that activate autophagy and become degraded (17, 18). Xenophagic
clearance also extends to the clearance of viruses, such as Sindbis virus and herpes
simplex virus 1 (19). However, many viruses have evolved to subvert autophagy and
utilize the process to further propagate infection. The Picornaviridae family is known to
activate autophagy via viral proteins 2BC and 3A (20). Studies examining CVB in the
pancreata of infected mice revealed that CVB not only activates autophagy but also
blocks autophagic flux, which results in an accumulation of autophagosomes that
merge into large structures called megaphagosomes (16). Interestingly, the megapha-
gosomes were revealed to contain viral protein. A number of viruses have been
reported to impair autophagosome-lysosome fusion. For example, the HIV protein Nef
interacts with Beclin 1 to inhibit autophagosomal maturation and ultimately impair
fusion with the lysosome (21). Similarly, the M2 protein of influenza A virus has been
proposed to interfere with Beclin 1 and UVRAG-containing phosphatidylinositol
3-kinase (PI3K) complex to block autolysosome formation (22). Several groups have
described the importance of autophagy during the course of CVB infection. For
example, treating cells with the autophagy inhibitor 3-methyladenine results in a
significant reduction in the accumulation of viral protein following infection (23).
Another study in which the authors delivered CVB to mice with a pancreas-specific Atg5
deletion revealed that pancreatic viral titers were reduced and overall organ damage
was limited (24). We have previously shown that CVB induces the release of extracel-
lular microvesicles (EMVs) from the cell and that these structures not only contain virus
but also are enriched for autophagosome marker LC3-II (25). Consistent with these data,
other groups have observed similar structures released by other enteroviruses. Reports
have shown that poliovirus induces the formation of LC3* vesicles which contain viral
particles. These vesicles are then released from the cell as a mode of viral egress.
Electron micrographs revealed the presence of multiple virions contained within these
extracellular vesicles, which the authors demonstrated were more efficient at infecting
cells than free virions (26). As a whole, these findings reveal a link to CVB-triggered
autophagy and a cytolysis-independent mechanism for subsequent viral dissemination.

Though virally mediated autophagy has been described for some time now, more
recent work suggests that certain viruses manipulate mitochondrial dynamics and can
induce mitochondrion-specific autophagy (mitophagy) as well. For example, a study
investigating dengue virus, another RNA virus, revealed that the viral protease NS2B3
specifically cleaves mitochondrial fusion proteins Mfn1 and Mfn2 to suppress cellular
antiviral immunity (27). A study investigating hepatitis C virus (HCV) revealed that the
virus induces DRP1-mediated mitochondrial fission, a prerequisite for mitophagy (28).
Indeed, mitochondrial networks in HCV-infected Huh7 human hepatoma cells became
fragmented and were subsequently targeted to autophagosomes. These studies, cou-
pled with our evidence that CVB-induced EMVs are autophagosomal in origin, implicate
a mechanism by which CVB enters autophagosomes and subsequently disseminates
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from the host via membrane-bound vesicles. Viruses localize to the mitochondria for
numerous reasons. The mitochondrial outer membrane is the assembly site of the
mitochondrial antiviral signaling (MAVS) signalosome (29). This supramolecular assem-
bly upregulates NF-«B and interferon regulatory factor 3 (IRF-3) pathways following the
detection of double-stranded RNA. The 3CPre viral protease encoded by CVB is respon-
sible for destroying the MAVS protein and prolonging replication by suppressing
apoptosis (30). African swine fever virus (ASFV) causes mitochondria to cluster around
sites of viral replication in order to better utilize the energy produced (31). Additionally,
HCV localizes to mitochondria to alter the permeability of mitochondrial membranes to
cations, enhancing cell survival and prolonging viral replication (32-34).

In this study, we investigated the link between mitophagy and EMV-based viral
dissemination. We found that CVB associates with mitochondria and triggers mitochon-
drial fragmentation. EMVs isolated from infected cells contained not only viral protein
but also autophagosomal and mitochondrial protein. We hypothesize that CVB triggers
mitophagy and becomes engulfed within mitophagosomes. Instead of undergoing
lysosomal degradation, these virus-laden mitophagosomes are then expelled from the
cell as EMVs. We propose that in addition to traditional cytolytic viral egress,
mitophagy-derived EMVs serve as an alternative and possibly more prominent mode of
CVB dissemination.

RESULTS

Impaired autophagy results in reduced viral dissemination. As mentioned
above, many viruses, including CVB, upregulate host autophagy (15, 16); however, it is
unclear what role autophagy plays during the course of CVB infection. To explore this,
we utilized mouse embryonic fibroblasts with ATG5 knocked out (ATG5KO MEFs). ATG5
is an essential autophagy protein required for autophagosome biogenesis. We infected
ATG5KO and wild-type (WT) MEFs with an enhanced green fluorescent protein (eGFP)-
expressing CVB (eGFP-CVB) at a multiplicity of infection of 10 (MOI10). We found that
at 24 h postinfection (p.i.), WT MEFs exhibited brisk infection which was marked by
numerous detached, eGFP™ cells (Fig. 1A). ATG5KO MEFs showed much less infection
than WT MEFs at 24 h p.i. Though plaque assays on the media from these infected cells
showed no statistically significant difference in extracellular infectious virus at 8 h p.i.,
ATG5KO MEFs showed a substantial reduction in viral release by 24 h p.i. compared to
that of WT cells (Fig. 1B). Western blots revealed reduced cellular levels of viral capsid
protein VP1 by 24 h p.i. (Fig. 1C and D). These data are consistent with other reports
regarding the importance of autophagy in the propagation of CVB infection (23, 24, 35).
We next infected WT and ATG5KO MEFs with CVB expressing timer protein (timer-CVB)
to determine if new rounds of infection occur normally at a later time point (25). Timer
protein is a mutated DsRed which transitions from green to red fluorescence within 24
h after initial synthesis (36). Therefore, green fluorescence represents newly synthesized
viral protein, whereas red represents viral protein that was synthesized >24 h earlier.
We observed a heterogeneous distribution of green and red fluorescence in infected
WT MEFs at 48 h p.i., suggesting new infection was ongoing (Fig. 1E). Infected ATG5KO
MEFs, on the other hand, exclusively exhibited red fluorescence, indicating that new
rounds of infection did not occur. In all, these data illustrate that throughout the
duration of CVB infection, autophagy plays an integral role in viral egress.

Autophagy is essential for the release of virus-induced extracellular mi-
crovesicles. Having established the importance of autophagy for CVB dissemination,
we next examined specifically how autophagy promotes viral spread. Inspection of
infected WT cells at high magnification revealed EMVs budding off the surface of
infected WT cells 24 h p.i., which was consistent with previous findings for CVB and
other viruses (Fig. 2A) (25, 26, 37). Interestingly, infected ATG5KO MEFs did not produce
eGFP*™ EMVs at this time point. Next, we isolated EMVs from mock- and eGFP-CVB-
infected C2C12 skeletal myoblasts and stained them with a phycoerythrin (PE)-
conjugated antibody specific to the autophagosome marker LC3-Il. We chose C2C12
myoblasts because we have observed that these cells can be infected with high
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FIG 1 Impaired autophagy results in reduced viral dissemination. Wild-type (WT) and ATG5 knockout
(ATG5KO) mouse embryonic fibroblasts (MEFs) were infected with eGFP-expressing coxsackievirus B
(eGFP-CVB) at a multiplicity of infection of 10 (MOI10). (A) Fluorescence microscopy of infected MEFs at
8 h and 24 h postinfection (p.i.). Phase-contrast images show similar cell numbers at 24 h p.i. Scale bars
represent 200 wm. (B) Extracellular viral titers of infected cells at 8 h and 24 h p.i. as measured by plaque
assay. *, P < 0.05, Student t test; n = 3. (C) Western blots of infected cells at 0 h, 8 h, and 24 h p.i. (D)
Densitometric quantification of Western blots in panel C. A representative Western blot is shown. **, P <
0.01, Student t test; n = 3. (E) Phase-contrast and fluorescence microscopy images of MEFs infected with
timer protein-expressing CVB. Scale bars represent 30 um.

concentrations of eGFP-CVB and survive infection for several days, permitting longer
shedding of viral EMVs. We performed flow cytometry on these stained EMVs and found
that those shed from infected C2C12 myoblasts were enriched for LC3-ll, whereas the
EMVs from mock-infected cells were not (Fig. 2B). Because CVB exhibits cardiac tropism,
causing myocarditis, we next examined viral EMV release in HL-1 mouse atrial cardio-
myocytes. Western blots of EMVs from infected HL-1 cells revealed a pronounced
increase in both LC3-I and -Il compared to the levels in mock-infected cells, which was
consistent with our findings in C2C12 myoblasts (Fig. 2C). These results indicate that
CVB induces release of viral EMVs whose membranes likely originate from autophago-
somes.

CVB induces fragmentation of mitochondrial networks and subsequent EMV
release. HCV was recently reported to induce mitochondrial fission and subsequent
mitophagy (28). Knowing that CVB-induced EMVs displayed LC3, we next investigated
whether mitophagy might be specifically involved in EMV biogenesis. We used eGFP-
CVB to infect HL-1 cells expressing DsRed targeted to the mitochondrial matrix (mito-
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FIG 2 Autophagy is essential for the release of virus-induced extracellular microvesicles. WT and ATG5KO
MEFs were infected with eGFP-CVB at MOI10. (A) Merged fluorescence and phase-contrast images of
infected MEFs 24 h p.i. Scale bars represent 30 wm. Open arrows indicate blebs stemming from the
surfaces of infected cells, whereas solid arrows indicated fully detached eGFP* EMVs. (B) EMVs were
isolated from C2C12 skeletal myoblasts that were either infected with eGFP-CVB at MOI10 or mock
infected. EMVs were stained with a phycoerythrin-conjugated LC3-Il antibody and analyzed via flow
cytometry. EMVs from mock-infected cells were used for isotype control staining. (C) Western blots of
EMVs isolated from HL-1 cells infected with eGFP-CVB at MOI1.

DsRed). Whereas mitochondria in uninfected (eGFP™) cells were arranged in a typical
filamentous network, infected (eGFP™) cells showed fragmented mitochondrial net-
works (Fig. 3A). These results were reflected in area/perimeter ratio measurements of
mitochondria showing that CVB infection significantly reduced mitochondrial network
interconnectivity (Fig. 3B). We next examined whether EMVs shed from infected cells
contained both mitochondrial fragments and virus. Though eGFP is synthesized con-
currently with viral replication, individual virions are not actually associated with eGFP
molecules. Therefore, the presence of green fluorescence does not guarantee the
presence of actual virions. To address this, we immunostained eGFP-CVB-infected
mito-DsRed cells to detect VP1, which is a virion structural protein (stained in blue). We
observed distinct EMVs containing not only viral eGFP but also VP1 and mito-DsRed,
confirming simultaneous release of virions and mitochondria in EMVs (Fig. 4A and B).
Consistent with this, Western blots revealed that isolated EMVs from infected cells
contained VP1 as well as the outer mitochondrial membrane marker TOM70 (Fig. 4Q).
Furthermore, viral EMVs also contained mitochondrial fission protein DRP1. None of
these proteins were detectable in the EMVs from mock-infected controls, which likely
represent conventional exosomes. However, much like exosomes, EMVs from infected
cells contained the tetraspanin CD63 and lacked intracellular proteins, such as endo-
plasmic reticulum protein ERp72 and histone H3 (Fig. 4D). Previous reports have shown
that not only does CVB become engulfed in autophagosomes (16), but also the viral
protein 3CP |ocalizes with mitochondria (30). However, because 3CP™ is a nonstruc-
tural protein of the virion, we investigated whether VP1 could be detected within
mitochondria isolated from infected cells. Subcellular fractionation of infected cells
revealed the presence of VP1 in the mitochondrial fraction (Fig. 4E). Washing the
mitochondrial pellet did not reduce the amount of VP1 protein, which indicated that

December 2017 Volume 91 Issue 24 e01347-17

Journal of Virology

jviasm.org 5


http://jvi.asm.org

Sin et al.

A Fluorescence Thresholded
£

Mock

@ .Y
o g
4., . "
2
S 0.04 -
‘G —
o5 0.035 -
€%
6 £ 003 -
L s $
2 2 0025 -
=
= 2 002
5 = 0.015
s |
£ 0o 0.01
o N
0
= 0.005 -+
=
0 1
Mock CVB

FIG 3 CVB induces fragmentation of mitochondrial networks. HL-1 cells expressing mitochondrion-
targeted DsRed (mito-DsRed) were either infected with eGFP-CVB at MOI1 or mock infected. (A) On the
left are representative fluorescence microscopy images of a mock-infected cell or an eGFP-CVB-infected
cell 24 h p.i. Red, mitochondria; green, viral protein. On the right are thresholded images used for
quantifications in panel B. Scale bars represent 20 uwm. (B) Quantification of mitochondrial interconnec-
tivity as measured by area/perimeter ratio calculations based on thresholded images of the red channel.
$, P < 4843 X 1078, Student t test; n = 25 cells.

the virus was specifically associated with the mitochondria. To further support the idea
that CVB is associates with mitochondria, we performed submitochondrial fractionation
to separate mitoplasts (inner membrane and matrix) from the outer membrane and
intermembrane space. Interestingly, we found more VP1 in the mitoplast fraction than
in the outer membrane and intermembrane space fraction, suggesting that rather than
anchoring to the surface of mitochondria, CVB embeds itself within the organelle (Fig.
4F). These data indicate that CVB associates with mitochondria following infection,
triggers mitochondrial fragmentation (a precursor to mitophagy), and disseminates
from the cell in a mitophagosome-virus complex.

Suppressing DRP1 activity limits CVB infection. Our findings thus far revealed
that CVB infection causes fragmentation of the mitochondrial network. It is unclear if
this virally induced fission is simply a by-product of infection-mediated stress or if
mitochondrial fragmentation plays a part in viral propagation; therefore, we tested
whether blocking DRP1 could alter CVB infection. To accomplish this, we first treated
HL-1 cells with small interfering RNA (siRNA) targeting DRP1 (siDRP1) or scrambled RNA
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FIG 4 CVB-induced viral EMVs contain mitochondrial fragments. Mito-DsRed-expressing HL-1 cells were
infected with eGFP-CVB at MOI1. (A) Fluorescence microscopy images of infected cells immunostained
for VP1 24 h p.i. Scale bars represent 10 um. (B) Grayscale images from panel A. Arrows indicate EMVs
containing mito-DsRed, viral eGFP, and VP1. Images are presented in grayscale to enhance contrast of all
channels. Scale bars represent 10 um. Further-magnified colored images of EMVs indicated by top and
bottom arrows are presented to the right, accompanied by representative line profiling depicting color
composition of bottom EMV. (C) Western blots on EMVs isolated from HL-1 cells infected with eGFP-CVB
at MOI1 24 h p.i. Two separate membranes are shown. (D) Western blots of cell lysates and EMVs isolated
from infected HL-1 cells 24 h p.i. (E) Western blots of washed and nonwashed mitochondria isolated from
infected HL-1 cells 24 h p.i. (F) Western blots of cytoplasm (Cyto), outer membrane plus intermembrane
space (OM-+IMS), and mitoplast fractions from infected HL-1 cells 24 h p.i. Blots were probed for
fraction-specific markers to ensure efficient fractionation. These were Rho GDP-dissociation inhibitor 1
(Rho GDI) (cyto), cytochrome ¢ (OM+IMS), and total OXPHOS complexes (mitoplast). From largest to
smallest, the bands labeled by the total OXPHOS complex antibody cocktail are as follows: complex 5
(CV), ATP5A; CllIl, UQRC2; CIV, MTCOT; ClI, SDHB; and Cl, NDUFB8. Equal amounts of protein were loaded
into each lane.

(siSCRAMBLE) as a control. Following treatment, we infected the cells with eGFP-CVB. As
was the case when we infected ATG5KO MEFs (Fig. 1A), at 24 h p.i., fewer eGFP™ cells
were observed in cell cultures treated with siDRPT than in siSCRAMBLE controls (Fig. 5A).
In addition, extracellular viral titers were reduced by ~80% when cells were treated
with siDRP1 (Fig. 5B). Western blots confirmed efficient DRP1 silencing; strikingly, VP1
was barely detectable at 24 h p.i. in cells treated with siDRP1 (Fig. 5C and D).

Having established that silencing DRP1 could suppress viral propagation, we next
tested the antiviral potential of the specific DRP1 inhibitor Mdivi-1. This cell-permeative
drug blocks assembly of DRP1 on the mitochondria and effectively inhibits DRP1 fission
activity without impacting mitochondrial fusion (38). Consistent with our siDRP1 find-
ings, at 24 h p.i., we saw a marked reduction in eGFP* cells following Mdivi-1 treatment
and plaque assays showed a more modest, but statistically significant, reduction in
extracellular viral titers in Mdivi-1-treated cells (Fig. 6A and B). We also observed a
reduction in cellular VP1 in infected Mdivi-1-treated cells (Fig. 6C and D). Similarly,
Western blots of isolated EMVs from infected siDRP1-treated and Mdivi-1-treated HL-1
cells showed dramatic reductions in both VP1 and TOM70 (Fig. 7A and B) compared to
their respective controls, suggesting that blocking DRP1 with siRNA or Mdivi-1 dis-
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FIG 5 Silencing DRP1 limits CVB infection. HL-1 cells were treated with siRNA targeting DRPT (siDRP1) or
scrambled RNA (siSCRAMBLE) and subsequently infected with eGFP-CVB at MOI1. (A) Fluorescence
microscopy of infected HL-1 cells at 8 h and 24 h p.i. Phase-contrast images show similar cell numbers
at 24 h p.i. Scale bars represent 200 um. (B) Extracellular viral titers of infected cells at 8 h and 24 h p.i.
as measured by plaque assay. *, P < 0.05, Student t test; n = 3. (C) Western blots of infected cells at 0
h, 8 h, and 24 h p.i. (D) Densitometric quantification of Western blots in panel C. A representative Western
blot is shown. **, P < 0.01, Student t test; n = 3.

rupted EMV-mediated viral dissemination. These findings reveal a novel role for DRP1
in the biogenesis of CVB-EMVs and also highlight the antiviral capacity of Mdivi-1.

Silencing optineurin limits CVB infection. We have shown that blocking DRP1
disrupts CVB release through EMVs, and we hypothesize that this is due to impaired
induction of mitophagy. To focus more specifically on the involvement of mitophagy in
EMV-mediated viral egress, we treated cells with siRNA targeting optineurin (siOPTN)
prior to infection. Similar to p62/SQSTM, optineurin is an autophagy adaptor which
recruits LC3 to ubiquitinated substrates. Recently optineurin has been shown to be
specifically recruited to damaged mitochondria targeted for autophagic degradation
(39-41). At 24 h p.i. we observed fewer eGFP* cells in infected siOPTN-treated cultures
than in siSCRAMBLE controls (Fig. 8A), and plaque assays showed blunted release of
extracellular virus (Fig. 8B). VP1 expression was reduced in siOPTN-treated cells as
measured by Western blotting (Fig. 8C and D). Additionally, Western blots of EMVs
isolated from infected siOPTN-treated cells showed a reduction in both VP1 and TOM70
compared to the levels in EMVs from infected siSCRAMBLE-treated cells (Fig. 7C). This is
consistent with results from DRP1 inhibition experiments showing a reduction in viral
propagation and VP1 levels. We hypothesize that following virally mediated DRP1-
dependent mitochondrial fragmentation, optineurin coordinates viral escape from the
host cell by targeting CVB-associated mitochondria for mitophagy. When coupled with
previously described autophagic flux impairment (16, 26), the resultant virion-containing
mitophagosomes, in turn, get released from the cell as viral EMVs.

Blocking mitophagy suppresses viral egress predominantly by limiting release
of viral EMVs. Knowing that the disruption of mitophagy reduces EMV-based viral
dissemination and CVB infection as a whole, we next investigated how reliant CVB is on
EMV release. We compared viral titers in EMVs isolated from HL-1 cells transfected with
either siDRP1, siOPTN, or siSCRAMBLE. We then performed plaque assays to compare
infectious virus in EMV-depleted media (free virus) versus EMV pellets resuspended in
the same volume of media (EMV bound). Consistent with our earlier findings, total
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FIG 6 Mdivi-1 treatment reduces CVB infection. A 50 uM concentration of Mdivi-1 or an equal volume
of DMSO (vehicle control) was added to HL-1 cells 40 min before infection with eGFP-CVB at MOI1 (51).
Mdivi-1 was maintained in medium throughout the infection time course. (A) Fluorescence microscopy
of infected HL-1 cells at 8 h and 24 h p.i. Phase-contrast images show similar cell numbers at 24 h p.i.
Scale bars represent 200 um. (B) Extracellular viral titers of infected cells at 8 h and 24 h p.i. as measured
by plaque assay. *, P < 0.05, Student t test; n = 3. (C) Western blots of infected cells at 0 h, 8 h, and 24 h
p.i. (D) Densitometric quantification of Western blots in panel C. A representative Western blot is shown.
*, P < 0.01, Student t test; n = 3.

cumulative extracellular titers were lower following siDRPT and siOPTN treatment (Table
1). Surprisingly though, in all samples, the bulk of infectious virus was found in the EMV
fraction. Inhibiting mitochondrial fragmentation or mitophagy itself reduced EMV-
based viral release but did not appear to affect free-virus release. We also investigated
EMV release in ATG5KO MEFs. Whereas wild-type MEFs had more virus bound in EMVs,
ATG5KO MEFs had a greater proportion of free-virus, suggesting that autophagy
impairment may cause a bias toward cytolytic viral release. Interestingly, even wild-type
MEFs exhibited a substantial amount of free virus release compared to HL-1 cells, which
may shed light on differences in infection dynamics from cell type to cell type.
Blocking mitophagy does not impair viral replication. Our findings thus far
demonstrate how mitochondrial fragmentation and subsequent mitophagy are crucial
for viral egress via EMVs; however, it is not entirely clear if disruption of the mitophagy
pathway may directly impair viral replication itself. To our knowledge, proteins such as
DRP1 and optineurin have not been reported to influence viral replication machinery,
but these proteins could have alternate functions that could interface with various
aspects of cellular machinery related to viral synthesis. To determine if silencing DRP1
or optineurin could impair viral replication, we silenced Hela cells and infected them
with a low MOI, 0.01. We then examined the early hours postinfection to assess when
viral protein first appeared and if this differed among the groups. We performed these
experiments with Hela cells because they are infected very rapidly even with a low
concentration of virus; thus, they are ideal for teasing apart the early stages of
infection. VP1 was first detected 7 h p.i. regardless of siRNA treatment (siSCRAMBLE,
siDRP1, or siOPTN), indicating similar susceptibilities to viral infection and similar
rates of viral replication (Fig. 9A and B). However, by 24 h p.i, VP1 levels were
reduced in siOPTN-treated cells but minimally altered in siDRP1-treated cells (both
compared to siSCRAMBLE-treated cells) (Fig. 9C). The silencing effect of siDRP1
appeared to have declined by this time point. As for extracellular viral titers, infectious
virus in the media was first detectable at the same time point (7 h p.i.) for siSCRAMBLE,
siDRP1, and siOPTN groups (1,500, 2,000, and 1,000 PFU/m, respectively). Interestingly,
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FIG 7 Blocking mitophagy suppresses mitochondrial and viral secretion into EMVs. Shown are Western
blots of EMVs isolated from siDRPI-treated (A), Mdivi-1-treated (B), or siOPTN-treated (C) HL-1 cells
infected with eGFP-CVB at MOI1 24 h p.i. Untreated cells were given respective controls.

media collected 24 h p.i. from siDRP1- and siOPTN-treated cells contained ~80% and
~90% less infectious virus, respectively, than media from siSCRAMBLE-treated cells (Fig.
9D). It is worth noting that levels of both DRP1 and optineurin were simultaneously
reduced whether cells were transfected with siDRP1 or siOPTN. Though it is logical for
optineurin recruitment to be blunted when upstream DRP1-mediated fission is inhib-
ited, it is interesting that DRP1 levels are diminished when optineurin is silenced. This
may reflect a feedback effect that these proteins (and possibly other mitophagy
components) have on each other. Together these data demonstrate that cell infectibil-
ity and viral synthesis are preserved whether DRP1 or optineurin activity is intact;
however, viral dissemination is impaired when mitophagy is blocked, and this could
cause accumulation of virus within the cell and limit subsequent rounds of infection.

DISCUSSION

Until recently, the nonenveloped family of viruses Picornaviridae has been thought
to escape from the host cell exclusively via cytolysis. This mode of dissemination
releases free “naked” virions and renders the virus susceptible to neutralizing antibod-
ies. We were among the first groups to discover that certain nonenveloped viruses can
hijack cell membranes and disseminate within a released vesicle (25, 26, 37). In the case
of CVB, the viral EMVs are enriched for the autophagosome protein LC3-Il tethered to
the external face of the EMVs, compared to basally released vesicles. A previous study
investigating CVB infection in pancreatic acinar cells showed that the virus initiates
autophagy but inhibits autophagic flux (16). This results in an accumulation of au-
tophagosomes which eventually fuse into larger megaphagosomes. A common obser-
vation regarding the intracellular buildup of virus-induced vesicles is that these struc-
tures somehow evade lysosomal degradation (16, 26, 42). Though it is not entirely clear
how vesicular clearance is subverted, Chen et al. observed that several different
enteroviruses, including CVB, escape the cell in phosphatidylserine vesicles which may
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FIG 8 Silencing optineurin reduces CVB infection. HL-1 cells were treated with siRNA targeting optineurin
(siOPTN) or siSCRAMBLE and subsequently infected with eGFP-CVB at MOI1. (A) Fluorescence microscopy
of infected HL-1 cells at 8 h and 24 h p.i. Phase-contrast images show similar cell numbers at 24 h p.i.
Scale bars represent 200 um. (B) Extracellular viral titers of infected cells at 8 h and 24 h p.i. as measured
by plaque assay. **, P < 0.01, Student t test; n = 3. (C) Western blots of infected cells at 0 h, 8 h, and 24 h
p.i. (D) Densitometric quantification of Western blots in panel C. A representative Western blot is shown.
*, P < 0.05, Student t test; n = 3.

have bypassed lysosomal degradation because they lack the autophagosomal SNARE
protein syntaxin 17 required for lysosomal fusion (26). In the study presented here, we
have found that these vesicles contain mitochondrial fragments in addition to infec-
tious virus. Subcellular fractionation of infected cells showed that mitochondrial frac-
tions contain viral protein. Thus, we hypothesize that CVB associates with mitochondria
and induces mitophagy to gain entry into autophagosomes which the virus hijacks as
a mechanism to escape the cell. Many viruses localize to and interact with mitochon-
drial networks. For example, adenovirus piggybacks onto the mitochondrion-associated
protein p32 to translocate its genome to the nucleus (43). The enveloped hepatitis C
virus activates mitophagy, which prevents apoptosis, prolonging viral replication (28).
Similarly, the 2B protein of coxsackievirus can depolarize mitochondria, a trigger for
mitophagy (44, 45). Since mitochondria are scaffolds for the assembly of the antiviral
MAVS signalosome, the coxsackieviral protease 3CPr is adept at destroying MAVS to
prevent downstream antiviral cytokine production. However, while antiviral proteins
are present on the mitochondrial outer membrane, mitochondria also provide the ATP
needed for viral replication (46-48); therefore, many viruses rely on mitochondrial
function to establish infection. In this study, we observed that CVB causes profound
remodeling of mitochondrial networks. This is consistent with a recent report suggest-

TABLE 1 EMV-bound versus free virus in media from infected mitophagy-impaired cells

PFU of:
Cell type Free virus EMV-bound virus % EMV bound
siSCRAMBLE-transfected HL-1 cells 125,000 2,525,000 95.3
siDRP1-transfected HL-1 cells 117,500 1,350,000 92.0
siOPTN-transfected HL-1 cells 167,500 1,450,000 89.6
Wild-type MEFs 2,000,000 2,550,000 56.0
ATG5KO MEFs 1,600,000 750,000 31.9
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FIG 9 Blocking mitophagy does not impair viral replication. Hela cervical cancer cells were transfected
with either siDRP1, siOPTN, or siSCRAMBLE. Cells were then infected with eGFP-CVB at MOI0.01. Culture
media and cell lysates were isolated at various time points. (A) Western blots of infected cells at 4 h, 5 h,
6 h, 7 h, and 8 h following treatment with either siSCRAMBLE or siDRP1. (B) Western blots of infected cells
at4 h,5h,6h,7h, and 8 h following treatment with either siSCRAMBLE or siOPTN. (C) Western blots of
infected cells at 24 h p.i. following treatment with either siSCRAMBLE, siDRP1, or siOPTN. (D) Extracellular
viral titers of infected cells at 4 h, 5 h, 6 h, 7 h, 8 h, and 24 h p.i. as measured by plaque assay.

ing that hepatitis C virus (HCV) also induces mitochondrial fission following infection
(28). Kim et al. (28) showed not only that HCV triggers a DRP1-mediated fragmentation
and subsequent autophagic engulfment of mitochondria but also that this process
facilitates viral dissemination; however, it is unclear how this induction of fission results
in viral spread. A study by Feng et al. described how hepatitis A virus (another
picornavirus) induces the release of infectious exosome-like vesicles (37). This is similar
to our recent observations that CVB escapes infected cells via vesicles decorated with
the autophagosome marker LC3-Il (25). We investigated further and found that CVB
localizes to mitochondria and triggers mitochondrial fission; the fragments are pack-
aged into autophagosomes which are then hijacked, enabling virus to escape the cell
in mitophagosomes. Interestingly, the degree of reduction in PFU from the media of
autophagy/mitophagy-impaired cells was not as pronounced as the reduction of VP1 in
respective cell lysates. This is likely attributable to the ability for EMVs to harbor
multiple virions (26, 49). Therefore, even though an EMV could contain more than one
virion, it would still produce a single plaque.

The discovery that CVB relies on mitophagy to promote infection reveals another
novel therapeutic strategy to block CVB infection. We found that silencing the mito-
chondrial fission protein DRP1 dramatically suppressed CVB infection, which was
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FIG 10 Schematic of mitophagy subversion by CVB. (A) Upon infection, CVB virions localize to mito-
chondria and trigger DRP1-mediated mitochondrial fission. The resultant mitochondrial fragments
undergo autophagic engulfment. Rather than undergoing lysosomal degradation, these mitophago-
somes containing both mitochondrial components and CVB virions are instead ejected from the cell as
viral EMVs. Accumulation of mitophagosomes may also cause them to fuse together as megaphago-
somes prior to becoming released. (B) Blocking DRP1 with Mdivi-1 (or siDRP1) inhibits mitochondrial
fragmentation and subsequent initiation of mitophagy. This results in impaired EMV biogenesis, causing
CVB virions to accumulate in the cell. (C) Due to a lack in dissemination, the virus may rely more on

cytolytic cell death resulting in the release of free virions. In vivo, this mode of viral release would leave
the virus more susceptible to neutralizing antibodies.

marked by statistically significant reductions in both intracellular and extracellular virus
(Fig. 8). With this finding, we proceeded to test the antiviral potential of the DRP1
inhibitor Mdivi-1. Consistent with our DRP1-silencing study, treatment with Mdivi-1
resulted in reductions in cellular viral content and viral dissemination. Silencing of the
mitophagy adaptor optineurin also resulted in a blunting of both intracellular and
extracellular virus. When we examined EMVs from infected cells pretreated with
mitochondrial fission and mitophagy inhibitors, we found that all these treatments
inhibited viral secretion into EMVs, and we hypothesize that the mitophagy pathway
facilitates production of viral EMVs. The relative importance of cytolytic viral dissemi-
nation compared to EMV-mediated dissemination may vary according to cell type. In
the context of CVB infection in vivo, cytolysis versus EMV release may vary by tissue
type. Blocking mitophagy may cause the virus to rely more heavily on cytolysis, but this
may be beneficial in vivo, as the immune system can better recognize and dispatch
naked virions (Fig. 10). It should be noted, however, that we did not see an elevation
in free virus release upon silencing DRP1 or optineurin in vitro; therefore, blocking
mitophagy may only disrupt EMV release. In addition, blocking mitophagy did not seem
to have any bearing on initial infection and viral synthesis; therefore, a mitophagy-
impaired cell may be equally susceptible to infection, but viral secretion and subse-
quent rounds of infection would be hampered.

The effects of Mdivi-1 are already being investigated in the context of tumor
suppression and cardioprotection; thus, its efficacy as a therapeutic has already been
validated in vivo. In fact, a recent study described how Mdivi-1 could suppress CVB-
induced myocarditis in mice (50). The authors hypothesized that this was due to
preservation of mitochondrial integrity, reduced reactive oxygen species production,
and increased cell survival. However, the authors did not examine viral replication and
egress. Their findings are compatible with our hypothesis that Mdivi-1 could serve as an
antiviral drug and therefore limit viral myocarditis. We believe that our observations
regarding the protective nature of Mdivi-1 could extend beyond coxsackieviral sup-
pression; therefore, it is important to test the efficacy of the drug as well as other
mitophagy inhibitors in limiting infection caused by other RNA viruses.

MATERIALS AND METHODS

Production of recombinant coxsackievirus. The production of recombinant coxsackievirus B3
(pPMKS1) expressing protein inserts has been previously described. Briefly, an infectious CVB3 clone
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(pH 3) was engineered with a unique Sfil restriction site allowing for the insertion of foreign DNA
fragments. Enhanced green fluorescent protein (eGFP) and timer protein were amplified from expression
plasmids using sequence-specific primers with flanking Sfil sequences. PCR products were cloned into
pPMKS1 to generate eGFP-CVB and timer-CVB. Constructs were transfected into HeLa RW cells maintained
in Dulbecco’s modified Eagle’s medium (DMEM; Gibco; 11995-073), and infectious virus was produced.
Cells were then scraped, freeze-thawed three times, and centrifuged at 2,000 rpm to remove cellular
debris. Concentrations of viral stocks were determined by plaque assay.

Cell culture and treatments. Wild-type mouse embryonic fibroblasts, ATG5KO mouse embryonic
fibroblasts, C2C12 mouse skeletal myoblasts, and Hela cervical cancer cells were maintained in DMEM
growth medium consisting of DMEM supplemented with 10% fetal bovine serum (FBS; Life Technologies;
16010-159) and antibiotic/antimycotic (Life Technologies; 15240-062). HL-1 mouse atrial cardiomyocytes
were maintained in Claycomb medium (Sigma-Aldrich; 51800C) supplemented with 10% FBS, 0.1 nM
norepinephrine (Sigma-Aldrich; A0937), 2 mM L-glutamine (Thermo Fisher Scientific; 25030-081), and
antibiotic/antimycotic.

Mdivi-1 (Sigma-Aldrich; M0199) was dissolved in dimethyl sulfoxide (DMSO) at a concentration of 50
mM. HL-1 cells were treated with 50 uM Mdivi-1 (diluted in Claycomb medium) or equivalent amounts
of DMSO for 40 min prior to infection.

DRP1 siRNA (mouse [Santa Cruz Biotechnology; SC-45953] and human [Santa Cruz Biotechnology;
SC-43732]) was reconstituted by following the manufacturer-provided datasheet. HL-1 cells were trans-
fected using Effectene transfection reagent (Qiagen; B00118) by following the manufacturer’s guidelines
for reagent volumes. Forty-eight hours following transfection, the medium was refreshed and cells were
subsequently infected.

Optineurin siRNA (mouse [Santa Cruz Biotechnology; SC-39055] and human [Santa Cruz Biotechnol-
ogy; SC-39054]) was reconstituted by following the manufacturer-provided datasheet. HL-1 cells were
transfected using Effectene transfection reagent by following the manufacturer’s guidelines for reagent
volumes. Forty-eight hours following transfection, the medium was refreshed and cells were subse-
quently infected.

EMV isolation. EMVs were isolated with ExoQuick-TC (Systems Biosciences; EXOTCxxA-1) as de-
scribed previously (25). Briefly, medium was removed from infected cells and centrifuged at 3,000 X g
for 15 min to pellet cells and cell debris. Supernatant was transferred to new tube and ExoQuick-TC was
added at a 1:6 dilution. After refrigeration overnight, the mixture was centrifuged at 1,500 X g for 30 min
to pellet EMVs. The pellet was then washed in phosphate-buffered saline (PBS) and then lysed in
radioimmunoprecipitation assay (RIPA) buffer containing Tris (pH 8.0) (50 mM; Sigma-Aldrich; T1503),
NaCl (150 mM; Sigma-Aldrich; S7653), EGTA (1 mM; Sigma-Aldrich; E4884), NP-40 (1%; Sigma-Aldrich;
13021), sodium deoxycholate (0.5%; Sigma-Aldrich; D6750), SDS (0.1%; Bio-Rad Laboratories Inc.; 161-
0302), and protease inhibitors (Sigma-Aldrich; 05056489001) pH adjusted to 7.4.

Western blots. Whole-cell lysates were obtained by applying RIPA buffer directly to adherent cells and
scraping. Detached cells were pelleted from culture media and combined with the rest of the corresponding
lysate. For isolation of mitochondria, cells were scraped in mitochondrial isolation buffer containing sucrose
(250 mM; Sigma-Aldrich; 179949), EDTA (1 mM; Sigma-Aldrich; E4884), HEPES (10 mM; Sigma-Aldrich; H3375),
and protease inhibitors pH adjusted to 7.4. Cells were then mechanically disrupted by passage through a 27
1/2-gauge needle five times. Cell slurries were centrifuged at 600 X g for 5 min at 4°C. Supernatants (whole
lysate) were collected and centrifuged again at 8,000 X g for 15 min at 4°C to pellet the mitochondrial fraction
from the cytosol fraction. The mitochondrial pellet was washed twice by resuspending it in mitochondrial
isolation buffer, spinning it again at 8,000 X g for 15 min at 4°C, and resuspending it in mitochondrial isolation
buffer. To separate mitoplasts from the outer membrane and intermembrane space, isolated mitochondria
were resuspended for 10 min on ice in 4 parts hypoosmotic buffer containing sucrose (5 mM), HEPES (5 mM),
and EDTA (1 mM) pH adjusted to 7.4. One part hyperosmotic solution consisting of KCl (750 mM; Sigma-
Aldrich; P5405), HEPES (100 mM), and EDTA (1 mM) pH adjusted to 7.4 was then added. Mitochondria were
then centrifuged at 2,350 X g for 5 min at 4°C to pellet mitoplasts from the supernatant containing both outer
membrane and intermembrane space.

Proteins were quantified using bicinchoninic acid solution (Sigma-Aldrich; B9643). Equal amounts of
protein were run in 4 to 20% Tris-glycine SDS-PAGE gels (Life Technologies; EC6025) and transferred to
nitrocellulose membranes. Membranes were blocked in 5% nonfat dry milk in Tris-buffered saline with
Tween 20 (TBS-T) for 1 h at room temperature and then incubated in primary antibody diluted in 5%
nonfat dry milk overnight at 4°C. Primary antibodies used were as follows: VP1 (1:1,000; Vector
Laboratories; VP-E603), LC3 (1:1,000; Cell Signaling; 4108), TOM70 (1:1,000; Proteintech; 14528-1-AP),
DRP1 (1:1,000; Millipore; ABT 155), optineurin (1:1,000; Santa Cruz Biotechnology; SC-60013), CD63
(1:1,000; System Biosciences; EXOAB-CD63A-1), Erp72 (1:1,000; Cell Signaling; 5033), histone H3 (1:1,000;
Cell Signaling; 9715), Rho GDI (Santa Cruz Biotechnology; SC-373724), cytochrome c¢ (Santa Cruz
Biotechnology; SC-13560), and total OXPHOS complex cocktail (Abcam; ab110413).

Flow cytometry. EMVs were fixed in 4% formalin for 10 min and then stained with an LC3-Il antibody
(Cell Signaling Technology; 2775) conjugated to phycoerythrin (PE). Flow cytometry was performed on
a BD FACSAria (BD Biosciences) located in the San Diego State University Flow Cytometry Core Facility.
Data were analyzed using BD FACSDIVA software.

Measurement of mitochondrial interconnectivity. HL-1 cells expressing mitochondrion-targeted
DsRed were imaged using a Keyence BZ-9000 microscope. Images were then analyzed using ImageJ software
with “Mito-Morphology Macro” (http://imagejdocu.tudor.lu/doku.php?id=plugin:morphology:mitochondrial
_morphology_macro_plug-in:start). Pixel area/perimeter ratios were used as a measure of mitochondrial
interconnectivity.
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Statistical analysis. Statistical significance was determined using a two-tailed Student t test.

Differences were measured relative to growth medium controls. Groups were considered significantly
different if P values were less than 0.05. Error bars in figures indicate standard errors.
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