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Abstract

Several studies have provided evidence that complex relationships between autophagic and apoptotic cell death
pathways occur in cancer and virus-infected cells. Previously, we demonstrated that infection of macrophages
with Moscow strain of ectromelia virus (ECTV-MOS) induces apoptosis under in vitro and in vivo conditions.
Here, we found that autophagy was induced in RAW 264.7 cells during infection with ECTV-MOS. Silencing of
beclin 1, an autophagy-related gene, reduced the percentage of late apoptotic cells in virus-infected RAW 264.7
macrophages. Pharmacological modulation of autophagy by wortmannin (inhibitor) or rapamycin (inductor)
did not affect or cause increased apoptosis in ECTV-MOS-infected RAW 264.7 cells, respectively. Meantime,
blocking apoptosis by a pan-caspase inhibitor, Z-VAD-FMK, increased the formation of autophagosomes in
infected macrophages. Taken together, three important points arise from our study. First, autophagy may co-
occur with apoptosis in RAW 264.7 cells exposed to ECTV-MOS. Second, at later stages of infection, autophagy
may partially participate in the execution of macrophage cell death by enhancing apoptosis. Third, when
apoptosis is blocked infected macrophages undergo increased autophagy. Our results provide new information

about the relationship between autophagy and apoptosis in ECTV-MOS-infected macrophages.

Introduction

UTOPHAGY IS A MAJOR PROCESS responsible for degra-

dation of aggregated proteins and removal of damaged
organelles in animal cells. During autophagy, double-mem-
brane vesicles, termed autophagosomes, surround substrates
for degradation and transport them to the lysosomes where
they are digested. Autophagy (macroautophagy) is regulated
by a network of autophagy-related (Atg) proteins that are
responsible for autophagosome generation, elongation, mat-
uration, and recycling. Atg proteins are divided into four
functional groups, which are involved in regulation of au-
tophagy at different stages (34). The first group, including a
protein serine/threonine kinase complex (Atgl, Atgl3,
Atgl7), regulates an early stage of autophagy by initiation of
autophagosome formation and responds to upstream signals
such as the target of rapamycin (TOR) kinase. The second
group, containing a lipid kinase signaling complex (Atg6,
Atgl4, Vps34, and Vpsl5), mediates autophagosome nucle-
ation that is driven by phosphatidylinositol (PI) phosphory-

lation (33,34). Beclin 1 (Bcl-2-interacting protein 1), which is a
mammalian homolog of yeast Atg6/Vps30, is a key protein of
the autophagy signaling pathway and participates in assem-
bly of the PI-3-kinase class 3 (PI3KC3) complex during the
early step of vesicle nucleation (28). The third group of Atg
proteins involves two ubiquitin-like conjugation systems (the
Atg8 and Atg12 systems) and is required for autophagosome
expansion and completion. Microtubule-associated protein 1
light chain 3 (LC3) is the mammalian ortholog of yeast Atg8
that functions in the elongation of the phagophore membrane
(54). The last group involves a retrieval pathway (Atg2, Atg9,
and Atg18), which is required for disassembly of Atg proteins
from matured autophagosomes (33,34).

Autophagy protects cells from different types of stress and
does not necessarily induce cell death, but on the other side
may contribute to cell death (type II programmed cell death,
PCD 1I, referred to as autophagic cell death). The engage-
ment of autophagy in cell death regulation is observed under
physiological and pathophysiological conditions (34). Au-
tophagic cell death is distinct from apoptosis (type I PCD)
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and occurs independently of caspase activity and may be
induced when apoptosis pathway is inhibited (13,57). In
contrast to apoptosis, during autophagic cell death early
degradation of cytoplasmic organelles and preservation of
cytoskeletal elements until late stages are observed (34).

The functional relationship between autophagic and apo-
ptotic pathways is complex, because both processes share
common inducers, components, and can regulate the activity
of each other (10,13,39). Depending on the cell type, stimulus
and environmental conditions autophagy can support apo-
ptosis in cell death induction or may assist apoptotic pro-
gram without leading to cell death. On the other hand,
autophagy may attenuate apoptosis and provide a protective
mechanism from cell death execution (13).

A direct link between autophagy and apoptosis was rec-
ognized by common regulatory mechanisms shared by both
pathways. It has been shown that several inducers of apo-
ptosis such as etoposide, ceramide, or activation of the
TRAIL receptor-2 can simultaneously activate autophagy
(13). Further, reactive oxygen species (ROS) regulate both
apoptosis and autophagy by favoring mitochondrial outer
membrane permeabilization (MOMP) and inhibition of the
cleavage activity of Atg4 during nutrient starvation, respec-
tively (49). An increase in free cytosolic Ca®* is a pro-
apoptotic signal and is believed to induce autophagy
through mammalian TOR (mTOR) inhibition (21). The best-
known tumor suppressor, p53 transcription factor, reveals its
anticancer properties by activation of apoptosis, but it also
may promote cell survival by induction of autophagy (51).
However, the most important common pathway regulating
both processes depends on the Bcl-2 homology 3 (BH3) do-
main only proteins, which belong to the Bcl-2 family. Those
proteins can interact via BH3 domain with the multidomain
Bcl-2 family members and inhibit their anti-apoptotic (Bcl-2,
Bcl-xL) or promote their pro-apoptotic (Bax, Bak) functions
(39). Meanwhile, autophagy induction by Bcl-2 family
members is based on their interactions with Beclin 1, another
BH3-domain only protein. Beclin 1 reacts with anti-apoptotic
Bcl-2 or Bel-xL proteins, preventing the assembly of auto-
phagosomes and ultimately inhibiting autophagy. BH3
mimetic compounds, such as (-)-gossypol, obatoclax, and
ABT-737, as well as Bad, another BH3-only protein, com-
pletely disrupt the interactions of Beclin 1 with Bcl-2 or Bcl-
xL, thus allowing the stimulation of autophagy (39,40).

Much of our current understanding of crosstalk between
autophagy and apoptosis comes from studies on cancer cells,
because targeting the mechanisms of cell death pathways in
these cells creates new opportunities for the design of effec-
tive antitumor chemotherapeutics (2,6,36). Despite the in-
creasing number of reports showing strategies of viruses to
induce, inhibit, or modulate autophagic and apoptotic cell
death pathways to benefit their survival (11,17,19,44,57), still
the relationships between those two processes during viral
infections are not fully understood.

Ectromelia virus (ECTV) causes a generalized infection,
termed mousepox, in its natural host, the mouse. Together
with variola virus (VARV), vaccinia virus (VACV), and
cowpox virus (CPXV) belongs to the family Poxviridae, genus
Orthopoxvirus. Mousepox model is used extensively to study
viral immunology, genetic resistance to disease, and patho-
genesis of smallpox and other generalized viral infections
(5,9,38,/41). Our previous investigations (9,30,41,42) have

323

demonstrated that the virulent Moscow strain of ECTV
(ECTV-MOS) induces apoptosis and autophagy in in vitro
and in vivo conditions. Caspase-3- and caspase-7-dependent
apoptosis was shown to regulate the resolution of ECTV-
MOS infection (30). Induction of autophagy was demon-
strated not to be required for the life-cycle of another
orthopoxvirus—VACV (59). VACV replicated and matu-
rated indistinguishably in the autophagy-deficient cell lines,
the atg5’/’ murine embryonic fibroblasts (MEFs) and the
beclin 17~ embryonic stem (ES) cells, as compared to in their
isogenic wild-type (WT) counterpart cells (59).

The crosstalk between autophagy and apoptosis during
ECTV-MOS infection has not yet been investigated and,
therefore, the present study was undertaken with the aim of
determining the above relationships. Because ECTV-MOS
induces apoptosis in macrophages during late stages of in-
fection (9), we first assessed the ability of ECTV-MOS to
initiate autophagy in macrophages during its entire replica-
tion cycle. Second, we determined the effect of autophagy
inhibitors or activators on ECTV-MOS-induced apoptosis in
RAW 264.7 cells. And finally, we tested how modulation of
apoptosis influences autophagy in ECTV-MOS-infected
macrophages.

Materials and Methods
Cell culture

Mouse leukemic monocyte/macrophage RAW 264.7 (TIB-
71) cell line was obtained from the American Type Culture
Collection (Manassas, VA, USA). Cells were cultured in
RPMI 1640 medium with Glutamax-I (Gibco BRL, Grand
Island, NY, USA) supplemented with 10% fetal bovine serum
(FBS; Sigma-Aldrich, St. Louis, MO, USA) and 1% antibiotic-
antimycotic (100 U/mL penicillin, 100 ug/mL streptomycin,
250 ng/mL amfotericin-B) (Sigma-Aldrich) at 37°C in a hu-
midified atmosphere with 5% CO, in air.

Virus

Highly infectious ECTV-MOS (ATCC 1374) was propa-
gated and titrated by plaque-forming units (PFU) method
in Vero cells (ATCC CCL-81). Virus stocks were stored in
aliquots at —80°C until used. Infection of RAW 264.7 cells
with ECTV-MOS was carried out at the multiplicity of in-
fection (MOI) 5 in RPMI 1640 medium supplemented
with 1% antibiotic-antimycotic (without FBS). After 45 min
incubation at 37°C in a humidified 5% CO, atmosphere,
medium was replaced by fresh culture medium supple-
mented with 2% FBS. After 2, 4, 6, 12, 18, and 24 hpi, cells
were harvested for further experiments. Control cul-
tures were identically processed but not infected with
ECTV-MOS.

Pharmacological cell treatment

To inhibit autophagy, uninfected RAW 264.7 macro-
phages were treated for 2 h with wortmannin (wort; Sigma-
Aldrich) at a final concentration of 0.1 ug/mL. To induce
autophagy, cells were treated with 50nM rapamycin (rapa;
Sigma-Aldrich) for 30min. For apoptosis inhibition, RAW
264.7 cells were exposed to a general caspase inhibitor N-
benzyloxycarbonyl-Val-Ala-Asp-fluoromethyl  ketone (Z-
VAD-FMK) (Sigma-Aldrich) in a concentration of 20 uM.
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siRNA knockdown of Beclin 1

Expression of Beclin 1 in RAW 264.7 macrophages was
inhibited by BECN1 small interfering (si)RNA (Santa Cruz
Biotechnology, Inc., Santa Cruz, CA, USA) according to the
manufacturer’s instructions. Briefly, 6 uL. siRNA transfection
reagent (Santa Cruz Biotechnology, Inc.) and 60 pmol siRNA
were separately diluted in 100 uL siRNA transfection me-
dium. The diluted siRNA solution was mixed with the di-
luted transfection reagent, incubated at room temperature
for 30 min, and added to a 6-well plate seeded with 2 x 10°
RAW 264.7 cells in 0.8 mL transfection medium. After 6h,
fresh culture medium containing 20% FBS was added and
cells were incubated for an additional 18h. Cells were in-
fected with ECTV-MOS 24 h after transfection and collected
at 18 hpi for immunoblot or flow cytometric analysis.

Protein preparation and Western blot analysis

RAW 264.7 cells were lysed using a mammalian cell lysis
kit (MCL1; Sigma-Aldrich). Protein concentration of cell ly-
sates was determined by bicinchoninic acid (BCA) assay
(QuantiPRO BCA Assay Kit; Sigma-Aldrich) according to the
manufacturer’s instructions. Next, proteins were separated
using sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE). 12% or 15% polyacrylamide gels were
used to resolve Beclin 1 (60kDa) or LC3 (16 and 18 kDa),
respectively. f-actin (42kDa) was used as a protein loading
control. After electrophoresis at 80V for 2.5h, protein bands
were transferred onto polyvinylidene fluoride (PVDF)
membrane at 70V for 60min in cold transfer buffer. The
membranes were blocked for 1h in 5% non-fat dry milk in
TBST (Tris-buffered saline with Tween 20). After blocking,
membranes were incubated with primary antibodies (Abs)
overnight at 4°C as follows: rabbit anti-LC3 (1:1000; Sigma-
Aldrich), rabbit anti-Beclin 1 (1:1000; Sigma-Aldrich), rabbit
anti-ECTV-MOS (1:2000) (3), or mouse anti-f-actin (1:5000;
Sigma-Aldrich). Next, membranes were rinsed in TBST and
incubated for 1h at room temperature with secondary Abs
conjugated with horseradish peroxidase (HRP), goat anti-
rabbit-HRP (1:50000; Sigma-Aldrich), or rabbit anti-mouse-
HRP (1:50000; Sigma-Aldrich). The peroxidase activity was
detected using chemiluminescent peroxidase substrate-1
(CPS-1; Sigma-Aldrich) according to the manufacturer’s in-
structions, and then the membranes were exposed to X-ray
film (Kodak, Rochester, NY, USA). Quantification of the
bands from the immunoblots was performed using com-
puterized densitometry (KODAK Image Station 4000MM
Digital Imaging System, Rochester, NY, USA).

Immunofluorescent staining

Intracellular detection of proteins was performed with
Cytofix/Cytoperm kit (BD Biosciences, San Jose, CA, USA)
in accordance with the manufacturer’s instructions. Briefly,
control or ECTV-MOS-infected cells cultured on microscopic
slides were fixed and permeabilized with Cytofix/Cytoperm
(BD Biosciences) for 25 min on ice and then covered with 1%
bovine serum albumin (BSA; Sigma-Aldrich) for 30min.
Next, slides were incubated for 1h on ice with primary Abs
(rabbit anti-LC3 or rabbit anti-Beclin 1) diluted 1:200 in Perm
Wash solution (BD Biosciences). After washing, cells were
incubated for 1h on ice with goat anti-rabbit-FITC antibody
(Sigma-Aldrich) diluted 1:500 in Perm Wash. In some ex-
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periments, ECTV-MOS antigens were stained intracellularly
with rabbit polyclonal Abs conjugated with FITC, obtained
as previously described (3). After staining, cells were post-
fixed with 2% paraformaldehyde (PFA, Sigma-Aldrich) in
phosphate-buffered saline (PBS). Nuclear or viral DNA were
stained with 4’,6’-diamidino-2-phenylindole (DAPI; Vector
Labs, Burlingame, CA, USA). Imaging was performed using
confocal microscope (Olympus FV1000, Tokyo, Japan) or
fluorescence microscope (Olympus BX60) equipped with
Color View III cooled CCD camera and Cell*F software
(Olympus).

Autophagic vacuoles labeling with
monodansylcadaverine (MDC)

RAW 264.7 cells grown on coverslips were incubated with
100nM MDC (Sigma-Aldrich) in RPMI 1640 at 37°C for 1h.
After incubation, cells were washed three times with PBS,
fixed with 2% PFA in PBS, and analyzed by Olympus BX60
fluorescence microscope using UV filter for DAPI (excitation
filter: 330-385 nm, barrier filter: 420 nm).

Acidic compartments labeling with Lysotracker

Acidic compartments in control or ECTV-MOS-infected
RAW 264.7 macrophages grown on coverslips were labeled
with 1 uM Lysotracker Red (Invitrogen, Carlsbad, CA, USA)
in PBS for 2min at room temperature (RT). After washing
with PBS, cells were fixed with 2% PFA in PBS. Cells were
analyzed by Olympus BX60 fluorescence microscope using
filters for rhodamine (excitation filter: 520-550 nm, barrier
filter: 580 nm).

Apoptosis measurement by flow cytometry

Apoptosis was measured by Annexin V-FITC apoptosis
detection kit (Sigma-Aldrich) according to the manufactur-
er’s protocol. The percentage of apoptotic cells was deter-
mined using FACSCalibur flow cytometer equipped with
CellQuest software (Becton-Dickinson, San Jose, CA, USA).

Statistical analysis

All quantitative data are expressed as mean+SD from at
least three independent experiments. Western blot experiments
were analyzed using Mann-Whitney U test, and Student’s t test
was used for flow cytometric analysis. Significance was as-
sessed at p<0.05. All analyses were performed with Statistica
6.0 software (Statsoft Inc., Tulsa, OK, USA).

Results

RAW 264.7 macrophages are permissive
to ECTV-MOS infection

First, we assessed whether ectromelia virus is able to infect
RAW 264.7 macrophages, which are typical antigen pre-
senting cells (APCs). Cells were infected with ECTV-MOS at
a multiplicity of 5 per cell. Such MOI infected at least 99% of
cells in culture as predicted by the Poisson distribution (52).
Duration of infection (18 hpi) was chosen on the basis of
earlier studies of VACV, myxoma virus, and ECTV replica-
tion cycle. At this time point, virus-induced morphological
and functional changes of cells are well observed (3,30). Viral
proteins were detected in whole cell lysate by Western blot
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assay. After 18 hpi in RAW 264.7 cells, the amount of viral
proteins was at a comparable level to that observed in per-
missive L929 fibroblasts (Fig. 1a). In control uninfected RAW
264.7 and 1929 cells, no viral proteins were detected. As
revealed by fluorescence microscopy, at 18 hpi macrophages
displayed changed morphology with long projections (Fig.
1b). Within the cytoplasm, many viral particles were de-
tected by co-localization of pAb anti-ECTV-FITC and DAPI,
which also binds to viral DNA (Fig. 1b).

Autophagy is induced in RAW 264.7 cells
during ECTV-MOS replication cycle

Western blot assay was used to determine the expression
of LC3-II and Beclin 1 in control and ECTV-MOS-infected
RAW 264.7 macrophages. LC3 proteins were separated on
15% polyacrylamide gel to obtain LC3-I (18 kDa) and LC3-II
(16kDa) protein bands. Levels of LC3-II (autophagosomal

a L929
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marker) and Beclin 1 (60 kDa) were measured relative to f-
actin (42kDa) loading control. An increase in LC3-II protein
level was observed during the whole replication of ECTV-
MOS in RAW 264.7 cells starting from 2 hpi (Fig. 2a and 2b).
Quantitative analysis of LC3-II relative to f-actin revealed 3-
fold increase in LC3-II expression in cells as soon as 2hpi
with ECTV-MOS compared to control uninfected macro-
phages (p=0.009). The highest increase in LC3-II expression
was observed during later stages of ECTV-MOS replication:
7-fold (p=0.009), 5.5-fold (p=0.009), and 8-fold (p=0.009) at
12, 18, and 24 hpi, respectively (Fig. 2b). The protein content
of Beclin 1 remained unchanged in RAW 264.7 cells during
the course of ECTV-MOS replication (Fig. 2a and 2b).

To support the data described in Figure 2a and 2b, we
performed microscopic analysis of LC3-II distribution in
RAW 264.7 macrophages infected with ECTV-MOS. At
18 hpi, distribution of LC3 protein changed within the
cytoplasm—from diffuse localization to punctate aggregates,

RAW 264.7

18 hpi -

ECTV-MOS

B-actin

control

18 hpi

FIG. 1.

DAPI

Merged

Detection of ECTV-MOS antigens in cultured cells. (a) Western blot analysis of

the viral protein content in mock-infected (control) or ECTV-MOS-infected L929 and RAW
264.7 cells at 18hpi. Viral antigens were detected using primary rabbit pAbs against
ECTV-MOS and secondary goat anti-rabbit Abs conjugated with HRP. Equal loading of
protein extract was confirmed by f-actin. (b) Fluorescence microscopy analysis of virus
distribution in mock-infected and ECTV-MOS-infected RAW 264.7 macrophages at 18 hpi.
Uninfected RAW 264.7 cells stained for ECTV-MOS are shown as a specificity control.
Virus-infected cells show co-localization of viral DNA stained by DAPI with ECTV-MOS
antigens indicated by arrows. Analyses were performed using fluorescence microscope

(Olympus BX60). Scale bars: 30 ym.
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FIG. 2. Quantitative analysis of LC3-II and Beclin 1 expression in RAW 264.7
macrophages during ECTV-MOS replication cycle. (a) Representative Western blot
analysis of LC3-I (18kDa), LC3-II (16kDa), Beclin 1 (60kDa), and f-actin (42kDa)
expression in mock-infected (ctrl) and ECTV-MOS-infected cells at 2, 4, 6, 12, 18, and
24 hpi. (b) Quantitative measurement of LC3-II and Beclin 1 proteins in macrophages
during ECTV-MOS infection. Amounts of proteins were normalized to f-actin (served
as a control for protein loading) and are relative to amounts in control cells. The
values are presented as mean+SD from 4 to 5 independent experiments. Significant
differences in LC3-II and Beclin 1 levels between control and ECTV-MOS-infected
cells are shown by asterisks (Mann-Whitney U test, *p <0.05, **p <0.01 vs control).

what may correspond to the protein association with au-
tophagosomal membranes (Fig. 3a). For microscopic analysis
of autophagy we used fluorescent dyes that have affinity for
acidic organelles. Within RAW 264.7 macrophages at 18 hpi
with ECTV-MOS we observed an increase in accumulation of
granular structures of high MDC fluorescence intensity (Fig.
3b) and Lysotracker-positive acidified vacuoles (Fig. 3c),
compared to uninfected control cells.

Intracellular distribution of Beclin 1 in control and infected
RAW 264.7 macrophages varied as revealed by fluorescence
microscopy (Fig. 3d). The spatial distribution of Beclin 1
changed from a uniform intracellular distribution in unin-

fected cells to strongly co-localized with the extranuclear
virus replication centers in infected RAW 264.7 cells (Fig. 3d).
This result suggests that Beclin 1 may be involved in ECTV-
MOS replication; however, further studies are needed to
confirm this statement.

Decreased level of late apoptosis in beclin
1-knockdown RAW 264.7 cells infected
with ECTV-MOS

To assess the role of autophagy in regulation of apoptosis
and/or its interaction with type I cell death we impaired the
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FIG. 3. Induction of autophagy in ECTV-MOS-infected RAW 264.7 macrophages. (a)
Distribution of LC3 protein in mock-infected (control) and ECTV-MOS infected cells at
18 hpi. Punctate aggregates of LC3 protein are indicated by arrows. Cellular nuclei and
viral DNA were counterstained by DAPIL (b) Increased formation of MDC-positive
vesicular structures (arrows) in ECTV-MOS infected macrophages. Mock- or virus-
infected RAW 264.7 cells at 18 hpi were treated with 100nM MDC in culture medium
for 1h at 37°C and fixed with 2% PFA. (c) Generation of Lysotracker-positive acidified
vacuoles (arrows) in ECTV-MOS-infected cells. Control and infected macrophages at
18 hpi were incubated with 1 uM Lysotracker Red in PBS for 2min at RT and fixed with
2% PFA. (d) Beclin 1 and cellular nuclei and viral DNA distribution in uninfected and
ECTV-MOS-infected RAW 264.7 cells at 18 hpi. The co-localization of Beclin 1 with viral
DNA is indicated by arrows. All analyses were conducted under a fluorescence micro-
scope (Olympus BX60). Scale bars: 30 ym.
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autophagy process using RNA interference for beclin 1. Efficiency
of beclin 1 silencing was confirmed by Western blot analysis (Fig.
4a). Densitometric analysis of protein bands revealed that in
RAW 264.7 cells beclin 1, siRNA reduced the Beclin 1 protein level
by approximately 80% compared to untreated WT and control
RNAi-treated RAW 264.7 cells (Fig. 4b). The percentage of early
and late apoptotic cells was determined in uninfected control
siRNA treated RAW 264.7 cells (ctrl-siRNA), RAW 264.7 mac-
rophages with downregulation of Beclin 1 mediated by siRNA

interference (siBecn 1), ECTV-MOS-infected control siRNA-
transfected RAW 264.7 cells (ctrl-siRNA/ECTV), and ECTV-
MOS-infected siBecn 1-transfected RAW 264.7 cells (siBecn 1/
ECTV). Statistical analysis of the percentage of early apoptotic
cells did not reveal any significant changes between ECTV-MOS-
infected ctrl-siRNA at 18 hpi and uninfected ctrl-siRNA cells or
ECTV-MOS-infected siBecn 1 cells and uninfected siBecn 1 cells
(Fig. 4c). Meantime, the percentage of late apoptotic/necrotic
cells significantly (p=0.0001) increased in infected control and
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FIG. 4. Silencing of beclin 1 by siRNA leads to reduced apoptosis level in ECTV-MOS-
infected RAW 264.7 cells. (a) Western blot analysis of Beclin 1 (62 kDa) levels in untreated
control cells (ctrl), control RNAi-treated cells (ctrl-siRNA), and beclin 1-silenced cells (si-
Becn 1). The f-actin (42kDa) control was used to confirm equal loading of protein. (b)
Quantitative measurement of Beclin 1 protein in ctrl, ctrl-siRNA, and siBecn 1 RAW 264.7
cells. Amount of protein was normalized to f-actin and is relative to amount in control
cells. (c) Percentage of early and late apoptotic cells in uninfected and infected control
RNAi-treated RAW 264.7 cells (ctrl-siRNA and ctrl-siRNA/ECTV, respectively) and in
uninfected and infected RAW 264.7 cells after treatment with siRNA for beclin 1 transcript
(siBeen 1 and siBeen 1/ECTV, respectively). RAW 264.7 cells were transfected prior to
ECTV-MOS infection and 18 hpi apoptosis was evaluated with the Annexin V-FITC ap-
optosis detection kit and flow cytometry. (d) Representative dot plots showing the per-
centage of early (Annexin V positive, PI negative) and late (Annexin V positive, PI
positive) apoptotic cells. Numbers within quadrants represent the percentage of positive
cells for a given marker. The values are presented as the mean+SD from 4 independent
experiments. Statistical significance is indicated by asterisks (Student’s ¢ test or Mann-

Whitney U test, *p<0.05, *p<0.01).

infected siBecn 1 macrophages at 18 hpi with ECTV-MOS as
compared to uninfected control and uninfected siBecn 1 cells,
respectively (Fig. 4a and 4d). Moreover, at 18 hpi with ECTV-
MOS a statistically significant (p=0.0307) decrease in the per-
centage of late apoptotic/necrotic cells was observed in infected
Beclin 1 siRNA-transfected RAW 264.7 cells compared to infected
control macrophages (Fig. 4c and 4d). Our results suggest that
Beclin 1 participates in regulation of apoptosis during the later
stages of ECTV-MOS life cycle in RAW 264.7 macrophages.

Level of apoptosis in ECTV-MOS infected
macrophages after pharmacological modulation
of autophagy

To support our beclinl siRNA data, we pharmacologi-
cally modulated autophagy with wortmannin (inhibitor) or
rapamycin (inductor). First, we established the correspond-
ing concentrations of compounds, which on the one hand
were not cytotoxic to macrophages, and on the other hand
could modulate the process of autophagy (data not shown).

After 2h treatment of RAW 264.7 cells with 0.1 ug/mL of
wortmannin, the LC3-II/ f-actin ratio decreased compared to
untreated cells, as shown by Western blot assay (Fig. 5a and
5b). Cells treated with 50 nM rapamyecin for 30 min exhibited
increased autophagosome formation as revealed by punctate
MDC labeling (Fig. 5c).

After pharmacological treatment, macrophages were in-
fected with ECTV-MOS and after 18 h the percentage of early
and late apoptotic cells was quantified by Annexin V and
propidium iodide (PI) staining and flow cytometry. The
percentage of early apoptotic cells did not significantly
change, neither in uninfected and infected RAW 264 cells nor
uninfected and infected cells treated with pharmacological
modulators of autophagy (Fig. 5d and 5e). However, statis-
tically significant (p=0.0001) increase in percentage of late
apoptotic/necrotic cells was observed in all experimental
culture systems exposed to ECTV-MOS compared to equiv-
alent uninfected systems (Fig. 5d and 5e). Moreover,
macrophages treated with rapamycin and infected with
ECTV-MOS displayed significantly increased percentage of
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FIG. 5. Effects of wortmannin and rapamycin on ECTV-MOS-induced
apoptosis in RAW 264.7 cells. (a) Western blot analysis of LC3-I (18 kDa)
and LC3-II (16 kDa) expression in untreated WT cells and cells treated for
2h with wortmannin at a final concentration of 0.1 ug/mL. The f-actin
(42kDa) was used as a loading control. (b) Quantitative analysis of LC3-II
level in control WT cells and wortmannin-treated cells. Amount of protein
was normalized to f-actin and is relative to amount in control cells. (c)
Fluorescence microscopy detection of MDC-positive cytoplasmic structures
(indicated by arrows) in untreated control cells and cells incubated for 30 min
with 50 nM rapamyecin. (d) The percentage of early and late apoptotic cells in
mock- or ECTV-MOS-infected WT, wortmannin- or rapamycin-treated
RAW 264.7 macrophages. Cells were incubated with pharmacological
modulators of autophagy prior to ECTV-MOS infection and 18 hpi apoptosis
was assessed using Annexin V-FITC apoptosis detection kit followed by
flow cytometry. (e) Representative dot plots showing the percentage of early
(Annexin V positive, PI negative) and late (Annexin V positive, PI positive)
apoptotic cells. Numbers correspond to the percentage of positive cells in the
given quadrant. The values are presented as the mean+SD from 4 to 6
independent experiments. Statistically significant differences are indicated
by asterisks (Student’s t test or Mann-Whitney U test, *p<0.05, **p<0.01).
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Inhibition of apoptosis by Z-VAD-FMK increases the level of autophagy in ECTV-

MOS-infected RAW 264.7 macrophages. RAW 264.7 cells were infected with ECTV-MOS
and treated in parallel with 20 yM Z-VAD-FMK or left untreated. After 18 h of incubation,
the expression of LC3 was analyzed by Western blot and fluorescence microscopy. (a)
Western blot analysis of LC3-I (16kDa) and LC3-II (18kDa) expression in ECTV-MOS-
infected WT and Z-VAD-FMK-treated cells. The f-actin (42kDa) served as a loading con-
trol. (b) Quantitative analysis of LC3-II level in WT and Z-VAD-FMK-treated cells infected
with ECTV-MOS. Amount of LC3-II was normalized to f-actin and is relative to amount in
ECTV-MOS-infected WT cells. (c¢) Fluorescence microscopy analysis of LC3 expression in
WT and Z-VAD-FMK-treated cells at 18 hpi with ECTV-MOS. Nuclear and viral DNA was
stained with DAPI. LC3 aggregation is indicated by arrows. Scale bars: 30 um. (d) Quanti-
fication of number of LC3 puncta per cell. The average number of LC3 puncta/cell was
counted from>100 cells per experimental condition. All results are the means+SD from 3
independent experiments. Statistically significant differences are indicated by asterisks
(Student’s t test or Mann—Whitney U test, *p <0.05, **p <0.01).

late apoptotic/necrotic cells compared to infected untreated
RAW 264.7 cells (p=0.0004) or infected wortmannin-treated
RAW 264.7 (p=0.0001) macrophages (Fig. 5d and 5e). Re-
sults suggest that apoptosis induced during ECTV-MOS in-
fection is partially regulated by autophagy/autophagic cell
death.

Inhibition of apoptosis promotes autophagy is RAW
264.7 macrophages infected with ECTV-MOS

Our next question concerned the role of apoptosis in
regulation of autophagy during ECTV-MOS replication. To
block apoptosis we used Z-VAD-FMK, a commonly used
caspase inhibitor. Infected RAW 264.7 macrophages treated
with caspase inhibitor showed increased LC3-II/ f-actin ratio
compared to RAW 264.7 macrophages infected with ECTV-
MOS only (Fig. 6a and 6b). Moreover, fluorescence micros-
copy analysis revealed enhanced formation of punctate
aggregates of LC3 protein in ECTV-MOS-infected cells ex-
posed to Z-VAD-FMK (Fig. 6¢). Statistical analysis showed a
significant increase in number of LC3 puncta per cell in
group of infected WT cells compared to uninfected WT cells

(p=0.0005), infected Z-VAD-FMK-treated cells compared
to uninfected Z-VAD-FMK-treated cells (p=0.0009) and in-
fected Z-VAD-FMK-treated cells compared to infected WT
cells (p=0.0306) (Fig. 6d). There were no significant differ-
ences in number of LC3 aggregates per cell between unin-
fected WT and Z-VAD-FMK-treated cells (Fig. 6d). Our data
indicate that ectromelia virus infection increases autophagy
in macrophages when apoptosis is inhibited.

Discussion

In addition to the physiological role of autophagy in pro-
viding nutrients during starvation period, autophagy also
represents two opposing mechanisms by which cell death or
cell survival can be induced. A problem in the explicit eval-
uation of autophagy arises from its dual role in the develop-
ment of diseases (such as cancer, neurodegeneration, muscular
disorder) and in the maintenance of homeostasis (1,33). Be-
cause autophagy is involved in a number of intracellular cell
signaling pathways, it is extremely difficult to assess its role
unambiguously in these two processes. Moreover, reliable
methods for its evaluation are still under development.
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In the present study, autophagy in ECTV-MOS-infected
macrophages was analyzed quantitatively by densitomertic
measurement of the ratio of LC3-II to f-actin bands obtained
by Western blot assay. The LC3-II isoform binds to autop-
hagosome membranes and its amount is positively corre-
lated with the level of autophagosome formation (26).
Western blot analysis of LC3 expression was supported by
fluorescence microscopy assessment of LC3 distribution
within the cell cytoplasm where LC3 was visualized as
punctate structures representing autophagosomes (43).
Moreover, we used additional methods such as MDC and
Lysotracker staining to evaluate autophagy during ECTV-
MOS replication in macrophages. Although MDC and
Lysotracker have been shown to have higher affinity for
lysosomes and cannot be used as a specific autophagosomes
indicators (43), those dyes are still widely used as a com-
plementary methods for autophagy monitoring (7,29,31,46).

As previously mentioned, initial in vitro studies focused on
determination of autophagy extent in RAW 264.7 macro-
phages during the course of ECTV-MOS infection. ECTV-
MOS is able to replicate productively in RAW 264.7 cells
(Fig. 1). Autophagy was present in macrophages between 2—
24 hpi as revealed by increased level of LC3-1I protein (Fig.
2). Induction of autophagy was also confirmed by fluores-
cence microscopy, which revealed punctate aggregates of
LC3 protein within cytoplasm of ECTV-MOS-infected cells
what corresponds to the emerging autophagic vacuoles.
Analysis using MDC or Lysotracker Red demonstrated the
intensive formation of vesicles, presumably late stage or
acidified autophagosomes (Fig. 3). This comprehensive pic-
ture shows a significant association of autophagy with
ECTV-MOS infection in RAW 264.7 macrophages.

It is not known, however, whether autophagy plays a role
in the protection of ECTV-MOS infected cells from death or
contributes to their rapid apoptosis. Also, it is not clear
whether autophagy participates in ECTV-MOS elimination
or favors a rapid propagation of virus infection. Our pre-
liminary studies aiming to clarify the role of autophagy
during ECTV-MOS infection revealed that there is no rela-
tionship between autophagy and virus multiplication in
culture cells. As determined by plaque assay, the virus titers
for infected untreated or wortmannin-treated RAW 264.7
macrophages were similar (data not shown). This confirms
results by Zhang and colleagues (59) that replication of
VACYV is not dependent on autophagic machinery. However,
it is possible that the sensitivity of the plaque assay method
was not sufficient enough to determine differences in ECTV-
MOS life cycle dependent on autophagy and/or changes
associated with autophagy inhibition did not affect the cy-
topathic properties of the virus.

Next, we analyzed the expression of a unique autophagy-
related protein—Beclin 1 in ECTV-MOS-infected RAW 264.7
cells. Western blot assay did not reveal any changes in Beclin
1 levels between uninfected and ECTV-MOS-infected mac-
rophages up to 24hpi (Fig. 2). Meanwhile, fluorescent mi-
croscopy analysis demonstrated strong co-localization of
Beclin 1 with extranuclear virus replication centers (Fig. 3b).
Such distribution of Beclin 1 was also observed in ECTV-
MOS-infected 1.929 fibroblasts (41), which may suggest that
Beclin 1 plays an important role in efficient ECTV-MOS
replication and/or survival in infected cells. It has been
shown that the replication of human immunodeficiency vi-
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rus type-1 (HIV-1) was reduced in primary cells with
knockdown of Beclin 1, ATG5, or ATG7 expression with
shRNA and/or siRNA (4,32). Moreover, we cannot exclude
that such mobilization of Beclin 1 to ECTV-MOS replication
centers prevents its interaction with anti-apoptotic pro-
teins (e.g., Bcl-2), thereby stimulating the assembly of pre-
autophagosomal structures that lead to autophagy (40). Our
previous study showed that in the cytoplasm of ECTV-MOS-
infected L929 fibroblasts there was a decrease in Bcl-2-Beclin
1 co-localization, especially within the viral replication sites
(41). Our data suggest that ECTV-MOS may exploit a new,
yet undefined, host response modifier (HRM) protein to
regulate autophagy by interacting with Beclin 1.

Binding of Beclin 1 by many viruses, such as herpes sim-
plex virus (HSV), Kaposi sarcoma-associated herpesvirus
(KSHV) and murine herpesvirus 68 (MHV-68), inhibits au-
tophagosome generation, which leads to enhancement of
virus replication, virulence, and/or increases their persis-
tence in vivo (44). Other viruses stabilize autophagosomes
and prevent their fusion with lysosomes by targeting Beclin
1. Influenza virus and HIV target Beclin 1 and inhibit au-
tophagolysosome formation presumably by stabilizing
complexes of Beclin 1, Vps34, Vpsl5, UVRAG (UV irradia-
tion resistance-associated gene), and Rubicon (RUN domain
and cysteine-rich domain containing, Beclin 1-interacting
protein) (44). Rubicon reduces Vps34 activity and arrests
autophagosome maturation (60). Alternatively, some viruses
usurp autophagy to enhance their efficient replication. Dreux
and colleagues (11) demonstrated that autophagy proteins,
such as Beclin 1, Atg4B, Atg5, and Atgl2, were required for
translation and/or delivery of incoming hepatitis C virus
(HCV) RNA to the translation apparatus for initiation of
virus replication. On the other hand, dengue virus (DENV)
exploits autophagy for regulation of lipid metabolism to
promote its efficient replication (19).

As we mentioned before, induction of autophagy may
contribute to cell survival or death during apoptosis. To
determine the crosstalk between autophagy and apoptosis in
RAW 264.7 macrophages during ECTV-MOS infection, we
modulated the autophagic pathway prior to infection with
the virus. Because Beclin 1 regulates both processes (10,27)
and its clear contribution is observed during ECTV-MOS
infection, we investigated the level of apoptosis in RAW
264.7 cells transfected with beclin 1 siRNA prior to infection.
Knockdown of beclin 1 did not affect the percentage of early
apoptotic cells during ECTV-MOS infection (Fig. 4b and 4c).
However, we observed a decrease in the percentage of late
apoptotic cells in ECTV-MOS-infected macrophages trans-
fected with beclin 1 siRNA compared to infected control
siRNA cells (Fig. 4b and 4c). Our previous investigation
showed similar results in infected L1929 cells with knock-
down of beclin 1. ECTV-MOS-infected siBecn 1 fibroblasts
exhibited a decrease in early and late apoptosis compared to
infected control cells (41). These results suggest that Beclin 1
is involved in the death execution process during ECTV-
MOS infection.

Beclin 1 is a regulator of crosstalk between autophagy and
apoptosis. In relation to apoptosis, Beclin 1 may act as a pro-
or anti-apoptotic protein (27,55). Wirawan and colleagues
(55) showed that Beclin 1 can acquire an apoptosis-promot-
ing function through its cleavage by several caspases. Cas-
pase-mediated cleavage of Beclin 1, in response to different
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inducers of the intrinsic or extrinsic pathways of apoptosis,
results in generation of Beclin 1 C- and N-terminal fragments.
Beclin 1-C translocates from the cytosol to mitochondria and
induces the release of pro-apoptotic factors, suggesting a
mechanism by which Beclin 1-C may favor apoptosis (55).
On the contrary, Beclin 1 functions as an anti-apoptotic
protein in several settings, such as chemotherapy, irradia-
tion, immunotherapy, nutrient deprivation, angiogenesis
inhibitors, and hypoxia. The precise mechanism of apoptosis
inhibition by Beclin 1 has not been clearly demonstrated.
However, it may be associated with unregulated autophagy
acting as an anti-injury mechanism, responsible for removing
of apoptotic cells (27).

Subsequently, we analyzed early and late apoptosis in
ECTV-MOS infected RAW 264.7 cells during pharmacologi-
cal manipulation of autophagy using wortmannin (inhibitor)
or rapamyecin (inductor). Wortmannin is an inhibitor of PI3K,
which blocks autophagy at the early stage (12). Rapamycin
inhibits cell cycle progression by blocking the mTOR kinases
through formation of complexes with the FKBP12 propyl
isomerase (16,48). Blockade of mTOR leads to dephosphor-
ylation of ULK1, ULK2 (two Atgl homologues), and Atgl3
and activates ULK to phosphorylate a focal adhesion kinase
family-interacting protein of 200kDa (FIP200) (24,25). Dur-
ing early stages of apoptosis, cells lose their normal phos-
pholipid asymmetry in the plasma membrane, which results
in phosphatidylserine (PS) exposition in the exoplasmic
leaflet. Early apoptotic cells still maintain membrane in-
tegrity, whereas late apoptotic cells lose plasma membrane
integrity. Interestingly, our results indicated that inhibition
of autophagy by wortmannin did not influence the per-
centage of early and late apoptotic cells in infected RAW
264.7 macrophages (Fig. 5). It suggests that during ECTV-
MOS infection the inhibition of autophagy at its early stage
does not affect induction of apoptosis in RAW 264.7 cells. It
is not excluded that apoptosis may be differentially regu-
lated in ECTV-MOS infected cells depending on the stage
and the type of autophagic pathway, which is inhibited.
Recently, Xi and colleagues (56) have demonstrated that
inhibition of autophagy at the autophagosome formation
stage and autophagy execution stage decreased the apo-
ptosis induced by enterovirus 71 (EV71). However, inhibi-
tion of autophagy at the stage of autophagosome and
lysosome fusion promoted the EV71-induced apoptosis
(56). Our studies revealed that induction of autophagy by
rapamycin increased the level of late apoptotic/necrotic
cells (Fig. 5), suggesting that enhancement of autophagy
significantly affects the induction of apoptosis in this sys-
tem. It may suggest that apoptosis induced in ECTV-MOS-
infected RAW 264.7 macrophages is partially dependent on
autophagy/autophagic cell death and, presumably, is reg-
ulated by a common mechanism.

Cooperative relationship between autophagy and apo-
ptosis was shown in several investigations. For example, cell-
expressed HIV-1 envelope glycoproteins (Env) induced au-
tophagy in uninfected CD4" T lymphocytes by binding to
CXCR4. Blockade of autophagy by treatment with drugs [3-
methyladenine (3-MA) and bafilomycin Al] or by the siR-
NA knockdown of beclin 1 or atg7 resulted in dramatic
decrease of caspase-3 activity and totally inhibited Env-
mediated cell death (15). Similar results were obtained in
oxidative stress-mediated cell death in photoreceptors in

MARTYNISZYN ET AL.

in vitro and in vivo model studies (31). Treatment of 661W
photoreceptor cells with either 3-MA or siRNA for atgs and
beclin 1 partially blocked H,O-induced cell death (31).
Those studies clearly prove that under certain environ-
mental conditions autophagy may participate in cell death
execution, possibly through apoptosis or initiation of apo-
ptosis. On the contrary, it was shown that inhibition of
autophagy in MEFs (by Atg5 deletion) increased apoptosis
induced by influenza virus, whereas permitting autophagy
to progress (by M2 deletion) decreased apoptosis induced
by influenza virus (17). Similarly, Chikungunya virus
(CHIKV)-induced autophagy delayed apoptotic cell death
in MEFs, whereas silencing of autophagy genes resulted in
increased apoptotic cell death, enhancing propagation of
virus in cultured cells (23).

Our next question concerned the effect of apoptosis inhi-
bition on autophagy level in ECTV-MOS-infected RAW 264.7
cells. Apoptosis was blocked by Z-VAD-FMK, which irre-
versibly binds to the catalytic site of a wide spectrum of
active caspases and forms a covalent inhibitor/enzyme
complex. Our results indicated that Z-VAD-FMK treatment
increased LC3-II expression and punctate accumulation in
cells infected with ECTV-MOS (Fig. 6), suggesting that au-
tophagy increases when apoptotic cell death pathways are
blocked. It is not excluded that during ECTV-MOS infection
in RAW 264.7 macrophages autophagy could potentially
provide an alternative pathway of cell death when apoptosis
is inhibited. On the other hand, Z-VAD-FMK was shown to
block the clearance of autophagosome materials and to im-
pair autophagic flux (20). Inhibition of cathepsins (47) and
calpain (53) was observed, however, in cells treated with
high concentrations (100 uM) of Z-VAD-FMK. Our results
did not demonstrate the increase in LC3 aggregates in RAW
264.7 macrophages treated with Z-VAD-FMK (Fig. 6).
Moreover, in our experiments Z-VAD-FMK was used at
much lower concentration (20 uM) and potential inhibition of
cathepsins and calpain activity was unlikely to have a major
impact on the results (37).

Several studies have demonstrated that autophagy may be
used as a killing mechanism during blockade of apoptosis.
For example, autophagic cell death in 1.929 fibroblasts was
induced by caspase-8 inhibition and required two autophagy
related genes, atg7 and beclin 1 (58). Blockade of caspase-8
triggered cell death pathway through activation of the re-
ceptor-interacting protein and c-Jun amino-terminal kinase
(58). Further, autophagic cell death was activated in apo-
ptosis-resistant Bax/Bak double knockout MEFs treated with
etoposide or staurosporine (50). Inhibition of autophagy
gens, atg5 and beclin 1 increased viability of bax”~ and bak™”~
MEFs after death stimulation (50). Similarly, autophagy
contributed to the execution of cell death in macrophages
treated with lipopolysaccharides (LPSs) and the caspase in-
hibitor Z-VAD (57). Inhibition of autophagy either by beclin 1
RNAIi or by chemical inhibitors resulted in a blockade of
caspase-independent macrophage cell death (57). All studies
described above clearly show that autophagy and apoptosis
share common regulatory mechanisms and both may act to
eliminate the cell.

Interestingly, under some circumstances, autophagy may
enable the apoptotic program by participating in formation
of certain apoptotic morphological changes, without leading
to death itself (13). For example, formation of autophagic
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vesicles together with membrane blebbing and partial
nuclear condensation occurred in a caspase independent
manner (22). Those morphological events were mediated by
pro-apoptotic calcium/calmodulin-regulated Ser/Thr death
kinases: DAPk (death-associated protein kinase) and DRP-1
(DAPk-related protein kinase 1) (22). Furthermore, an es-
sential role of autophagy genes in promoting the engulfment
and clearance of apoptotic bodies by phagocytes was ob-
served during mouse embryonic development in vivo and in
the in vitro embryoid bodies (EBs) model (45). Generation of
“eat-me” signal of phosphatidylserine (PS) exposure on the
outer membrane and secretion of “come-get-me” signal
through release of lysophosphatidylcholine (LPC) were se-
verely impaired in atg5”" and beclin 17~ EBs. Presumably,
defects in engulfment of apoptotic cell, exposure of PS, and
secretion of LPC were associated with the lack of autophagy-
dependent ATP production in autophagy null EBs (45).

It should be noted that the high level of autophagy de-
tected in RAW 264.7 cells during replication of ECTV-MOS
may be related to phagocytic activity and/or antigen pre-
sentation capabilities of macrophages. It is well known that
autophagy is implicated in major histocompatibility complex
(MHC) class I and MHC class II antigen presentation (8,35),
and is a possible mechanism responsible for the MHC class I-
mediated cross-presentation of exogenous tumor (18) or viral
(14) antigens. For example, during HSV-1 infection of human
macrophages autophagy facilitated the late processing of
exogenous viral proteins, their presentation on MHC class I
molecules, and stimulation of CD8" T cells (14), which are
critical for protective immune response against viruses.

In conclusion, we have shown for the first time that au-
tophagy is induced in macrophages during ECTV-MOS in-
fection in vitro. During later stages of infection, autophagy
may occur concurrently with apoptosis in RAW-264.7 cells
and participate partially in the demise of macrophages pos-
sibly by apoptosis. Additionally, when apoptosis is inhibited,
autophagy likely contributes to the execution of cell death in
infected RAW 264.7 macrophages. We conclude that autop-
hagy is an important mechanism that regulates ECTV-MOS
replication in cultured cells. However, autophagy is involved
in many biological functions, therefore, the exact role of this
process during ectromelia virus infection needs to be clari-
fied in future studies. These findings may ultimately con-
tribute to harness apoptotic and autophagic pathways as
novel targets for antiviral therapy.
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