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Abstract

The aim of the study was to evaluate the influence of ectromelia virus (ECTV) infection on actin 
cytoskeleton rearrangement in immune cells, such as macrophages and dendritic cells (DCs). Using 
scanning electron and fluorescence microscopy analysis we observed the presence of long actin-based 
cellular extensions, formed by both types of immune cells at later stages of infection with ECTV. Such 
extensions contained straight tubulin filaments and numerous punctuate mitochondria. Moreover, these 
long cellular projections extended to a certain length and formed convex structures termed “cytoplasmic 
packets”. These structures contained numerous viral particles and presumably were sites of proge-
ny virions’ release via budding. Further, discrete mitochondria and separated tubulin filaments that 
formed a scaffold for accumulated mitochondria were visible within cytoplasmic packets. ECTV-induced 
long actin-based protrusions resemble “cytoplasmic corridors” and probably participate in virus dis-
semination. Our data demonstrate the incredible capacity for adaptation of ECTV to its natural host 
immune cells, in which it can survive, replicate and induce effective mechanisms for viral spread and 
dissemination.
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Introduction
The actin cytoskeleton plays an indispensable role in 

viral replication cycle. Stimulation of actin filament re-
modeling takes place during virion attachment and endo-
cytosis, viral replication and assembly, and viral egress and 
spread. To spread successfully from cell to cell, viruses 
interact with actin to promote budding and/or production 
of different types of cellular extensions for directional, 
long-distance transport of progeny virions [1].

Ectromelia virus (ECTV), an orthopoxvirus, which is 
a causative agent of mousepox, has been used extensively 
as a model of smallpox, caused by variola virus (VARV), 
due to many similarities shared by both viruses [2]. It is 
assumed that the cessation of vaccination against smallpox 
may contribute to increased risk of zoonotic infections in 
humans caused by other orthopoxviruses, such as monkey-
pox (MPXV) and cowpox (CPXV) viruses [3]. Moreover, 
both VARV and MPXV are considered threat agents that 
can be used as bioterrorist weapons [4]. Additionally, in-

creased incidents of outbreaks caused by orthopoxviruses 
in domestic animals have also been reported [5]. There-
fore, a better understanding of the interactions between the 
virus and its natural host should assist in developing new 
strategies for antiviral therapy.

Previous studies have demonstrated that in fibroblasts 
and epithelial cells, ECTV induces formation of short (ac-
tin tails, “dendrites”) and/or long [tunneling nanotubes 
(TNT), cytoplasmic corridors] actin-based cellular projec-
tions for efficient intercellular spread in vitro [6-8]. How-
ever, it is not known how orthopoxviruses influence actin 
cytoskeleton of immune cells, especially antigen present-
ing cells (APCs), such as dendritic cells (DCs) and mac-
rophages. Therefore, we designed experiments to address 
the impact of ECTV on the cytoskeleton of murine mac-
rophages and DCs. The results show that long actin-based 
cellular extensions develop following infection of antigen 
presenting cells with ECTV, an observation that has not 
been reported before.
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Material and methods

Mice

Inbred, male BALB/c (H-2d) 8-12 week old mice were 
used in the study. All mice were purchased from the animal 
facility at Maria Skłodowska-Curie Memorial Cancer Cen-
tre and Institute of Oncology in Warsaw, Poland. All ex-
periments were carried out in accordance with institutional 
Guidelines for Care and Use of Laboratory Animals and 
were approved by the 3rd Ethical Committee for Animal 
Experimentation at Warsaw University of Life Sciences  
– SGGW (permit no. 34/2012).

Cell cultures

Mouse monocyte/macrophage RAW 264.7 (TIB-71) 
cell line, transformed with Abelson murine leukemia virus, 
was obtained from the American Type Culture Collection 
(ATCC). Cells were cultured in the Glutamax-I RPMI 
1640 medium (Gibco BRL) supplemented with 10% heat- 
inactivated fetal bovine serum (FBS; Sigma-Aldrich) and 
1% antibiotic solution (100 U/ml penicillin, 100 µg/ml  
streptomycin; Sigma-Aldrich) at 37°C in a humidified  
5% CO

2
 atmosphere. The cells were passaged twice a week 

and were rigorously tested for mycoplasma contamination 
using DNA-specific fluorescent Hoechst 33258 [9]. All cell 
cultures were mycoplasma-free.

GM-CSF-derived bone marrow cells (GM-BM) were 
obtained as previously described [10, 11] with minor modifi-
cations. Briefly, femurs and tibiae were removed from mice 
(n = 4) and trimmed of muscle tissue. After disinfection in 
70% alcohol, ends of bones were cut and the marrow was 
flushed. After vigorous pipetting, bone marrow cells were 
cultured in 6-well plates in Glutamax-I RPMI-1640 medium 
supplemented with 10% heat-inactivated FBS, 1% antibiot-
ic solution, 50 µM 2-mercaptoethanol (Sigma-Aldrich) and  
20 ng/ml recombinant mouse granulocyte-macrophage col-
ony stimulating factor (rmGM-CSF, R&D Systems). After  
8 days of culture at 37°C in a humidified 5% CO

2
 atmo-

sphere, GM-BM were enriched using MACS CD11c+ la-
beled magnetic beads (Miltenyi Biotec) [11].

Virus

Highly infectious Moscow strain of ECTV (ATCC 
VR-1374) was propagated and titrated by the plaque-form-
ing units (PFU) method in the Vero cell line (ATCC CCL-
81). Briefly, cells were infected with ECTV at a multi-
plicity of infection (MOI) = 0.01 and incubated at 37°C 
in a humidified 5% CO

2
 atmosphere until the cytopathic 

effect was prominent. Infected cells were then harvested 
and lysed during repeated freeze-thaw cycles. After puri-
fication, virus stocks were stored in aliquots at –70°C until 
used. Titration of ECTV stocks was performed by serial 
dilutions in Vero cell culture. The virus titer was 4 × 108 
PFU/ml.

RAW 264.7 cells and GM-BM, seeded on microscop-
ic slides placed in a 24-well plate at a density of 2 × 105 
cells/well, were infected with ECTV at MOI = 1. After  
60 min of viral adsorption at 37°C, the cells were incubated 
at 37°C in a humidified 5% CO

2
 atmosphere for an addi-

tional 24 hours. Control (uninfected) cultures were identi-
cally processed but not infected with ECTV.

May-Grünwald-Giemsa staining

The May-Grünwald-Giemsa (MGG) staining meth-
od was used for cell morphology assessment. Mock- or 
ECTV-infected RAW 264.7 cells, cultured on micro-
scope slides for 24 h, were fixed in methanol for 5 min 
and stained with May-Grünwald solution (Sigma-Aldrich) 
for 5 min and Giemsa solution (Sigma-Aldrich) diluted 
1 : 20 for 20 min. After rinsing in deionized water, slides 
were air dried and observed under the inverted microscope 
Olympus IX71 (Olympus). Images were recorded with the 
40× objective.

Immunofluorescence staining

Immunofluorescence staining was performed as pre-
viously described [8]. Briefly, cells were fixed either 
with ice-cold absolute methanol (Avantor Performance 
Materials Poland) for 2 min or 4% paraformaldehyde 
(PFA, Sigma-Aldrich) in PBS for 20 min. In some experi-
ments, before fixation, the mitochondria were stained with 
300 nM MitoRed dye (cat. no. 53271; Sigma-Aldrich) for 
20 min at 37°C in a humidified atmosphere of 5% CO

2
 in 

the air. Then cells were permeabilized with 0.5% Triton 
X-100 (Sigma-Aldrich) in PBS and blocked with 3% bo-
vine serum albumin (BSA, Sigma-Aldrich) in 0.1% Triton 
X-100 in PBS. F-actin was labeled with either tetrameth-
ylrhodamine isothiocyanate (TRITC)- or fluorescein iso-
thiocyanate (FITC)-conjugated phalloidin (cat. no. P1951 
and P5282; Sigma-Aldrich) for 20 min. Microtubules were 
stained with primary mouse antibodies (Abs) anti-α-tubu-
lin (cat no. T5168; Sigma-Aldrich) for 30 min and sec-
ondary donkey anti-mouse IgG conjugated with rhodamine 
Red-X (cat. no. 715-025-151; Jackson ImmunoResearch 
Laboratories) for 30 min. Viral antigens were stained with 
rabbit anti-ECTV Abs conjugated with FITC for 60 min 
[8]. Nuclear and viral DNA was stained with Hoechst 
33342 (Sigma-Aldrich) for 15 min. After staining covers-
lips were mounted using ProLong Gold Antifade Reagent 
(Invitrogen).

Fluorescence microscopy

Slides were examined using fluorescence microscopes 
(Olympus BX60 and Olympus IX71) equipped with a Color 
View III cooled CCD camera. Cell ^F (Olympus) and 
ImageJ (NIH) software were used to analyze the images. 
CellSens Dimension (Olympus) was used for constrained 
iterative deconvolution. 
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Scanning electron microscopy (SEM)

RAW 264.7 macrophages or GM-BM grown on micro-
scopic slides were fixed for 60 min with 2.5% glutaralde-
hyde in phosphate buffer and later post-fixed for 60 min with  
1% osmium tetroxide in phosphate buffer and dehydrated in 
ethanol and acetone series. The specimens were then dried 
using a CPD 7501 critical point drier (Polaron), coated with 
a gold layer in a JFC-1300 sputter-coater (JEOL) and ana-
lyzed using an FEI Quanta 200 environmental scanning elec-
tron microscope (ESEM) with the EDAX EDS system (FEI).

Results 

ECTV induces formation of long cellular 
extensions in RAW 264.7 macrophages  
and GM-BM cells

In view of the importance of actin-based intracellular 
transport and intercellular spread regarding viral virulence, 
in this study we characterized cellular alteration in ECTV 
infected RAW 264.7 macrophages and GM-BM. Uninfect-
ed RAW 264.7 cells exhibited a round shape (Fig. 1A) or 
were slightly elongated (Fig. 1B) and showed the presence 
of cellular extensions. SEM analysis revealed membrane 
ruffles on the dorsal surface of the uninfected macrophages 
(Fig. 1C). Meanwhile, infected RAW 264.7 cells lost their 
normal shape and exhibited the presence of multiple long 
cellular extensions, whose length often exceeded the di-
ameter of the cell (Figs. 1D and 1E). Morphology of long 
extensions varied greatly; some were straight or bent, and 
others branched in different directions. The long cellular 
protrusions were of variable length and at times formed 
a convex structure resembling a “bubble” (Fig. 1F). Some 
“bubbles” were found to be covered by numerous viral 
particles (Fig. 1G). SEM analysis revealed that ECTV par-
ticles associated with the surface membrane of bubble-like 
structures (Fig. 1G), and probably progeny virions may 
escape from the cell within these structures and may be re-
leased from their surface [12, 13]. In addition to formation 
of long cellular extensions, infected RAW 264.7 macro-
phages at 24 hours post-infection (hpi) also showed cell 
surface flattening and loss of ruffles (Fig. 1G).

Comparable morphological changes were observed in 
ECTV-infected GM-BM. Uninfected GM-BM exhibited 
a round shape with the presence of characteristic dendritic 
projections and veils (Figs. 2A and 2B). At 24 hpi with 
ECTV GM-BM also showed the presence of multiple long 
and irregular cellular extensions, which gave the cells 
a unique, multifaceted morphology (Figs. 2C and 2D).

Long actin-based extensions contain 
mitochondria and microtubules

To better characterize ECTV-induced long cellular 
projections, we performed fluorescence staining of F-actin 

filaments using TRITC- or FITC-conjugated phalloidin 
(Figs. 3 and 4). Fig. 3A shows evidence that control RAW 
264.7 macrophages were not infected with ECTV, and 
show only nuclear DNA. Cellular projections formed by 
ECTV-infected cells were composed of F-actin and were 
of different width: some were thick (width = 0.45 µm) 
(Fig. 3B), and others were much wider (width = 1.55 µm) 
(Fig. 4B) and could additionally expand or narrow at var-
ious lengths (Fig. 4B). Moreover, some of these projec-
tions were expanded on their ends and formed bubble-like 
structures (Figs. 1F and 3B). In these expanded extensions 
numerous viral particles occurred singly or in clusters 
(Fig. 3B), confirmed by immunofluorescence microsco-
py by visualization of viral DNA (labeled with Hoechst 
33342) co-localization with viral antigen (stained by Abs 
anti-ECTV). Uninfected RAW 264.7 macrophages and 
GM-BM were devoid of such long actin-based projections 
(Figs. 3A and 4A).

The interaction between cytoskeletal proteins and mi-
tochondria is important for maintenance of mitochondrial 
and cellular physiology. For that reason we assessed the 
mitochondrial organization within long cellular extensions. 
Within ECTV-induced long actin-based projections, mi-
tochondria usually occurred separately as small, discrete 
organelles, which accumulated in the expanded regions 
of the extensions. In such regions, progeny viral particles 
were also observed (Fig. 4B). Moreover, the accumulation 
of mitochondria was additionally observed at the ends of 
long cellular extensions (Fig. 4B), especially when they 
were connected with neighboring cells (Fig. 5B).

Our last question concerned the distribution of micro-
tubules in ECTV-induced long cellular extensions. In unin-
fected RAW 264.7 macrophages (Fig. 5A) the microtubule 
network was composed of wavy and intertwined filaments 
that branched towards the cell periphery. A similar pattern 
of microtubule network organization was detected in un-
infected GM-BM (data not shown). ECTV-induced long 
cellular extensions contained a few ran along microtubule 
filaments, which were straighter, “relaxed,” and less in-
tertwined (Fig. 5B). Around microtubules many punc-
tuate mitochondria were localized. Within bubble-like 
structures, containing numerous progeny virions, tubulin 
filaments were separated from each other and formed scaf-
folds for accumulated mitochondria (Fig. 5B). 

Discussion
Macrophages and DCs represent major immune cells 

that are at the front line of defense against pathogens, in-
cluding viruses. ECTV can infect splenic DCs and mac-
rophages and such infection can be persistent after acute 
mousepox in BALB/c mice [14]. Our previous studies 
have shown that ECTV is able to productively infect 
RAW 264.7 macrophages [15] and GM-BM [11]. At the 
early stage (4 hpi) of infection GM-BM displayed only the 
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presence of virus replication centers termed “viral facto-
ries”, whereas at the late stage (24 hpi) of infection, upon 
completion of viral morphogenesis, progeny virions were 
found near the plasma membrane and within cellular ex-

tensions formed at this time post-infection [11]. Due to the 
presence of multiple long cellular extensions GM-BM ad-
opted a unique morphology, previously observed in L929 
fibroblasts infected with ECTV [8].

Fig. 1. Morphology of uninfected (A-C) and ECTV-infected (D-G) RAW 264.7 macrophages at 24 hours post-incubation 
with culture medium or 24 hpi, respectively. Micrographs from inverted microscope of unstained (A, D) and May-Grün-
wald-Giemsa stained (B, E) cells. Scanning electron micrographs of RAW 264.7 macrophages (C, F, G). The magnified 
images are of the boxed regions. Arrows indicate: long cellular extensions (red), cytoplasmic packets (blue), extended 
end of long extension (green), viral particles (purple). Scale bars = 50 µm (A, D), 25 µm (B, E) and 5 µm (C, F, G)
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D
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B

E

C
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In the present study we observed that long actin-based 
projections formed by ECTV-infected macrophages and 
DCs could extend and form convex structure resembling 
a “bubble”. Such bubble-like structures were previously 
found in African green monkey kidney (BSC-1) cells in-
fected with VACV at 20 hpi [12] and human amnion (FL) 
cells infected with the IHD-W strain of VACV at 48 hpi 
[13], and were called “cytoplasmic packets”. A previous 
study showed that VACV could be released from cytoplas-
mic packets via “budding” [13]. Transmission electron mi-
croscopy (TEM) analysis has documented that cytoplasmic 
packets are sites where naked VACV particles are wrapped 
in cell surface membrane and are then released from the 
cell surface [13]. Cytoplasmic packets containing multiple 
virions allow massive release of progeny virus from the 
cell periphery [12, 13].

Within long cellular protrusions mitochondria oc-
curred as small, discrete organelles, which accumulated 
in the cytoplasmic packets and at the ends of actin-based 

protrusions. It is not excluded that long projections, in-
duced by ECTV, allow the free flow of the cytoplasm to 
neighboring cells, together with mitochondria and virions. 
It has been demonstrated that intercellular communication 
between the cells is possible through actin-based filopodial 
bridges, known as TNTs or cytonemes [16]. Some TNTs 
bearing microtubules are capable of transporting organ-
elles, such as mitochondria, lysosomes and lipid droplets 
[17]. HIV-infected human macrophages have been shown 
to form thin, actin-based TNTs, which allowed spreading 
of HIV particles toward the uninfected cells [18]. Also, 
influenza virus exploits TNTs to transfer viral proteins and 
genomes from infected to uninfected, neighboring cells, 
resulting in productive viral replication in the recipient cell 
[19]. Interestingly, TNTs provide an alternative route for 
delivery of oncolytic viruses and of viral thymidine kinase 
activated drugs to amplify the bystander effect between 
cancer cells over long distances in the stroma-rich tumor 
microenvironment [20].

Fig. 2. Morphology of uninfected (A, B) and ECTV-infected (C, D) GM-BM at 24 hours post-incubation with culture 
medium or 24 hpi, respectively. Micrographs from inverted (A, C) and scanning electron (B, D) microscope. Red arrows 
indicate long cellular extensions. Scale bars = 50 µm (A, C) and 10 µm (B, D)

A

C D

B
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Fig. 3. Fluorescence microscopy analysis of actin cytoskeleton in uninfected (A) and ECTV-infected (B) RAW 264.7 
macrophages at 24 hours post-incubation with culture medium or 24 hpi, respectively. The magnified images are of the 
boxed regions. Arrow indicates: viral antigen or DNA (purple). Scale bars = 10 µm

Fig. 4. Fluorescence microscopy analysis of actin and mitochondria distribution in uninfected (A) and ECTV-infected 
(B) GM-BM at 24 hours post-incubation with culture medium or 24 hpi, respectively. The magnified images are of the 
boxed regions. Arrows indicate: accumulation of mitochondria at the end of extension (yellow), viral antigen or DNA 
(purple). Scale bars = 10 µm

Fig. 5. Fluorescence microscopy analysis of tubulin and mitochondria distribution in uninfected (A) and ECTV-infected 
(B) RAW 264.7 macrophages at 24 hours post-incubation with culture medium or 24 hpi, respectively. The magnified 
images are of the boxed regions. Arrows indicate: bubble-like structure (blue), accumulation of mitochondria at the end 
of extension (yellow). Asterisk indicates neighboring cell. Scale bars = 10 µm

A B

A B

A B
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Accumulation of mitochondria within cytoplasm pack-
ets has never been demonstrated before. It is known that 
mitochondria supply the energy required for the virus 
morphogenetic processes, and a massive migration of the 
organelle to the virus assembly sites has been observed 
in permissive cells infected with African swine fever 
virus (ASFV) [21], rubella virus (RV) [22] and ECTV 
[23]. However, at the moment, we do not know the bio-
logical significance of mitochondria accumulation with-
in actin-based structures together with newly assembled 
progeny virions that are “ready” to be released from the 
cell through budding. It has been shown that fragmenta-
tion of the mitochondrial network and formation of small, 
punctuate organelles facilitate their transport along micro-
tubules [24]. Microtubules via motor proteins participate 
in the long distance mitochondrial transport, whereas the 
actin cytoskeleton anchors mitochondria and is important 
for short-range mitochondrial movement [25]. Therefore, 
it is not excluded that progeny virions exploit discrete mi-
tochondria for efficient transport along the cytoskeletal 
components to the sites of viral budding. This statement, 
however, requires justification in further investigation.

In conclusion, our results showed the formation of long 
actin-based cellular protrusions by ECTV-infected mac-
rophages and DCs. Such extensions have similar features 
as those of “cytoplasmic corridors”, previously observed 
in rabbit kidney cells (RK13) infected with myxoma vi-
rus (MYXV) [26, 27] or VACV [27], and L929 fibroblasts 
infected with ECTV [8]. Cytoplasmic corridors participate 
in transportation of progeny virions to neighboring cells 
and promote virus spread [8, 26, 27]. Presumably, long 
extensions observed in ECTV-infected macrophages and 
DCs also support viral dissemination. On the other hand, 
morphological changes that infected macrophages and DCs 
undergo may interfere with their interaction with responder 
T cells and inhibit activation of the latter. Taken together, 
our study shows that ECTV exhibits remarkable ability to 
adapt to its natural host immune cells, in which it can repli-
cate productively [28] and induce actin-based mechanisms 
for efficient viral spread and dissemination in vitro.
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