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Live recombinants based on attenuated modified vaccinia virus Ankara (MVA) are potential vaccine can-
didates against a broad spectrum of diseases and tumors. To better understand the efficacy of MVA as a human
vaccine, we analyzed by confocal and electron microscopy approaches MVA-induced morphological changes
and morphogenetic stages during infection of human HeLa cells in comparison to other strains of vaccinia
virus (VV): the wild-type Western Reserve (WR), Ankara, and the New York City Board of Health (NYCBH)
strains. Confocal microscopy studies revealed that MVA infection alters the cytoskeleton producing elongated
cells (bipolar), which do not form the characteristic actin tails. Few virions are detected in the projections
connecting neighboring cells. In contrast, cells infected with the WR, Ankara, and NYCBH strains exhibit a
stellated (multipolar) or rounded morphology with actin tails. A detailed transmission electron microscopy
analysis of HeLa cells infected with MVA showed important differences in fine ultrastructure and amounts of
the viral intermediates compared to cells infected with the other VV strains. In HeLa cells infected with MVA,
the most abundant viral forms are intracellular immature virus, with few intermediates reaching the intra-
cellular mature virus (IMV) form, at various stages of maturation, which exhibit a more rounded shape than
IMVs from cells infected with the other VV strains. The “IMVs” from MVA-infected cells have an abnormal
internal structure (“atypical” viruses) with potential alterations in the core-envelope interactions and are
unable to significantly acquire the additional double envelope to render intracellular envelope virus. The
presence of potential cell-associated envelope virus is very scarce. Our findings revealed that MVA in human
cells promotes characteristic morphological changes to the cells and is able to reach the IMV stage, but these
virions were not structurally normal and the subsequent steps in the morphogenetic pathway are blocked.

The use of viral vectors as tools for basic research and
vaccination models has been developed considerably during
the last two decades (2, 6, 16). In this sense, vaccinia virus
(VV) has been widely used because of its ability to carry large
inserts of foreign genes (11, 35). VV, the prototype member of
the Poxviridae family, is a large DNA virus whose replication
and assembly occurs entirely in the cytoplasm of the host cell
(31). VV is an ideal model for the expression of foreign anti-
gens because they are expressed to produce recombinant pro-
teins that will undergo the same posttranslational modifica-
tions as when expressed in the natural context (5, 23, 24).
Moreover, the early genes of VV cause a shutoff of the host
cell protein synthesis, whereas the expression of foreign pro-
teins is favored (6, 31). This virus-cell system is an excellent
model for molecular and cellular biologists to understand fun-
damental questions in cell biology and also for immunologists
in the study of immune responses (11, 34, 42, 48, 50, 52).

A main goal of vaccination programs is the development of
safe and efficient vectors. Due to its characteristics as potential
vaccine, the attenuated modified VV Ankara (MVA) has been

studied during the past few years (2, 3, 8, 33, 36, 53). The
wild-type strains of VV are cytopathogenic and virulent in
mice, producing new rounds of virus replication, which is a
drawback for repeated immunization purposes. In contrast,
MVA has been included in a number of trials, in which it has
been shown to be a safe vector and to induce immune protec-
tive responses in animal model systems against pathogens and
tumors (2, 8, 18). It has been reported that one of the major
safety advantages of MVA is that it develops an incomplete
morphogenetic pathway in human cells (7, 8, 53). Therefore,
the infection of human cells with MVA is not expected to
produce mature and infectious particles. In addition, MVA
contains large deletions in the genome (3) which affect genes
that counteract host immune responses (4). The threat of bio-
terrorism with variola virus has potentiated the use of MVA as
a vaccine against smallpox, since it avoids the complications in
immunosuppressed individuals that occur with the current VV
vaccine.

The morphogenesis of VV is a very complex process that has
been extensively analyzed by electron microscopy (12, 15, 19,
20, 22, 26, 30, 37, 43–45). Once VV has entered the cell,
uncoating and release of viral particle components takes place
(25). The first evidence for virus assembly is the crescent-
shaped membranes, which surround electron-dense areas or
viroplasm foci (9, 10, 12, 31). These large structures are called
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viral factories and represent the sites for viral replication and
assembly of the first immature spherical form. In these areas
several elements are cooperating, such as microtubules with
RNA and viral proteins (21, 28, 32, 41, 47), and vimentin
intermediate filaments with ERGIC membranes and viral pro-
teins (VV core protein, p39) for assembling the new immature
viral forms (IVs) (19, 37, 51). The IVs undergo additional
maturation events, transforming into brick-shaped structures
where the envelope surrounds an electron-dense core structure
containing the viral DNA. These virions constitute the first
infectious form of the virus and are referred to as intracellular
mature virus (IMV). A small portion of IMVs become
wrapped by a membrane cisternae derived from the trans-
Golgi network to form the intracellular envelope virus (IEV),
and they are released from the cell by fusion with the plasma
membrane. The extracellular envelope virus (EEV) are largely
responsible for virus spread (for a review, see reference 50).

It is becoming clear that the complex VV morphogenesis
process implies a number of components of the host cell, such
as organelles and motor and other functional proteins. The
wrapping and disassembly of the endoplasmic reticulum
around the viral DNA replication site may occur in analogy to
nuclear envelope dynamics during cell cycle (54). Recently,
several groups have found the participation of microtubules in
different steps of the morphogenetic pathway. Some IMVs are
transported from the factory on microtubules to sites of wrap-
ping with intracellular membranes to form the IEV. This virus
then moves via microtubules to the cell surface, where the
outer membrane fuses with the cell plasma membrane, leaving
a virus particle with three membranes in the cell surface, and
this viral form, referred as CEV actin tails, appears to be
responsible for the projection of the CEV to neighboring cells
and activates the cell-to-cell spreading process (for a review,
see reference 50). There are several studies concerning cy-
toskeleton alteration with the wild type and with other mutant
strains, but little is known about the effects of MVA in the host
cell.

The ability of MVA to activate strong cellular immune re-
sponses after expression of foreign antigens has been related to
deletions of virus genes encoding immunomodulatory mole-
cules, which in a wild-type virus background provide a selective

advantage to counteract host immune responses (1, 4). Since
MVA maturation has been reported to be inhibited at the IV
formation stage in human cells (7, 8, 46, 53), it is possible that
other factors might contribute to the good activation of im-
mune responses by MVA recombinants.

In this report, we have used confocal and electron micros-
copy approaches to carry out a detailed characterization of
MVA-induced morphological changes of human cells and
identification of viral intermediates during the virus matura-
tion process, in comparison with cells infected with other
strains of VV (wild-type Western Reserve [WR], Ankara, and
New York City Board of Health [NYCBH]). We show that in
HeLa cells MVA triggers morphological changes and produces
viral forms that differ from cells infected with the other VV
strains.

MATERIALS AND METHODS

Cells and viruses. African green monkey kidney cells (BSC-40) and human
HeLa cells were grown in Dulbecco modified Eagle medium, supplemented with
10% newborn bovine serum. Baby hamster kidney cell (BHK-2) and primary
chicken embryo fibroblast (CEF) cells were grown in the same medium but
supplemented with 10% fetal bovine serum. The VV strains used in this work,
the WR strain, MVA obtained after 575 passages in CEFs, and its parental
Ankara strain (both strains kindly provided by Gerd Sutter, Munich, Germany)
and the NYCBH strain (kindly provided by B. Moss), that is the component of
DryVax used in the USA and in many other countries as a vaccine against
smallpox, were propagated and titrated in BSC-40 cells (WR, Ankara, and
NYCBH) or in BHK-21 or CEFs for MVA. All viruses were purified by banding
after sucrose gradient centrifugation (43, 45).

One-step virus growth and virus titration by immunostaining. To study the
growth dynamics of MVA in comparison with the WR strain, monolayers of
HeLa cells were infected with viruses at 5 PFU/cell (PFU). After binding at 4°C
for 1 h, monolayers were washed three times with phosphate-buffered saline
(PBS) and, at 0, 3, 6, 12, 18, and 24 h postinfection (hpi), medium samples were
collected, and the cell monolayer was also harvested by scraping and centrifu-
gation. The cells were lysed by three cycles of freezing and thawing, and the
supernatant was recovered and stored frozen. Virus titers were determined by
immunostaining on BSC-40 cells for the WR strain and on BHK-21 cells for
MVA. At 24 hpi the infected monolayers were washed three times with PBS,
fixed, and permeabilized with methanol-acetone (1:1) for 5 min at room tem-
perature and incubated for 30 min at 37°C with a rabbit anti-VV polyclonal
antiserum diluted 1:1,000 with PBS containing 3% fetal calf serum. After one
wash with PBS, the monolayers were incubated with a secondary antibody (goat
anti-rabbit antibody conjugated with peroxidase) under the conditions described
above for primary antibody. The plaques in infected cells were revealed with PBS

FIG. 1. Quantification of viral forms (percentage) produced in HeLa cells infected for 12 h with different VV strains—WR, MVA, Ankara, and
NYCBH. More than 400 particles were counted per sample, as described in Materials and Methods.
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containing diaminobenzidine. Although there is a major restriction in the repli-
cation of MVA compared to HeLa cells infected with WR, the shape of the
growth curve indicates the production of some infectious virus particles (data not
shown), in agreement with other reports (4, 7).

Electron microscopy. (i) Negative staining of purified virions. Sucrose-purified
WR, Ankara, NYCBH, and MVA virions were adsorbed to electron microscopy
grids coated with collodion and carbon and made hydrophilic by glow discharge.
After a wash in distilled water, samples were stained with a 2% solution of uranyl
acetate for 30 s, allowed to dry, and analyzed by transmission electron micros-
copy (38).

(ii) Embedding of infected cells in EML-812. Monolayers of HeLa and CEF
cells were infected at a multiplicity of infection (MOI) of 5 PFU/cell with the VV
strains WR, Ankara, NYCBH, or MVA. At 6 and 12 hpi, cells were fixed in situ
with a mixture of 2% glutaraldehyde and 1% tannic acid in 0.4 M HEPES buffer
(pH 7.5) for 1 h at room temperature. Fixed monolayers were removed from the
culture dishes in the fixative and transferred to Eppendorf tubes. After centrif-
ugation and a wash with HEPES buffer, the cells were stored at 4°C until use.

For ultrastructural studies, fixed cells were processed for embedding in the
epoxy resin EML-812 (TAAB Laboratories, Ltd., Berkshire, United Kingdom)
as previously described (38). Postfixation of cells was done with a mixture of 1%
osmium tetroxide and 0.8% potassium ferricyanide in distilled water for 1 h at
4°C. After four washes with HEPES buffer, samples were treated with 2% uranyl
acetate, washed again, and dehydrated in increasing concentrations of acetone
(50, 70, 90, and 100%) for 10 min each time at 4°C. Infiltration in resin was done

at room temperature for 1 day. Polymerization of infiltrated samples was done at
60°C for 3 days. Ultrathin sections (20 to 30 nm thick) of the samples were
stained with saturated uranyl acetate and lead citrate by standard procedures.
Collection of images from negative staining and ultrathin sections were done in
a JEOL 1200-EX II electron microscope operating at 100 kV (31, 37–40).

Quantitative analysis of viral forms by electron microscopy. Approximately 75
infected cells per sample were studied. The results are expressed as the percent-
age that each intermediate represents in the total of viral particles quantified for
a particular sample. A total of 2,344 viral particles (�400 particles per sample)
were studied and are included in Fig. 1.

Immunofluorescence microscopy. To define the subcellular distribution of
viral proteins and the alterations produced in the cytoskeletal network of the host
cell, HeLa and BSC-40 cells grown to near confluency on coverslips were infected
at an MOI of 0.05 PFU/cell with the VV strains WR, Ankara, NYCBH, or MVA.
At late times (24 and 48 hpi) the infected cells were fixed. Two fixation proce-
dures were applied. For conventional studies, a mixture of 3.8% paraformalde-
hyde, 0.2% glutaraldehyde, and 0.05% Triton X-100 in PBS was used. To eval-
uate the alteration at cytoskeleton (production of actin tails), BSC-40 cells were
infected at an MOI of 1 PFU/cell and were fixed at 18 hpi. To detect delicate
elements of the cytoskeleton in fixed cells, we used cytoskeletal buffer (CB) with
some modifications. CB is composed of 10 mM morpholineethanesulfonic acid
(MES), 150 mM NaCl, 5 mM EGTA, 5 mM MgCl2, and 5 mM glucose (pH 6.1)
(9, 29). The fixation was done at 37°C for 30 min, and samples were stored in CB
at 4°C until use. After a wash in CB, cells were permeabilized with CB containing

FIG. 2. Differential morphological changes induced in epithelial HeLa cells after infection with the WR and MVA VV strains. HeLa cells were
infected with WR and MVA at 0.05 PFU/cell, and at 48 hpi cells were fixed with paraformaldehyde, glutaraldehyde, and Triton X-100 in CB.
Soluble cytoplasmic p14 viral protein and virions were detected with an antibody to the p14 protein (A27L gene) of VV and a secondary antibody
conjuged with FITC; the cellular cytoskeletal vimentin was detected with a monoclonal antibody and a secondary antibody conjugated with TRITC
(tetramethyl rhodamine isothiocyanate); the DNA was visualized by staining with To-Pro. More than 50 fields at �40 magnification were captured,
and the changes in the morphology of infected cells were registered and quantified (not shown). (A) Mock-infected cell. (B and C) Cells infected
with WR, exhibiting a rounded and multipolar morphology. (D) MVA-infected cell with a characteristic bipolar morphology (arrow).
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0.5% Triton X-100. Coverslips were then blocked for 30 min with a solution of
CB containing 2% fetal bovine serum and 0.05% Triton X-100 (wash/blocking
solution). Cells were incubated for 30 min at 37°C with an antibody diluted in
wash/blocking solution: the mouse monoclonal MAb.C3 or rabbit polyclonal
antibody directed against the membrane p14 protein (A27L gene) of VV. The
coverslips were then extensively washed with CB, followed by incubation in

darkness for 30 min a 37°C, with anti-mouse secondary antibody conjugated with
fluorescein isothiocyanate (FITC), with phalloidin conjugated with rhodamin
(Sigma), and with the DNA staining reagent To-Pro (Molecular Probes). The
cells were washed with CB and postfixed to stabilize the fluorescence, and the
coverslips were mounted by using Mowiol containing 0.2% DABCO (Sigma) as
an antifading agent. Images were obtained by using a Bio-Rad Radiance 2100

FIG. 3. Distinct cell polarization and actin tails in HeLa cells infected with MVA compared to the WR strain. HeLa cells were infected with
WR and MVA at 0.05 PFU/cell, and at 48 hpi cells were fixed and processed for confocal microscopy. Cytoplasmic viral p14 protein and virions
were detected with an antibody to p14 protein and a secondary antibody conjugated with FITC; cellular actin was detected with phalloidin
conjugated to TRITC. In cells infected with WR, individual virions (A, C, and E) and actin tails (arrow in panel C) are clearly seen in these
Z-projections. The morphology of these infected cells is multipolar or stellated. Cells infected with MVA (B, D, and F) produced few virions (one
is indicated by an arrow in panel D) and showed a bipolar morphology, and actin tails were not induced.
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confocal laser microscope, and the images were collected by using Lasersharp
2000 software and processed in Adobe Photoshop 6.0.

RESULTS

Infection of epithelial cells with MVA produces bipolar cells.
It is unclear if the consequences of MVA infection on cells are
the same as those triggered by other strains of VV. Thus, we
compared the morphological changes induced in cultured cells
by infection with MVA versus those induced by the VV strain
WR, since this is the most widely studied virus strain. To
analyze the effect of MVA infection, epithelial cells were in-
fected at a low MOI to minimize the effect of the virus in the
cell monolayer and to visualize the morphology of single in-
fected cell, as well as the process of virus spreading to neigh-
boring cells. Epithelial cells (BSC-40 and HeLa cells) were
infected with MVA or WR strains at 0.05 PFU/cell, and cells
were fixed at late times postinfection. Cytoskeletal elements
(actin and vimentin) were labeled, together with an antibody to
the viral envelope protein p14 (A27L gene). As determined by
confocal microscopy at 48 hpi, the epithelial HeLa cells in-
fected with WR strain were multipolar and have rounded mor-
phology (Fig. 2C and D). In contrast, MVA infection produces
bipolar cells (Fig. 2E). Quantification of more than 50 fields at
a magnification of �40 for each strain of VV showed that WR
produces 73.2 and 21.4% of the multipolar and rounded cells,
respectively, and only 5.4% of these cells were bipolar. The
same quantification for MVA showed that 68.5% of the in-
fected cells were bipolar or elongated, 27.8% were multipolar
or stellated, and only 3.7% were rounded.

To get a more detailed quantification of the morphological
changes produced in infected cells, we evaluated the ability of
the infected cells to induce the formation of cellular projec-
tions as described for the WR strain, a phenomenon that
requires the expression of late viral genes (47, 48). Cells in-
fected with WR strain had three to five projections (75.5%),
and only 6.7% had two projections, showing that most of them
are multipolar or stellated cells. In comparison, 51% of cells
infected with MVA had two projections per cell, and 44% of
them had three to five projections, and bipolar cells were more
frequently observed than multipolar cells. The length of the
projections was smaller for cells infected with WR strain com-
pared to cells infected with MVA. That is, 93.2% of WR-
infected cells had a projection length 0.2 to 0.5 times the length
of the cellular body, whereas 86.3% of the MVA-infected cells
had a projection length of 0.5 to 2 cellular bodies.

The morphological alterations of infected cells were further
analyzed by labeling the actin cytoskeleton and the virions.
Infection of HeLa cells with WR generated, at 48 hpi, many
virions and a small amount of nonassembled viral p14 cyto-
plasmic protein. Most of the viral p14 protein is incorporated

into mature virions (Fig. 3A, C, and E). The infected cells
conserved the described phenotype (multipolar or stellated).
Infection with WR induces actin tails and microvilli, and virus
particles at the ends of these structures are visible (Fig. 3C).
However, infection of HeLa cells with MVA accumulated
largely cytoplasmic p14 viral protein, with apparently few viri-
ons (Fig. 3D). MVA-infected cells did not show actin tails or
microvilli but did undergo a reorganization of the cytoskeleton.
Bipolar cell morphology is generated in MVA-infected cells, in
comparison with surrounding healthy cells (Fig. 3B, D, and E).

The data of Fig. 2 and 3 revealed that infection of epithelial
HeLa cells with MVA produces bipolar cells that acquire long
and branching projections, whereas infection with WR strain
produces multipolar and rounded cells with few branches.
Most of the p14 viral protein is incorporated into virions in
WR strain-infected cells, a finding clearly distinct from MVA-
infected cells, in which few virions appeared to be produced.

MVA-induced polarization in epithelial cells is distinct from
cells infected with VV strains Ankara and NYCBH. To docu-
ment whether the morphological changes induced by MVA
were the same as or different from those induced by its paren-
tal strain and by other VV strains, we carried out an analysis by
confocal microscopy of HeLa cells infected with MVA, with its
parental strain Ankara, and with the other VV strains WR and
NYCBH. For these experiments actin was labeled in blue, and
the virus was labeled in green. As shown in Fig. 4 with actin
staining, whereas MVA induced the characteristic bipolar mor-
phology, cells infected with the parental Ankara virus had a
stellated morphology similar to that of cells infected with the
WR strain. Cells infected with NYCBH strain also had an
stellated morphology but contained more projections. After
being stained the cells with an antibody to the virus envelope
protein p14, virions were readily observed in cells infected with
the WR and Ankara strains but were less abundant in cells
infected with NYCBH. However, in cells infected with MVA,
most of the label was cytoplasmic, with very few virions
present. Under conditions that visualize the actin tails, we
observed label virions on the tip of an actin tail in cells infected
with the WR and Ankara strains but reduced in numbers in
cells infected with NYCBH. A magnified area of cells with
actin tails and virions is shown to the right side of the images
in Fig. 4. It should be noted that CEVs are found at the ends
of actin tails (50), but the use of detergent after fixation of cells
does not allow differentiation of the different viral forms with
the p14 antibody.

To evaluate further the epithelial morphological changes in
virus-infected cells, we visualized by confocal microscopy the
progression of infection at low MOI, comparing (MVA and
WR strains), by using BSC-40 cells fixed at 48 hpi. We selected
BSC-40 cells for these studies because this is a primate cell line

FIG. 4. Differences in virus-induced polarization and actin tails between HeLa cells infected with MVA, its parental Ankara strain, and the
other VV strains, WR and NYCBH. HeLa cells were infected with the MVA, Ankara, WR, and NYCBH VV strains at 0.05 PFU/cell, and at 48
hpi cells were fixed and processed for confocal microscopy. Cytoplasmic viral p14 protein and virions were detected with an antibody to p14 protein
and a secondary antibody conjugated with FITC; cellular actin was detected with phalloidin-conjugated with Far Red. In cells infected with the
Ankara, WR, and NYCBH strains there is a multipolar or stellated morphology and actin tails are clearly seen in these Z-projections. In
mock-infected cells the F-actin is present in fibers. However, cells infected with MVA showed a bipolar morphology, actin tails were not induced,
the cells accumulated cytoplasmic p14 viral protein, and very few virions were observed. Bar, 1 �m.
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described as semipermissive for MVA maturation (7) and has
clearly distinguishable intercellular junctions and cytoskeleton.
In addition, BSC-40 cells are the most commonly used cell line
for VV titration since they form plaques in liquid overlay and
comets during virus spreading. Infection of cells with WR at a
low MOI (0.05 PFU/cell) gives a characteristic virus plaque
(Fig. 5A), where cells become motile and pull apart (48, 49).
However, in MVA-infected cells there is no plaque but rather
a cluster of infected cells (Fig. 5B). This suggests that a single
infected cell is able to spread the infection to the surrounding
cells, both for WR and MVA. A closer look shows that in
WR-infected cells, virions are abundant and account for most
of the p14 protein labeling (Fig. 5C and E). These mature
viruses are observed during exit from the cell and spread to
neighboring cells (Fig. 5E, arrow). In MVA-infected cells, the
cytoplasm of the cell is heavily stained with p14 viral protein,
and virions are very scarce. The MVA-infected cells connect
themselves to other cells by using a long phillopodium (Fig. 5D
and F). The final product of this process is the foci of infection
that produces the characteristic plaque phenotype of MVA: a
group of infected cells (ca. 20 to 30) (Fig. 5B), surrounded by
healthy cells with well defined actin stress fibers (Fig. 5F, ar-
row). A closer examination of actin fibers in BSC-40 cells
infected with MVA failed to reveal the characteristic coiled
actin tails. This was confirmed by a comparison of actin fibers
from BSC-40 cells infected with the different VV strains,
MVA, Ankara, WR, and NYCBH. After the cells were stained
for actin and virions for p14, as indicated in Fig. 4, we found
actin tails with virions on the tips in cells infected with the WR,
Ankara, and NYCBH strains but not in cells infected with
MVA (data not shown).

Differences in the morphogenetic pathway between MVA
and other VV strains (WR, Ankara, and NYCBH) in virus-
infected human cells. It has been previously described that
human cells infected with MVA result largely in the accumu-
lation of IV forms with no production of mature viral forms (7,
8, 46, 53). Since the confocal experiments described in Fig. 2 to
4 indicate that few mature viral forms might be assembled in
MVA-infected human cells, we carried out an in-depth analysis
by transmission electron microscopy of the viral forms pro-
duced in the course of infection of HeLa cells. We compared
the viral forms produced in cells infected with MVA versus
WR, Ankara, and NYCBH. We used cultured cells (HeLa and
CEF) infected for 6 and 12 h to visualize intermediates in the
virus assembly process. The most relevant ultrastructural find-
ings of morphogenesis in cells infected with WR, Ankara,
NYCBH, and MVA are described as a sequence of steps (Fig.
6 to 9). We present the intermediate viral forms found in HeLa
cells infected with WR in Fig. 6, the viral forms observed in
CEF cells infected with MVA in Fig. 7, the viral forms found
in HeLa cells infected with MVA in Fig. 8, and the viral forms
in HeLa cells infected with Ankara and NYCBH strains in Fig.
9. The electron microscopy studies revealed that the main viral
forms described for strains WR, Ankara, and NYCBH in HeLa
cells are detected in MVA-infected CEF cells, although there
are differences in fine ultrastructure, especially in the case of
IMVs. The IMVs produced in MVA-infected cells exhibit a
more rounded shaped than those from the WR, Ankara, and
NYCBH strain-infected cells (compare Fig. 6B and H and Fig.
9A and D with Fig. 7B and Fig. 8C and F). This was confirmed

after negative staining of sucrose-purified IMVs obtained from
BHK-21 cells, which are permissive for the MVA, Ankara,
WR, and NYCBH strains. The dimensions and heterogeneity
of viral particles from the four VV strains, with ca. 50 viral
particles measured per viral strain, are shown in Fig. 10. Viri-
ons from WR have the typical brick shape, with 6% of the
particles rounded, and with an average size of 310 � 11 nm by
252 � 16 nm. Virions from Ankara also have a typical brick
shape, with 7.4% rounded and with dimensions of 305 � 16 nm
by 262 � 16 nm. Virions from NYCBH showed different
shapes, with 72.5% with a brick shape, 22.5% with a narrow
brick shape (a representative is shown on the right of panel C),
and 7.5% with a rounded shape (with dimensions of 303 � 15
nm by 241 � 25 nm). Similar preparations of purified MVA
showed a considerable percentage of rounded particles (48%),
with an average size of 296 � 62 nm by 253 nm � 18 nm.

A closer electron microscopy examination of HeLa cells
infected with strains WR (Fig. 6B to J), Ankara and NYCBH
(Fig. 9), and MVA (Fig. 8B to H) revealed clear differences in
the accumulation of intermediates of virus maturation, and the
results of a quantitative analysis of the various viral forms at 12
hpi are presented in Fig. 1. The viral forms observed are
genuine intermediates of MVA replication since their numbers
increase with time. In agreement with the electron microscopy
findings of others (7, 8, 46, 53), the main restriction of viral
forms in HeLa cells infected with MVA is at the level of
progression from IV forms, since this is the most abundant
viral form (63.5%). In addition to the well-characterized viral
forms previously described (19, 51), we find in cells infected
with the various VV strains a viral form that probably repre-
sents a “transition” between IV and IMV and has been de-
scribed as an occasional stage by Carroll and Moss (7). This
intermediate of maturation is electron dense and has a spher-
ical form, with an average diameter of 200 nm (Fig. 6E, 7D,
and 9D). The “transition form” is able to take an additional
envelope (Fig. 6F, 7E, and 8E). The transition forms were
found occasionally outside of the cell (Fig. 7I). A viral form in
the process of construction of the internal viral core (Fig. 6G),
previously described for WR (51), was also observed in MVA
and NYCBH-infected HeLa cells (Fig. 8C and 9C). Although
the core structure can be recognized, it seems that the core has
not been completely “sealed” to the envelope. Some viral
forms reached the IMV stage in MVA- and NYCBH-infected
HeLa cells (Fig. 8G and 9D), and some of them are seen
wrapped by a second envelope (Fig. 8H).

Although the main viral forms described for WR and An-
kara are detected in MVA-infected cells (both under permis-
sive and nonpermissive conditions), there are important dif-
ferences both in fine ultrastructure and in the amounts of the
intermediates compared to cells infected with the strains WR
and Ankara (Fig. 1). First of all, some MVA particles reached
the mature IMV form, but IMVs produced in MVA-infected
cells exhibited a more rounded shape, as seen both in thin
sections of infected cells (Fig. 7 and 8) and after negative
staining of isolated viruses (Fig. 10). In addition, when MVA
infects HeLa cells, IMVs have an abnormal internal structure
(“atypical” viruses) with potential alterations in the interac-
tions core envelope (Fig. 8C and F). On the other hand, these
“IMVs,” which are frequently found (25.5%) in MVA-infected
HeLa cells (Fig. 1), are not able to efficiently acquire the
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FIG. 5. Monkey cells infected with MVA accumulate cytoplasmic viral protein with few virions, do not produce actin tails, and generate
philopodia. Monolayers of BSC-40 cells were infected with WR or MVA at 0.05 PFU/cell and, 48 h later, cells were fixed and processed by a
method that adequately preserves the cytoskeleton. Cytoplasmic viral p14 protein and virions were detected with anti-p14 antibody and a secondary
antibody conjugated with FITC. Actin was detected with phalloidin conjugated with TRITC, and DNA was labeled with To-Pro. The upper panels
showed the virus plaques produced by WR (asterisk in panel A) and by MVA. In panel C there are four WR-infected cells without connections
between them, while in panel D the cells infected with MVA show a philopodium (arrow in panel D) connecting two cells. At higher magnifications
(E and F), it is clear that WR strain-infected cells produced virions that exit the cells (arrow in panel E) and spread to the neighboring cells. In
comparison to cells infected with strain WR, MVA-infected cells produced very few virions and a larger amount of cytoplasmic p14 viral protein,
and some cells generated a long philopodium (arrow in panel F). Whereas actin tails were found in cells infected with strain WR, no such tails
were observed in MVA-infected cells.
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additional double envelope to become IEVs, since “IMVs”
attached to intracellular membranes are seen but not totally
wrapped by them (Fig. 8). In the case of HeLa cells infected
with strain NYCBH, we find a large proportion of viral forms
as IVs (84%) dispersed in the cytoplasm, some of them sur-
rounded with dense membranes, and few IMVs (Fig. 1 and 9).
NYCBH produces fewer “atypical” IMVs than MVA. The
presence of potential CEVs was very scarce in HeLa cells
infected with MVA (Fig. 1). In conclusion, although in HeLa
cells MVA is able to reach the “IMV” stage, these virions were
not structurally normal, and the subsequent steps in the mor-
phogenetic pathway are clearly blocked.

DISCUSSION

We have used confocal and electron microscopy approaches
to provide a detailed characterization of the morphological
changes induced in HeLa cells by MVA and of the different
viral forms produced in the course of the virus infection. These
analyses have been compared to cells infected with the paren-
tal Ankara strain and with other VV strains, i.e., WR and
NYCBH. In this work, we present new findings on cell polar-
ization triggered by MVA and describe the different viral forms
produced in human cells.

According to confocal microscopy analysis, MVA infection
has a different impact in HeLa cells compared to infection with
the WR, Ankara, and NYCBH strains (Fig. 2 to 4). Infection
with MVA leads to a distinct change in cell morphology, and

the alterations are remarkable, since the cells become polar-
ized or have an elongated shape with two poles (bipolar).

It is traditionally considered that MVA produces minimal
cytopathic effects in human cells compared to infection with
the WR strain (8). This is clear when immunostained cells are
observed by light microscopy (7, 14). These morphological
alterations produced by MVA might not be anecdotal since
they might be used to establish connections with neighboring
cells. Certainly, we have observed numerous fields by confocal
microscopy where these MVA-induced cellular projections
connect with other cells, where infection is starting (Fig. 5).
The morphological changes in the epithelial cells are better
observed at a low MOI, when it is easy to visualize the virus
spread. When cells are infected at high MOI the polarization
process is hidden because the virus polarizes several cells in
distinct orientations and, therefore, the unidirectional spread
of the virus is eliminated. Under these conditions, it is still
possible to observe the bipolar cells at the periphery of a focus
of infection. Although the WR and Ankara strains have equal
probabilities to exit the cell in all directions, causing the stel-
lated phenotype (Fig. 4), MVA has limited ability to exit the
cell and, therefore, it has a better chance to polarize the host
cell. By infecting HeLa cells at a high MOI, the binding to cells
of virions activate a signal cascade that generates protrusions
in the plasma membrane that can be essential for virus entry
(21). Using a low MOI and long times postinfection (2 days),
we observed similar protrusion, which indicates that cytoskel-
etal changes occur both during entry and exit of the virus from

FIG. 6. Viral forms produced in human cells infected with strain WR as visualized by electron microscopy. Monolayers of HeLa cells infected
at 5 PFU of virus/cell were chemically fixed at 6 and at 12 hpi and then processed for conventional embedding in an epoxy resin. Ultrathin sections
were studied by transmission electron microscopy at both low and high magnifications. (A) At 6 hpi small viroplasm foci and forming viruses
(asterisks) were detected near the nucleus (N) of infected cells. DNA crystalloids of variable size (double arrow) were also frequent in the assembly
areas. (B) At 12 hpi the IMVs (arrowheads) were the predominant viral form. A minor population of IVs was also observed (arrow). (C to J) The
hypothetical sequence of morphogenesis of the WR strain of VV is shown at higher magnifications. (C) Viral crescent (c) with associated vesicular
(v) elements; (D) characteristic IV with DNA spot; (E) previously proposed spherical and dense transition form IV3IMV. This viral form is
occasionally seen being wrapped by two membrane units, as shown in panel F (arrow). (G) Potential intermediate in the process of core assembly
(arrowhead). Characteristic mature forms are shown in panels H to J: IMV (H), IEV (I; the arrow points to the additional double membrane),
and EEV (J; the arrowhead points to the thick external coat). Bars: 0.5 �m, A and B; 100 nm, C to J.
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FIG. 7. Morphogenetic events in CEFs infected with MVA. Primary CEFs infected at an MOI of 5 PFU/cell were chemically fixed at 6 and 12
hpi and processed for conventional embedding in an epoxy resin. Ultrathin sections were studied by transmission electron microscopy at low and
high magnifications. (A) At 6 hpi, IVs (arrows) and spherical and dense transition forms (asterisks) were abundant. (B) At 12 hpi, IMVs constituted
the most abundant viral form (arrowheads). Also, a DNA crystalloid is seen at 6 hpi. The hypothetical sequence of morphogenesis of the MVA
is shown in panels C to I at higher magnifications. (C) Characteristic IV with DNA spot; (D) transition IV3IMV virus; (E) viral form occasionally
seen wrapped by two membrane units (arrowhead). In this sequence the traditional stages of maturation of VV are also shown: IMV (F), IEV (G),
and EEV (H). (I) Finally, the “transition viral form” IV3IMV is frequently seen out of the cell. Bars: 0.5 �m, A and B; 100 nm, C to I.
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the cell. It has been reported that the WR strain induces cell
migration, which is dependent on early genes, and the forma-
tion of cellular projections, which requires virus late gene ex-
pression (48, 49). The bipolar phenotype that we observed with
MVA is not seen in HeLa cells infected with the strains WR,
Ankara, and NYCBH (Fig. 4), indicating that MVA viral/or
host genes are responsible for the change in cell phenotype. In
fact, by microarray analyses of 15,000 human genes, we found
a distinct pattern of host gene expression in HeLa cells in-
fected with MVA compared to cells infected with WR strain.
The WR strain causes a severe repression of cytoskeleton
genes (17); however, infection with MVA induces expression
of several cytoskeleton genes that could contribute to the po-
larized phenotype (unpublished data).

Microbial infections sometimes induce a functional polar-
ization of particular cells via activation of a variety of signaling
pathways, depending on the type of microbe (13). However, as
shown here, when MVA infects a cell monolayer it induces a
dramatic change in cell shape and a major reorganization of
the cytoskeleton, changes that could produce a polarized re-
lease of virions. This process does not have many precedents in
the literature, but something similar could be operating in cells
infected with human immunodeficiency virus (HIV). When
HIV-infected T lymphocytes are added to epithelial cells, they
adhere to, polarize, and secrete virions unidirectionally onto
the epithelium (34). The authors of that study speculate that
this cytoskeleton-mediated process may participate in HIV
transmission in vivo. Thus, these two nonrelated viruses are
able to trigger signals that transform the structure and function
of cytoskeletal elements, which could be used for a polarized
release of virions, and minimize exposure to the extracellular
medium.

As determined by electron microscopy, MVA assembly in
HeLa cells was blocked at the immature virus (IV) stage as
described by others (7, 8, 46, 53), but we provide new infor-
mation that during infection MVA is able to produce further
intermediates of virus maturation, with accumulation of non-
assembled cytoplasmic viral proteins. It is important to note
that our improved preservation techniques for electron micros-
copy (37–40), together with the examination of intermediates

of virus replication, has made it possible to visualize viral forms
not previously described in MVA-infected human HeLa cells.

The study of morphogenetic events in cells infected with the
most extensively studied strains of VV—the WR strain and the
MVA strain—at early and late times postinfection provided
new information on the viral forms produced in HeLa cells,
which could be extrapolated when MVA is used as a vaccine in
humans. The first stage in the assembly process of MVA is
most probably the viral crescent with vesicular elements asso-
ciated (Fig. 6C), which has been observed previously in cells
infected with strain WR (51). This step is followed by a tran-
sition stage, found both in cells infected with WR (Fig. 6E) and
MVA and in permissive CEFs (Fig. 7D) and nonpermissive
HeLa cells (Fig. 8E), and may be a stage that occurs prior to
the IMV formation. The transition stage that consists of a
dense particle is able to be wrapped by a second envelope (Fig.
6F, 7E, and 8E), which suggests that the protein signals for this
phenomenon must be incorporated into these particles and not
only in the IMV, as proposed elsewhere (26). In addition, these
particles can be found outside of the cells (Fig. 7I), which
suggests that they exit the host cell membrane. Similar elec-
tron-dense particles were described by Carroll and Moss (7). It
is possible that the transition forms can acquire an additional
envelope that gives them the capacity to egress from the cell.

A novel potential intermediate form seen in MVA-infected
cells is a particle with an assembling core. This intermediate
form, which we refer to as “atypical” is rarely seen in cells
infected with WR (Fig. 6G) but is most frequently observed in
MVA-infected cells (Fig. 7C and F). This atypical virus form,
occurring where a complete sealing between the core and the
envelope is absent, is very similar to that observed after IMVs
from strain WR were treated with the reducing agent dithio-
threitol (27). The authors of that study found that membranes
around the isolated particles appeared to be less stable and
detached from the underlying core. Therefore, it is possible
that the intermediate virus form in MVA-infected cells is the
same form as that described for WR and that its formation is
compatible with reduced interaction between membranes of
the envelope with the core structure, where disulfide bonds or
other types of protein interaction play roles in maintaining the

FIG. 7—Continued.
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FIG. 8. Morphogenetic events in human cells infected with MVA. HeLa cells were infected (5 PFU/cell) with MVA and processed by electron
microscopy as described above. (A) Cell cultures in low-magnification fields show small viroplasm foci and forming IVs (asterisks) at 6 hpi. (B) At
12 hpi, IVs (arrows), transition forms (star), and IMVs (arrowheads) were detected in infected cells. Many of these “IMVs” exhibit an altered
internal structure (white arrowheads). The hypothetical sequence of morphogenesis of MVA is shown in panels D to H at higher magnifications.
Together with the characteristic IV (D), the spherical and dense transition forms are frequent (E), some of them in the process of being wrapped
by additional membranes (arrowhead). (F) Potential transition form occurring prior to the IMV. Note that the IMV (G) is able to initiate the
process of wrapping in association with a cisternal compartment (arrowhead in H). Bars: 0.5 �m, A and C; 100 nm, D to H; 300 nm.
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atypical virus form. There appears to be formation, subsequent
to the appearance of this viral form, of infectious IMV parti-
cles. Indeed, some mature IMV forms were observed in HeLa
cells infected with MVA (Fig. 8B and G) but were reduced in
amount compared to permissive cells (Fig. 1, 6B, and 7B).
These IMVs have a more rounded shape than those derived
from HeLa cells infected with the WR or Ankara strains (com-
pare Fig. 6B and 9A with Fig. 7B). The IMVs from MVA-
infected HeLa cells are able to initiate the process of wrapping
in association to a cisternal compartment to produce an IEV
form (Fig. 8H). Formation of some mature infectious virions in
HeLa cells infected with MVA is compatible with the virus
growth curves (not shown). Although other groups have ob-
tained similar MVA virus growth curves in HeLa cells (4, 7),
these groups have not observed some of the viral intermediates
that we have described here.

The intermediates that we have observed in HeLa cells in-
fected with WR and MVA were similar in cells infected with
the parental wild-type Ankara and with the vaccine strain
NYCBH, although differences in the frequency of these inter-
mediates were observed between the VV strains a 12 hpi (Fig.
1). The WR and Ankara strains produced similar intermedi-
ates with small variations in the amounts of the different viral
forms. MVA and Ankara strains yielded similar percentages of
IVs and clear differences in the amounts of IMVs and atypical
viral forms (Fig. 1). The vaccine strain NYCBH produced viral
intermediates similar to those produced by MVA, but the
percentage of atypical virus was reduced in cells infected with
NYCBH compared to cells infected with MVA (Fig. 1).

A comparison of the sizes and shapes of purified virions
(IMVs) obtained from permissive cells (BHK-21) revealed that

MVA virions are more rounded than those of the other VV
strains (Fig. 10). Whereas virions from WR and Ankara had
similar sizes and most of them had the typical brick-shaped
appearance, virions from NYCBH are frequently found as
narrow-brick-shaped particles (Fig. 9 and 10). The differences
in size and shape of MVA virions compared to the wild-type
Ankara strain could be related to the deletions and/or muta-
tions in the MVA genome.

Considering the data presented here, it is clear that some
maturation of MVA is indeed actually taking place in HeLa
cells giving rise to atypical forms, IMVs, and IEVs. Some of
these mature viruses could be used to infect surrounding cells.
Since we have not observed the characteristic actin tails in
MVA-infected HeLa cells (Fig. 3 and 4) or in BSC-40 cells
(data not shown), how should we explain the infection of
neighboring cells as observed in Fig. 5B. It has been described
that actin polymerization apparently occurs when the outer
membrane of IEV fuses with the plasma membrane and is
triggered by the A36R gene product. The actin tails propel the
CEV to the adjacent cell for cell-to-cell spread (50). Thus,
some cell-to-cell spread in HeLa cells infected with MVA may
still be due to a limited production of the IEV form, its fusion
with the cell plasma membrane, formation of CEV, and pro-
jection via actin tails into neighboring cells. In the absence of
characteristic actin tails in MVA-infected HeLa cells, it is pos-
sible that the virus uses alternative mechanisms of virus
spreading. Indeed, cell-cell fusion through the connecting
bridges could provide a mechanism of transport of infectious
MVA progeny.

In conclusion, this investigation provides new information
on the biology of MVA in nonpermissive human HeLa cells,

FIG. 8—Continued.
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FIG. 9. Assembly of Ankara and NYCBH strains of VV in HeLa cells. HeLa cells were infected with 5 PFU of Ankara or NYCBH strains of
VV/cell, and at 12 hpi the cells were processed for electron microscopy analysis. (A) Both IVs and IMVs accumulated in the cytoplasm of HeLa
cells infected with Ankara strain. (B) The NYCBH strain accumulated large amounts of IVs in the perinuclear areas of HeLa cells, where
numerous swollen mitochondria (mi) are seen. (C and D) In these cells IVs are frequently surrounded by dense membranes (marked by arrows
in panel C), and small groups of IMVs (black arrowhead in panel D) close to dense “transition” viral particles (star, panel D) and “atypical IMVs”
(white arrowhead in panel D) are frequently seen. N, nucleus. Bars, 300 nm.
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demonstrating that MVA induces polarization of infected cells
and produces a variety of viral forms. We have also demon-
strated differences in the amounts and ultrastructure of the
viral forms with respect to those found in HeLa cells infected
with the different VV strains, including the WR, Ankara, and
NYCBH strains.
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