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It has previously been shown that upon infection of HeLa cells with modified vaccinia virus Ankara (MVA),
assembly is blocked at a late stage of infection and immature virions (IVs) accumulate (G. Sutter and B. Moss,
Proc. Natl. Acad. Sci. USA 89:10847-10851, 1992). In the present study the morphogenesis of MVA in HeLa
cells was studied in more detail and compared to that under two conditions that permit the production of
infectious particles: infection of HeLa cells with the WR strain of vaccinia virus (VV) and infection of BHK cells
with MVA. Using several quantitative and qualitative assays, we show that early in infection, MVA in HeLa
cells behaves in a manner identical to that under the permissive conditions. By immunofluorescence micros-
copy (IF) at late times of infection, the labelings for an abundant membrane protein of the intracellular mature
virus, p16/A14L, and the viral DNA colocalize under permissive conditions, whereas in HeLa cells infected with
MYVA these two structures do not colocalize to the same extent. In both permissive and nonpermissive infection,
pl6-labeled IVs first appear at 5 h postinfection. In HeLa cells infected with MVA, IVs accumulated predom-
inantly outside the DNA regions, whereas under permissive conditions they were associated with the viral DNA.
At 4 h 30 min, the earliest time at which p16 is detected, the p16 labeling was found predominantly in a small
number of distinct puncta by IF, which were distinct from the sites of DNA in both permissive and nonper-
missive infection. By electron microscopy, no crescents or IVs were found at this time, and the p16-labeled
structures were found to consist of membrane-rich vesicles that were in continuity with the cellular endoplas-
mic reticulum. Over the next 30 min of infection, a large number of pl16-labeled crescents and IVs appeared
abruptly under both permissive and nonpermissive conditions. Under permissive conditions, these IVs were in
close association with the sites of DNA, and a significant amount of these IVs engulfed the viral DNA. In
contrast, under nonpermissive conditions, the IVs and DNA were mostly in separate locations and relatively
few IVs acquired DNA. Our data show that in HeLa cells MVA forms normal DNA replication sites and normal

viral precursor membranes but the transport between these two structures is inhibited.

Modified vaccinia virus Ankara (MVA) is a highly attenu-
ated vaccinia virus (VV) strain, derived from VV Ankara. The
latter was passaged more than 500 times on chicken embryo
fibroblasts (CEF), during the course of which the virus lost part
of its genome. Compared to VV Copenhagen, the structural
genes have mostly remained unchanged, but many genes on
the left and right sides of the genome, which encode in partic-
ular host range and immune evasion factors, are deleted or
fragmented (1). MVA grows permissively in CEF and BHK
cells but fails to make substantial amounts of infectious prog-
eny in all other mammalian cells tested, including those of
human origin (4, 9). Nevertheless, in human trials in which
MVA was tested as a putative vaccine against smallpox, the
virus induced an efficient immunological response while having
none of the side effects that can occur with nonattenuated VV
strains, even in high-risk groups (27, 41). VV vaccination in-
duces efficient T-cell immunity, including immunity to foreign
proteins cloned into its double-stranded DNA genome, which
become expressed upon infection. However, because of the
potential side effects of VV vaccination, the use of attenuated
VV strains has become mandatory. In this respect, MVA is
emerging as an important alternative candidate, and an in-
creasing number of studies indicate that recombinant MVA
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strains are promising candidates to be used as live vaccines
against other infectious diseases and in cancer therapy (3, 5, 8,
14, 19, 36, 43).

VV infection starts with virus entry, which delivers the core
into the cytoplasm (reviewed in reference 28). From this core,
a number of early mRNAs are produced, the translation of
which is required to initiate the subsequent process of DNA
replication. This process occurs in distinct cytoplasmic sites
that are enclosed by membranes of the rough endoplasmic
reticulum (ER) (44) and sets off the production of late genes,
the products of which are required for virion assembly. Virion
assembly is complex; the first identifiable step is the formation
of typical crescent-shaped membranes that are highly modified
by viral membrane proteins. We have previously postulated
that the virally modified membranes are part of the so-called
intermediate compartment (IC) (39). The IC is now recog-
nized as a specialized subdomain of the interconnected ER
network that is involved in transport from the ER to the Golgi
complex (15). For this reason, we now prefer to use the term
specialized smooth ER domain for the membranes of the cres-
cents (see also reference 18 and 38).

Although a recent study suggested that the crescent-shaped
membranes contain only one lipid bilayer (20), we and others
have accumulated compelling evidence that they are composed
of two tightly apposed cisternal membranes derived from the
cellular ER (31; see reference 38 for a review). The crescents
mature into immature viruses (IVs), which are perfectly spher-
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ical particles composed of two membranes containing viral
membrane proteins, which enclose the electron-dense core
proteins (12, 49). Uptake of the viral DNA by the IVs (see
references 17 and 18 for a possible model) is followed by
maturation into the first infectious form of VV, the so-called
intracellular mature virus (IMV). In contrast to the spherical
IVs, the IMVs appear to be brick shaped and contain a mor-
phologically and biochemically distinct (brick-shaped) core
structure. A small percentage of the IMVs are wrapped by a
double-membrane cisterna derived from the trans-Golgi net-
work to form the intracellular enveloped virus. The intracellu-
lar enveloped virus has been shown to move on microtubules
towards the plasma membrane, with which it fuses to release
the extracellular enveloped virus (EEV) (reviewed in reference
29).

The gene product of A14L, a protein with a molecular mass
of 15 to 16 kDa (p16), has previously been identified as a major
membrane protein of the IMV (22, 32, 34). Subsequently, two
independent studies have shown that p16/A14L is essential for
IMV assembly. In its absence, crescent-shaped membrane are
made, but they fail to interact with the viral core proteins and
consequently no IMVs are formed (33, 45). By immunofluo-
rescence microscopy (IF) of VV-infected cells, the protein was
found to display a typical punctate pattern that precisely colo-
calized with the areas of DNA accumulation in the perinuclear
area of the cell at late times of infection (34). By electron
microscopy (EM), p16 localizes to the viral membranes of the
crescents, [Vs, and IMVs. Labeling was also detected on mem-
branes of the ER-Golgi interphase, as assessed by the fact that
these membranes could be double labeled with markers of that
compartment, while low-level labeling was detected in the nu-
clear envelope and the rough ER (32, 34).

The stage of infection at which MVA is blocked depends on
the cell type; in most cell lines of human origin, its life cycle
appears to be inhibited at a late stage. HeLa cells infected with
MVA synthesize late viral proteins, and IVs accumulate, but
no IMVs are made (42). The reasons for this block in assembly
have mostly remained elusive; attempts to rescue the pheno-
type in HeLa cells have suggested that several viral genes may
be inactivated in this virus (50).

In the present study we have reinvestigated the assembly
block of MVA in HelLa cells. Our data show that under non-
permissive conditions viral assembly is normal until 4 h 30 min
to 5 h postinfection. At this time of infection, we show that two
distinct domains of the cellular ER are modified, each with
distinct functions in viral assembly. The first is the rough ER,
which, starting at 2 h, temporally enwraps the replicating DNA.
This ER is then disassembled at 5 to 5 h 30 min postinfection,
concomitant with the appearance of crescents and IVs. The
second domain is a membrane vesicle, enriched in p16/A14L,
that first appears at 4 h 30 min and is part of the cellular
smooth ER system. Under normal assembly conditions, these
membrane domains are somehow transported to distinct sites
on the surface of the viral DNA where IMV assembly occurs.
This putative transport step does not occur in HeLa cells in-
fected with MVA. Our data therefore suggest that MVA lacks
the genes for proteins needed for the process of bringing to-
gether the IVs and the viral DNA in HeLa cells.

MVA MORPHOGENESIS IN HeLa CELLS 8319

MATERIALS AND METHODS

Cells, viruses, and antibodies. HeLa, BHK-21, and BSC40 cells were grown in
Dulbecco’s modified Eagle medium with 4.5 g of glucose per liter supplemented
with 5% heat-inactivated fetal calf serum, 200 mM L-glutamine (GIBCO BRL,
Life Technologies), and 100 U of penicillin per ml and 100 pg of streptomycin
per ml (GIBCO BRL. Life Technologies) at 37°C with 5% CO,. The Western
Reserve (WR) strain of VV (kindly provided by B. Moss) was purified from
infected HeLa cells, and MVA (a kind gift of Gerd Sutter) was purified from
infected BHK cells. To prepare virus stocks, cells were infected for 3 days at a
multiplicity of infection (MOI) of 0.5 and IMV was isolated as described by
Jensen et al. (22). Iodoxynol (Optiprep) gradient purification of MVA was done
as described by Krijnse Locker et al. (24). To determine the titer, viruses were
plaque titrated on BSC40 cells (WR) and BHK-21 cells (MVA) and fixed at 24 h
postinfection in acetone-methanol (1:1). Viral foci were visualized by immuno-
staining with an anti-VV antibody as described by Earl et al. (11), using horse-
radish peroxidase and 0.66 mg of 3,3’-diaminobenzidine (Sigma) per ml in
phosphate-buffered saline-0.024% H,0,, according to the instructions of the
manufacturer. The titers obtained for both WR and MVA preparations were 1
% 10 to 4 X 10® PFU/ml. The PFU-per-particle ratios of purified MVA and WR
preparations, determined as described by Joklik (23), were about 1 to 50 for both
viral preparations.

The following antibodies were used throughout this study: anti-p16 (A14L)
(34), anti-p35 (H5R) (44), anticore (30), rat monoclonal antibodies to anti-p42
(B5R) (35) (a kind gift of Gerhard Hiller), and anti-B-COP and anti-p27 (kindly
provided by Rainer Pepperkok and Tommy Nilsson, respectively (10, 13). Hu-
man anti-DNA antibody was kindly supplied by Ivan Raska (University of Pra-
gue). Donkey anti-rabbit coupled to fluorescein isothiocyanate (FITC) or rho-
damine was purchased from Jackson Immunoresearch Laboratories (Dianova,
Hamburg, Germany).

Indirect immunofluorescence, entry assay, and relationship between intracel-
lular cores and replication sites. Indirect immunofluorescence was as described
previously (6). Infected cells grown on coverslips were fixed at the indicated
times with 3% paraformaldehyde in phosphate-buffered saline for 30 min at
room temperature. After permeabilization with 1% Triton X-100, coverslips
were incubated with the appropriate primary and secondary antibodies coupled
to FITC or rhodamine and viewed using a Zeiss Axioskop 50 fluorescence
microscope or a Zeiss Axioplan 2 confocal microscope. Viral DNA was visual-
ized using DAPI (4',6'-diamidino-2-phenylindole) at a concentration of 1 pg/ml.
The entry kinetics was determined as described previously (24) using either
sucrose-purified WR and MVA or iodoxynol-purified MVA to separate IMV
from EEV. To visualize intracellular replication sites, infected cells were fixed at
4 h postinfection and labeled with antibodies to p35 (H5R). The amounts of
intracellular cores and replication sites were counted in 30 cells.

EM. Cryosections and Epon sections of infected and fixed cells were prepared
as described previously (12, 46). To determine the amount of EEVs in different
gradient-purified MVA preparations, fractions were absorbed to carbon-coated
grids and labeled with anti-p42, rabbit anti-rat antibody, and 10-nm-diameter
protein A-gold, followed by 10 min of floating on a mixture (8:2) of 2% meth-
ylcellulose and 3% uranyl acetate on ice. From this mixture the grid was looped
out, blotted, and dried. Using this assay, it was found that MVA obtained from
sucrose gradients contained 20% EEVs with intact p42-positive membranes and
10% with broken membranes. MVA purified on Optiprep gradients resulted in
two light-scattering bands. The upper band contained 52% EEVs with intact
membranes, with the remaining particles being IMVs. The lower Optiprep band
contained IMVs only. Double labeling was carried out as described by Slot et al.
(37). Images were taken with a Philips 400 EM.

RESULTS

MVA enters HeLa cells with the same kinetics as WR. Al-
though it had been shown that MVA infection in HeLa cells is
blocked at a late stage of infection, it was not clear whether or
not the earlier stages were also affected. It had been shown that
the extent of DNA replication in these cells was similar to that
for wild-type VV Ankara infection (42). We decided, there-
fore, to investigate a number of other parameters of the early
phases of infection in more detail. In initial experiments we
chose to compare MVA to the WR strain of VV because we
have recently generated a variety of tools to study the early
stages of the WR life cycle in these cells (24-26, 44). Through-
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out this study, infection of HeLa cells with MVA is referred to
as nonpermissive, whereas infections of HeLa cells with WR
and of BHK cells with MVA are called permissive.

Sucrose gradient-purified MVA stocks were prepared from
infected BHK cells, while WR was isolated from HeLa cells. By
negative-staining EM such preparations contained single par-
ticles only and lacked contamination (not shown). The PFU-
per-particle ratios of such preparations were very comparable
(see Materials and Methods); for both purified MVA and WR
we calculated a ratio of 1 to 50, similar to what we and others
have published before (24, 47).

Subsequently, the entry properties of both viruses were stud-
ied using an established assay. This assay relies on an antibody
generated to VV cores that by IF recognizes intracellular cores
but not extracellular virions. By fixing cells at different times
after infection and subsequently labeling the cells with the
anticore antibody, the average amount of cores per cell can be
used as a quantitative entry assay (24).

Upon comparing the entry kinetics of sucrose-purified MVA
and WR by using this assay, we were initially surprised to see
that the former virus apparently entered cells more efficiently
than WR (Fig. 1A). At 60 min postinfection, MVA resulted in
more intracellular cores than WR. We considered the possi-
bility that our sucrose-purified MVA stock might contain sub-
stantial amounts of EEV, particles that are known to enter
cells more efficiently than IMV (7, 24), MVA preparations
were subjected to negative-staining EM after labeling with
antibodies to the EEV-specific protein p42 (B5R gene). Since
the entry assay was always performed after extensive sonication
of the virus stocks, negative staining was also done on soni-
cated virus, a treatment thought to disrupt the EEV-specific
membrane (21, 48). Despite sonication, up to 20% of the
particles obtained from sucrose gradients appeared to be sur-
rounded by an intact EEV-specific (p42-positive) membrane
(Fig. 1C, panel B) (see Materials and Methods). In contrast,
sucrose-purified WR contained only BSR-negative IMVs (Fig.
1C, panel A).

Since we have recently shown that iodoxynol (Optiprep)
gradients allowed a good separation of IMV from EEV (24),
MVA was also purified on such gradients. In iodoxynol gradi-
ents two light-scattering bands were now clearly detected, and
when analyzed by negative-staining EM after labeling with
anti-p42, the upper band was enriched for EEVs while the
lower band consisted of p42-negative IMVs (see Materials and
Methods). When the entry assay was done with Optiprep-
purified MVA IMV and EEV, the MVA IMV entry kinetics
now resembled that of WR IMV WR and, at the MOI (of 30)
used, resulted in similar amounts of intracellular cores (Fig.
1A). MVA EEV entered HeLa cells faster and more efficient
than sucrose-purified MVA, consistent with the fact that the
upper Optiprep band contained relatively more EEVs (Fig.
1A).

The combined results show that MVA IMV enters with the
same kinetics and efficiency as WR IMV. When purified in
sucrose gradients, the MVA stocks contained substantial
amounts of EEV whose EEV-specific membrane apparently
resisted rupture by sonication (see also reference 40).

Relationship between intracellular cores and DNA replica-
tion sites. By conventional IF, the gene product of H5R, a
35-kDa protein, colocalizes precisely with the sites of viral
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DNA synthesis at 3 h postinfection (2, 44), allowing us to
estimate the number of cytoplasmic DNA sites at a given MOL
As shown before, the combination of anti-p35 and the anticore
antibodies allows one to estimate the relationship between
intracellular cores and DNA replication sites (25). In HeLa
cells infected with WR, at up to a certain MOI an approxi-
mately one-to-one ratio exists between the number of cores
and replication sites, suggesting that each incoming core is
infectious (25). Above this MOI the number of replication sites
does not further increase, suggesting that only a limited num-
ber of cytoplasmic DNA sites can be made in HeLa cells. In the
present study we wanted to test whether a similar one-to-one
ratio also existed in HeLa cells infected with MVA.

HelLa cells were infected with MVA and WR at MOIs of 5,
15, and 30, and the intracellular cores were counted at 1 h
postinfection. A parallel set of cells was incubated for an ad-
ditional 3 h before fixation and labeling with anti-p35 (H5R).
The DNA replication sites were counted at 4 h postinfection,
because this appeared to be the earliest time postinfection at
which the DNA factories could be detected by IF at MOIs of
5 and 15. For both MVA and WR the amount of intracellular
cores increased linearly with increasing MOI (Fig. 1B). Since
sucrose-purified MVA containing up to 20% EEVs, was used
in this experiment, MVA infection resulted in more intracel-
lular cores than WR infection at the same MOI. Nevertheless,
the relationship between cores and replication sites followed a
similar pattern for both viruses; at and MOI of 5, there ap-
peared to be more DNA sites than cores at 4 h postinfection
(Fig. 1B). This is most likely because at low MOIs it is more
difficult to accurately count intracellular cores, because not all
cells are infected. At an MOI of 15, however, the ratio between
cores and replication sites was approximately one to one for
both viruses (Fig. 1B). For both MVA and WR at an MOI of
30, fewer DNA sites than cores were counted (Fig. 1B). Com-
pared to an MOI of 15, however, the number of replication
sites obtained at an MOI of 30 was slightly higher, suggesting
that the MOI which results in the maximum amount of repli-
cation sites that can be made in HeLa cells (see above) was
somewhere between 15 and 30 under the present experimental
conditions.

These data show that upon infection of HelLa cells with
MVA and WR, the relationship between cores and replication
sites appeared to be comparable, with a one-to-one ratio be-
tween these two structures at an MOI of 15.

Upon infection of HeLa cells with MVA, p16/A14L does not
colocalize with the DNA replication sites. Having established
that MVA behaved similarly to WR in two parameters of the
early phase of infection in HeLa cells, we next investigated
later stages of infection. The nonpermissive infection of MVA
in HeLa cells was compared to the permissive conditions of
WR in HelLa cells and MVA in BHK cells.

As mentioned above, as determined by conventional light
microscopy in HeLa cells late in infection, p16 (A14L) and the
viral DNA precisely colocalize (34). When HeLa cells infected
with WR or BHK cells infected with MVA were fixed at 8 h
postinfection, the regions of p16 and DAPI labeling indeed
appeared to completely overlap (Fig. 2A to D). However, when
we analyzed these structures in more detail, the respective
labeling patterns were quite different; whereas anti-pl6
(A14L) showed a striking punctate pattern, the DAPI-positive
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FIG. 1. Entry of WR and MVA in HeLa cells (A) and relationship between MOI, intracellular cores, and DNA replication sites (B). (A) HeLa
cells grown on coverslips were infected at an MOI of 30 in the presence of 300 pg of cycloheximide per ml with sucrose-purified WR (WR s) or
MVA (MVA s), the upper band obtained from MVA purified on Optiprep gradients (MVA OpU) (enriched for EEV), or the lower band of the
same gradient (MVA OpL) (containing IMV only). Cells were fixed at the indicated times postinfection and labeled with an anticore antibody
followed by anti-rabbit-FITC to visualize intracellular cores. The graph represents the average amounts of cores per cell in 30 cells and the
standard errors of the means. (B) HeLa cells grown on coverslips were infected with sucrose-purified WR or MVA at the indicated MOI. After
60 min at 37°C, one set of cells was fixed and labeled with the anticore antibody. A parallel set of cells was washed three times to remove
unpenetrated virus and incubated for an additional 3 h before fixation. Intracellular cores and replication sites were visualized by IF (see Materials
and Methods) and counted. The values represent the average amounts of cores per cell and standard errors of the means at 60 min postinfection
with WR (WR ¢) or MVA (MVA c¢) or the average amounts of viral factories (vf) per cell and standard errors of the means at 4 h postinfection
(WR vf or MVA vf) in 30 cells. (C) Negative-staining EM and immunolabeling with anti-p42 (BSR; 10-nm-diameter gold) of sucrose-purified WR
(panel A) and MVA (panel B) isolated from infected HeLa or BHK cells, respectively. Bars, 300 pwm.

areas of viral DNA appeared as a uniformly labeled structure sections it now appeared that when the p16 labeling was arti-
(Fig. 2A to D). Confocal microscopy analyses of these same ficially removed from the image by shutting off the FITC chan-
preparations were then carried out. HeLa cells infected with nel, there was no DNA labeling at the sites where the p16
WR or BHK cells infected with MVA were fixed at 6 h postin- labeling was concentrated. Instead, the uniformly labeled
fection and double labeled for DAPI and anti-p16. By confocal DNA structures enclosed DNA-free gaps on their surfaces that
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FIG. 2. As determined by IF, pl6 and the viral DNA do not colocalize to the same extent in MVA-infected HeLa cells as with permissive
infections of MVA in BHK cells or WR in HeLa cells. BHK cells (A and B) or HeLa cells (E and F) infected with MVA or HeLa cells infected
with WR (C and D), all at an MOI of 10, were fixed at 8 h postinfection. Fixed cells were double labeled with DAPI (A, C, and E) and anti-p16
(A14L) (B, D, and F). In panels A, C, and E, asterisks indicate DNA factories, while in panels B, D, and F, arrows point to the same DNA factories.
In panels B and D, p16 overlaps completely with the DNA factories in panels A and C, while in panel F, the p16 labeling is scattered in the
cytoplasm, not obviously colocalizing with the DNA in panel E. N, nucleus.

were filled by the p16-positive structures. It thus appeared that
the p16 and DNA labeling represented two different structures
that were closely associated but distinct. The fact that these
results were obtained for both BHK cells infected with MVA
(Fig. 3A and B) and HeLa cells infected with WR (Fig. 3C and

D) suggested that this observation was general for a permissive
VV infection and was not cell type dependent.

In HeLa cells infected with MVA, however, the punctate
pl6 pattern appeared to overlap much less with the DNA
structure and instead was more dispersed in the cytoplasm
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FIG. 3. Confocal sections of VV-infected cells double labeled for DNA (DAPI) and p16 (A14L). BHK cells infected with MVA (A and B) and
HelLa cells infected with WR (C and D) were fixed at 6 h postinfection and double labeled with DAPI (red) and anti-p16 (green). In panels A and
C the DAPI labeling is shown alone, and in panels B and D the merge of DAPI and p16 labeling is shown. The arrows indicate clusters of p16
labeling in panels B and D and the corresponding area in panels A and C. Asterisks indicate a DNA factory region. N, nucleus.

(Fig. 2E and F). Confocal microscopy analysis confirmed that
the two sets of structure were mostly separate under these
conditions (not shown).

Thus, under nonpermissive conditions at late times of infec-
tion, an abundant membrane protein failed to reach its normal
sites on the surface of the viral DNA.

By EM at late times of infection, IVs do not localize to the
DNA sites in HeLa cells infected with MVA. We next used EM
to visualize the viral membrane and DNA structures at a
higher resolution under permissive and nonpermissive condi-
tions at 8 h postinfection. For this, sections of Epon-embedded
samples were analyzed. The regions of DNA accumulation

could easily be identified in such sections, because they have a
different electron density than the surrounding cytoplasm (see
Fig. 5 and reference 44). At early times of infection (4 h 30
min), under both permissive and nonpermissive conditions, the
DNA replication sites were almost entirely surrounded by
membranes of the rough ER, in agreement with our previous
study (44), as seen in both Epon sections and cryosections
labeled with anti-DNA (Fig. 4). These data argue that the
process of ER wrapping around the DNA replication sites
occurs normally under nonpermissive conditions. Moreover, at
late times of infection, under both permissive and nonpermis-
sive conditions the ER had mostly disassembled from the DNA
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FIG. 4. Viral DNA replication site in HeLa cells infected with MVA at 4 h 30 min postinfection. HeLa cells were infected with MVA at a MOI

of 10 and fixed at 4 h 30 min postinfection. (A) Epon section in which one DNA replication site that is almost entirely surrounded by membranes
of the ER can be seen. (B) Cryosections were double labeled with anti-p16 (10-nm-diameter gold) and anti-DNA (5-nm-diameter gold). The image
shows a replication site that is almost completely ER enwrapped. The central part of this region is labeled abundantly with anti-DNA. The ER
membrane around the replication site is not significantly labeled with anti-p16. Bars, 200 nm. N, nucleus.

regions, consistent with our recent data (44). Under permissive
conditions (WR-infected HeLa cells [Fig. SA] or MVA-in-
fected BHK cells [Fig. 5C]), IVs and crescents that localized
exclusively within the DNA regions were seen. No IMVs ac-
cumulated at the DNA regions; instead, virions were always
found in different regions of the cell, suggesting that once
assembled, IMVs moved away from the sites where the DNA
accumulated (Fig. 5A and C).

In agreement with the results reported by Sutter and Moss
(42), in HeLa cells infected with MVA no IMVs could be
detected, and many IVs appeared to accumulate instead. In
contrast to the case under permissive conditions, only a few of
those IVs were seen at the DNA sites, and the bulk of these
particles were found scattered in the cytoplasm (Fig. 5B). Like
the I'Vs, and in contrast to permissive conditions, the crescents
were also found predominantly outside the DNA regions (Fig.
5B). These data supported the evidence obtained by light mi-
croscopy that the viral membranes were not properly reaching
the DNA sites.

To test whether the failure of IV-DNA colocalization might
also be reflected in a reduced uptake of DNA by these parti-
cles, the number of IVs that contained DNA was counted and
compared to those under three permissive conditions. The
viral DNA is known to enter particles in distinct, concentrated
structures that can easily be seen by EM of Epon-embedded
samples (see for, instance, Fig. SA and C). HeLa and BHK
cells were infected with WR and MVA and fixed at 8 h postin-
fection, and the fixed cells were embedded in Epon. The total
number of IVs in 15 sections of infected cells was counted (this
number ranged from 76 to 151 I'Vs in 15 cell profiles). Under
conditions of permissive infection, the percentage of IVs con-
taining a nucleoid was between 28 and 35% (34.7, 32.5, and
28.6% for WR-infected BHK cells, WR-infected HeLa cells,

and MVA-infected BHK cells, respectively). However, in
HeLa cells infected with MVA, this percentage was on average
only 5.6%, showing that significantly fewer IVs could acquire
DNA at this time of infection.

These results strongly suggest that the localization of the I'Vs
to the regions of DNA accumulation is required for efficient
DNA uptake into the particle.

Targeting of pl16 to the viral DNA. Since the above-de-
scribed results showed that under nonpermissive conditions
MVA assembly at late stages was abnormal, we decided to
make a more detailed time course to see at what point the
plé-labeled structures failed to assemble properly. One possi-
bility was that under nonpermissive conditions p16-labeled I'Vs
initially colocalized with the DNA. As more IVs that failed to
mature into IMVs started to accumulate, they were being dis-
placed from the DNA, resulting over time in a dispersed local-
ization pattern of p16 as shown in Fig. 2E and F. Alternatively,
p16 simply failed to reach the DNA at all times of infection.

As MVA in BHK cells behaved identically to WR in HeLa
cells, we decided to compare MVA infection in BHK cells
(permissive conditions) (Fig. 6A) to MVA infection in HeLa
cells (nonpermissive conditions) (Fig. 6B). Cells were infected
and fixed starting at 4 h 30 min postinfection, since this ap-
peared to be the earliest time point at which we were able to
detect p16 labeling in both HeLa and BHK cells at the MOI (of
10) used. They were also fixed at 5 h, 5 h 30 min, and 8 h
postinfection, and the fixed cells were double labeled with
DAPI and anti-p16.

At 4 h 30 min postinfection under permissive and nonper-
missive conditions the labeling patterns were identical. In both
cases the labeled DNA and p16 structures were distinct and, in
contrast to late times of permissive infection, did not colocal-
ize. Whereas the DNA was found in three to five discrete sites,
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FIG. 5. Epon sections of HeLa cells infected with WR (A) or MVA (B) or BHK cells infected with MVA (C) at 8 h postinfection. In all cases cells
were infected at an MOI of 10. The region of viral DNA accumulation in the cytoplasm of infected cells is indicated with arrowheads. This region is
covered with IVs in HeLa cells infected with WR (A) and BHK cells infected with MVA (C), while no IVs are observed outside this region. Small arrows
point to IVs containing a nucleoid. In HeLa cells infected with MVA (B), the region of DNA accumulation (arrowheads) has a few IVs, but more IVs
can be found in the rest of the cytoplasm, not localizing to the DNA site. IMVs in panels A and C are indicated with large arrows and do not appear
to be present in the DNA region. The latter viral form cannot be detected in HeLa cells infected with MVA (B). N, nucleus. Bars, 1 um.
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FIG. 6. Localization of p16 at different times of infection. BHK cells (A) or HeLa cells (B) were grown on coverslips and infected with MVA
at an MOI of 10. The cells were fixed at the indicated times postinfection (pi.) and double labeled with DAPI (a, c, e, and g) and anti-p16 (A14L)
followed by anti-rabbit antibody coupled to rhodamine (b, d, f, and h). Note that p16 perfectly overlaps with the regions labeled with DAPI in BHK
cells infected with MVA from 5 h 30 min postinfection onwards. p16 does not overlap to the same extent in HeLa cells infected with MVA. At 4 h 30
min postinfection under both permissive and nonpermissive conditions, p16-positive spots that do not colocalize with the viral DNA are detected.
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FIG. 6—Continued.
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FIG. 7. Double labeling of pl6 and gp27 at 4 h 30 min postinfection. Cryosections were labeled with anti-pl6 (10-nm-diameter gold)
(arrowheads) and anti-gp27 (5-nm-diameter gold) (arrows). (A, C, and D) MVA in HeLa cells; (B) MVA in BHK cells. Panel A shows scattered
labeling for both antigens in the vicinity of the Golgi stack (G). Note the concentration of p16 in structures that are in continuity with the smooth
ER membranes. These domains are mostly devoid of gp27. In panel B, in addition to scattered ER labeling of p16, some is found on a
multivesicular body-like structure (asterisk). The large arrow in panel B indicates the first hint, at 4 h 30 min, of a small crescent domain labeled
for p16. In panels C and D examples of the membrane-rich vesicles described in the text are shown. Bars, 200 nm.
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FIG. 8. Double labeling of p16 and gp27 at 5 h postinfection. (A, B, and C) HeLa cells (A and B) or BHK cells (C) infected with MVA. All
sections were double labeled with anti-p16 (10-nm-diameter gold) (arrowheads) and anti-gp27 (5-nm-diameter gold) (arrows). (A and B) Variable
p16 labeling of the multimembrane vesicle that is connected to the rough ER (RER). These structures contain little to no labeling for gp27, while
the membranes in continuity with them are clearly labeled for the cellular protein. In panel A gp27 but not p16 also labels a distinct dense vesicular
structure (asterisk). (C) Relatively large amounts of label for both antigens in membranes adjacent to the Golgi complex are seen. The significant
number of cop buds-vesicles (c) in continuity with these membranes indicates that they are on the cis side of the Golgi stack (G). (D) What we
believe is the beginning of crescent formation (arrow) that is labeled with anti-p16 (arrowhead) is shown. (E) Double labeling with pl6
(10-nm-diameter gold) (arrowheads) and gp27 (5-nm-diameter gold) (arrows), showing an IV, the inner membranes of which are labeled with
anti-pl6 and that is in continuity with tubular membranes that are labeled with both p16 and gp27. Bars, 200 nm.
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FIG. 9. Examples of pl6-labeled membrane-rich vesicles in HeLa cells infected with MVA. Cells were fixed at 4 h 30 min (A to C) or 8 h

(D) postinfection. Bars, 200 nm.

the p16 labeling was prominently seen in a small number of
(three to six) of distinct puncta per cell (Fig. 6 A, panels a and
b, and B, panels a and b). A faint cytoplasmic labeling was also
observed, but no obvious pattern could be recognized. At 5 h
postinfection under permissive conditions, clear signs of colo-
calization between pl6-labeled puncta and the DNA were
seen. Punctate p16 labeling was found on the DNA structure,
as before, but did not cover the entire surface to the extent
seen at 6 h, while a variable amount of the p16 puncta was still
located outside the DNA site (Fig. 6A, panels ¢ and d). At5 h
30 min and 8 h postinfection, pl6 was found to precisely co-
localize with the DNA sites under permissive conditions, con-

sistent with the above-described results (Fig. 6A, panels e to h).
In contrast, under nonpermissive conditions, at all time points
tested, p16 and DNA did not colocalize to the same extent.
Although some of the p16 labeling was adjacent to the DNA,
the bulk of this label appeared to be randomly scattered in the
cytoplasm (Fig. 6B, panels c to h).

It thus seemed that under both permissive and nonpermis-
sive conditions, p16 initially accumulated in structures that
were distinct and separate from the DNA. Whereas under
permissive conditions pl6 and the DNA were subsequently
found in close association, this step appeared to be blocked
under nonpermissive conditions.

FIG. 10. IF localization of B-COP in HeLa cells infected with MVA at 4 h 30 min postinfection. HeLa cells grown on coverslips were infected
(d to f) or mock infected (a to ¢) with MVA at an MOI of 10 and fixed at 4 h 30 min after infection. Fixed cells were triple labeled with DAPI
(a and d), anti-B-COP (b and e), and anti-p16 (c and f). The large arrows indicate viral DNA replication sites, and the small arrows indicate
plé-labeled structures. In panel e the small arrows indicate p16 structures that are adjacent to COP-labeled structures.
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FIG. 11. BHK cells infected with MVA and fixed at 5 h postinfection. (A) Sections were double labeled with anti-p16 (10-nm-diameter gold)

(arrowheads) and anti-p35 (H5R) (5-nm-diameter gold) (small arrow). The image shows an extended p35-positive area, the boundary of which is
indicated with large arrows, that contains several IVs. (B) Sections were double labeled with anti-DNA (5-nm-diameter gold) (small arrow) and
pl6 (10-nm-diameter gold) (arrowheads). Also in this example there is an abrupt boundary (large arrows) where the DNA labeling stops.

pl6-labeled IVs are found within this region. Bars, 200 nm.

Analysis of the pl6-labeled early membrane structures by
EM. The IF analyses showed that distinct pl6-enriched puncta
assembled at 4 h 30 min postinfection and in permissive as-
sembly could move towards the DNA (or vice versa). We
therefore used immuno-EM in order to see these structures
directly. It was possible that these structures represented the
first signs of crescents. In any case, since they were enriched in
pl6, we expected them to be membrane structures that would
be either in continuity with or derived from the cellular ER.

Cryosections were prepared at 4 h 30 min and 5 h postin-
fection of BHK or HeLa cells with MVA. Under both permis-

sive and nonpermissive conditions, at 4 h 30 min postinfection
no crescents or I'Vs could be observed (Fig. 4), which implies
that at this time of infection, these structures cannot be re-
sponsible for the labeling of pl6 seen by IF. No difference
between the permissive and nonpermissive conditions was seen
at this time point. The replication sites were still almost com-
pletely enwrapped by membranes of the rough ER (Fig. 4).
Consistent with the light microscopy results, these ER mem-
branes were not detectably labeled with anti-p16 both under
permissive (not shown) and nonpermissive (Fig. 4B) condi-
tions. Instead, and in contrast to the IF results, consistent
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labeling was found on smooth ER membranes, including tu-
bular vesicular membranes that were often located on one side
of the Golgi complex (Fig. 7A). When sections were double
labeled for p16 and a marker of the ER-Golgi boundary re-
gion, gp27 (13), the two antigens were found to be closely
intermingled in these areas, demonstrating that p16 accumu-
lated in these membranes at the earliest time point of infection
at which it becomes significantly expressed (Fig. 7A and B). In
addition, clear sites of pl6 segregation into distinct subdo-
mains, in which the labeling was more concentrated, were
observed (Fig. 7A, C, and D; see Fig. 9). At this time we also
observed one example of what we interpret to be the first hint
of a mini-crescent domain at 4 h 30 min (Fig. 7B).

In contrast to the labeling observed over the ER-Golgi re-
gion, which was rather prominent, we had to search many
sections in order to find the structures (three to five per cell)
that were labeled abundantly for p16 by IF. These structures
emerged as a striking kind of vesicular aggregate of mem-
branes that labeled variably, but often strongly, for p16 (Fig.
7C and D, 8A and B, and 9). We consider it likely that these
tightly knit structures may be quite inaccessible to p16 labeling
and that the EM labeling may be an underestimate. These
structures were mostly devoid of label for gp27, although gp27-
labeled membranes were often in their close vicinity (Fig. 7C
and 8A and B).

Collectively, these data argue that the pl6-enriched smooth
ER domains segregated from the cellular marker gp27 of the
smooth ER/IC/cis-Golgi already at an early stage. To extend
these observations we also tested by IF a second marker of this
region, B-COP, a component of COP-1 vesicles that also lo-
calizes to the ER-Golgi boundary region (10, 16). Infected and
mock-infected cells were fixed at 4 h 30 min and double labeled
with the anti-p16 and anti-B-COP. As shown in Fig. 10, the
labeling for COP was more extended in infected cells than in
uninfected cells, where it is mostly in the perinuclear area of
the cell, close to the Golgi region. In MVA-infected cells, the
COP label was closely apposed to the pl6-labeled vesicles, but
the two sets of structures were clearly distinct. This supports
our proposal that the pl6-labeled multimembrane vesicles
have segregated from cellular markers of the smooth ER net-
work.

Between 4 h 30 min and 5 h, I'Vs form but fail to associate
with the viral DNA under nonpermissive conditions. When we
examined at 5 h infected cells that had been double labeled for
pl6 and gp27, we also saw significant label for both in the
vicinity of the Golgi complex (Fig. 8C). More striking at this
time was the appearance of crescents and IVs that, as ex-
pected, labeled strongly for pl6 but excluded gp27 (Fig. 8D
and E). As shown before for later times of infection, these
crescents and IVs were in continuity with tubular membranes
that were also abundantly labeled with anti-pl6 (34) and
weakly labeled with gp27 (Fig. 8E). Some images showed rare
intermediate stages in which p16-labeled membranes appeared
to be transforming into crescents (Fig. 8D). There was no
obvious difference in the pattern of labeling between permis-
sive and nonpermissive conditions, in which similar amounts of
IVs were seen (not shown).

We next double labeled these 5-h infected cells for p16 and
anti-DNA or anti-p35 (H5R). We have previously shown that
p35 associates precisely with the viral replication sites from 3 h
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until at least 6 h postinfection by IF and EM (44). This anti-
body gave a labeling pattern identical to that for anti-DNA in
this study also.

As shown in Fig. 11, under normal assembly conditions, the
IVs and crescents were intimately associated with the bound-
ary between the DNA (anti-p35 or anti-DNA labeled) region
and the surrounding cytoplasm (see also reference 39). In
agreement with the analysis of the Epon sections (at 8 h)
shown in Fig. 5, in HeLa cells infected with MVA for 5 h, we
failed to see any consistent associations of IVs with these
regions (not shown). Between 4 h 30 min and 5 h postinfection,
under both permissive and nonpermissive conditions, the ER
around the DNA site disassembled, exposing free DNA to the
surrounding cytoplasm, in agreement with the EM analysis at
8 h (above) (Fig. 11; see also reference 44). The disassembly of
the ER around the factory coincided precisely with the appear-
ance of crescents and IVs.

DISCUSSION

In the present study we have reinvestigated the morphogen-
esis of MVA in HeLa cells. We show that MVA behaved
similarly to WR in several parameters of the early stages of
infection; both entry and the formation of DNA replication
sites were comparable. At late times of infection, however,
MVA assembly in HeLa cells was inhibited. We identify the
step in which the block occurs as being due to the mistargeting
of IVs to the regions of DNA. The time course of p16 expres-
sion enabled us to identify a novel pl6-enriched membrane
structure that we propose to be the first viral membrane do-
main that segregates from the smooth ER immediately prior to
the formation of the crescent.

Viral entry and production of DNA replication are normal
under nonpermissive conditions. Although it was known that
the infection of MVA in HeLa cells was blocked at a late stage
of infection, we considered it important to test whether the
virus behaved similarly to a VV strain that grows permissively
in these cells. Since MVA is an important candidate to be used
for live vaccination against other pathogens and in human
cancer therapy, it seemed worthwhile to undertake a thorough
analysis of its assembly in cultured human cells. It is important
to know, for instance, whether MVA infection in such cells
requires substantially more or less virus to obtain a similar
number of infected cells compared to, for instance, the WR
strain of VV. While it is clear that MVA has been adapted to
grow very efficiently on CEF cells, it is conceivable that during
the course of this adaptation the virus has lost some of its
ability to initiate efficient infection in other cells. We show,
however, using assays that we had established previously to
study the initiation of the early stages of infection in HeLa cells
(24, 25), that MVA behaved identically to WR. We show for
the first time that MVA purified from BHK cells has a PFU/
particle ratio similar to that for purified WR stocks. Moreover,
MVA entered HeLa cells with similar kinetics, resulting in a
similar amount of intracellular cores at the same MOIL. MVA
also appeared to be as efficient as WR in producing replication
sites, with a one-to-one ratio between incoming cores and sites
of DNA synthesis at an MOI of 15.

Early p16 structures as precursors of the viral crescent. At
4 h 30 min postinfection, the earliest time we could detect p16
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by IF, we found that this abundant late membrane protein
became enriched in a small number of distinct puncta. By EM
these structures were identified as distinct membrane-rich
structures. They vaguely resembled multivesicular bodies but
were clearly distinct from typical endocytic organelles. Al-
though first seen early in infection, these structures are also
visible at later times of infection by EM (Fig. 9D). This sug-
gests that from 4 h 30 min postinfection the viral protein
accumulated in such membrane structures before being con-
verted to crescents. Of course, we cannot formally exclude the
possibility that the p16 vesicles might have no functional rela-
tionship with the assembly sites and may represent dead-end
products of pl6 synthesis. However, the same structures la-
beled with pl6 were observed under all three conditions of
infection used throughout this study. This argues that rather
than being artifacts of infection, they are more likely to have a
specific function in VV morphogenesis. We propose that the
plé-rich structures represent smooth ER-derived membranes
that are the precursors of the viral crescents. The lack of
colocalization of abundant cellular marker proteins of the
SER-IC region with the p16 convoluted membranes is consis-
tent with this idea. It suggests that the membranes may serve to
segregate pl6 (and likely other viral membrane proteins) from
host proteins and is consistent with the fact that the virally
modified membranes of crescents and IVs generally exclude
host proteins (38).

By IF the bulk of p16 was seen to concentrate in these vesicular
structures. However, by EM only a relatively small fraction of the
total label was found on them. There was consistent labeling
throughout the rough ER and nuclear envelope, with a concen-
tration in a variety of smooth ER structures that were continuous
with the ER-Golgi boundary. It is difficult to quantify the fraction
of p16 that is in the vesicular membrane aggregates because of the
likelihood that the highly packed membranes may be more inac-
cessible to anti-p16 than the more open smooth ER membranes.
However, even without quantitation, the fact that the EM labeling
on rough and smooth ER could be seen in practically every
section, whereas the (three to five) vesicular structures were sel-
dom seen, argues that only a small fraction of the total p16 is in
these vesicles.

VV morphogenesis uses two distinct ER domains. In the
present study we show that all of the processes occurring early
in infection are normal in HelLa cells infected with MVA,
including the process of segregating the ER into two distinct
viral domains. In a recent study we showed that early in infec-
tion the viral replication sites becomes almost completely sur-
rounded by membranes of the rough ER by 3 h postinfection.
We also described how these ER membranes around the DNA
dissociate from this site at about the time that IVs and cres-
cents appear, late in infection (44). Extending that study, we
now show that also in MV A-infected BHK and HelLa cells, the
replication site was almost completely enclosed by the rough
ER. In addition, when crescents and IVs were first observed,
from 5 h postinfection onwards, we observed that the ER
around the replication site had disassembled, under both per-
missive and nonpermissive conditions. Thus, assembly and dis-
assembly of this ER domain involved in DNA replications
occurs normally under nonpermissive conditions.

These data illuminate an important aspect of viral mem-
brane biogenesis as it occurs in normal and in MVA-infected
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cells. During the viral life cycle, two distinct functional ER
subdomains are assembled. The first is the rough ER, which
assembles around the DNA replication site at between 2 and
3 h postinfection, a process that may be mediated by early viral
membrane proteins (44). These rough ER domains, which
contain normal ER markers, serve as a transient scaffold for
DNA replication and need to be dismantled later in infection.
Before dismantling occurs, however, a second, smooth ER
subdomain emerges, which is enriched in viral late membrane
proteins. In contrast to the DNA replication domains, these
domains exclude host proteins and are therefore a means for
segregating and concentrating the viral proteins which subse-
quently self-assemble into viral crescents. Our results suggest
that the membranes and the DNA need to be transported
towards each other for normal assembly. This might, at first
glance, be considered to be the movement of one distinct
membrane structure along, for example, microtubules, towards
a second distinct structure, the DNA factory. However, our
recent assembly model (18) provides another, more likely ex-
planation. This model postulates that the crescent-IV domain
cisternae are directly connected to separate ER domains that
bind to a distinct piece of DNA (likely one genome; see also
reference 12). Upon assembly, the ER-bound genome is
pushed inside the IV membranes. The resulting IMV is com-
posed of one continuous S-shaped cisternal membrane, in
which the genome is surrounded by at least two cisternae. We
suggest that MVA in HeLa cells is blocked at a stage that
normally allows the ER-bound genome to wrap inside the IV
membranes. We therefore predict that the inability of MVA to
assemble in HeLa cells is due to a defect in viral self-assembly
rather than in a defect in transport per se. This process can be
envisioned to be exceedingly complex, and it is therefore not
surprising that attempts to rescue the aborted phenotype of
MVA in HeLa cells suggested that the failure of MVA to
produce infectious progeny in these cells is indeed complex
and most likely related to more than one viral gene product
(50). The colocalization by IF of IVs and DNA upon permis-
sive infection is, however, so striking that it could be used as a
convenient assay for attempts to rescue the aborted transport
of viral precursor membranes to the viral DNA replication
sites. Such experiments could perhaps shed more light on a
possible interaction between the DNA and assembly factories
that is apparently essential for efficient assembly of the IMV.
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