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The poxvirus strains NYVAC and MVA are two candidate vectors for the development of vaccines against a
broad spectrum of diseases. Although these attenuated virus strains have proven to be safe in animals and
humans, little is known about their comparative behavior in vitro. In contrast with MVA, NYVAC infection
triggers greater cytopathic effect in a range of permissive and nonpermissive cell lines. The yields of NYVAC
cell-associated virus in permissive cells (BHK-21) were slightly reduced compared with those of MVA infection.
During the course of infection in HeLa cells, there is a translational block induced by NYVAC late in infection,
which correlated with a marked increase in phosphorylation levels of the initiation factor eIF-2�. In contrast
to MVA, the synthesis of certain late viral proteins was only blocked in NYVAC-infected HeLa cells. Electron
microscopy (EM) analysis revealed that morphogenesis of NYVAC in HeLa cells was blocked at the stage of
formation of immature viral forms. Phase-contrast microscopy, EM, flow cytometry, and rRNA analyses
demonstrated that contrary to MVA, NYVAC infection induces potent apoptosis, a phenomenon dependent on
activation of caspases and RNase L. Apoptosis induced by NYVAC was prevented when the virus gene C7L was
placed back into the NYVAC genome, recovering the ability of NYVAC to replicate in HeLa cells and
maintaining the attenuated phenotype in mice. Overall, our findings demonstrate distinct behavior between
NYVAC and MVA strains in cultured cells, as well as a new role for the C7L viral gene as an inhibitor of
apoptosis in NYVAC infection.

Poxvirus vectors are considered to be prime candidates for
use as recombinant vaccines due to their efficient expression of
the foreign antigen and unique immunological properties in
eliciting long-term protective humoral and cell-mediated im-
mune responses (44). Increased immunosuppression as a result
of human immunodeficiency virus (HIV) infection, cancer
treatments, and organ transplantation, in addition to the pos-
sible vaccination of the general public due to the emerging
threat of smallpox bioterrorism, requires the need for the de-
velopment of safe and efficacious vectors (46). Numerous ap-
proaches have been taken to enhance the safety of poxviruses.
These include the replication-deficient modified vaccinia virus
Ankara (MVA) (21), nonreplicating defective vaccinia virus
(VV) (46), host cell-restricted vectors such as avipoxviruses
(ALVAC) (72), fowlpox virus (44), and poxvirus vectors with
deletions in nonessential genes (60), such as those coding for
serpins (37), or host range genes, such as the NYVAC strain
(71). In this regard, recombinants based on MVA or NYVAC
strains are emerging as important candidates to be used as live
vaccines against numerous infectious diseases and in cancer
therapy.

The current widely used MVA strain was classically attenu-
ated by growing the virus after more than 500 passages in

chicken embryo fibroblasts (CEF) (40). During the course of
attenuation, 15% of the parental viral genome was lost (1) as
was the ability to grow in human cells and a majority of mam-
malian cells (15, 20, 43). MVA has been shown to be safe in
humans, with no adverse side effects, as demonstrated when
over 120,000 individuals were vaccinated during the smallpox
eradication campaign (40). At present, first-generation recom-
binant MVA vaccines inducing relevant recombinant antigen-
specific T-cell immunogenicity in humans have been clinically
tested against infectious disorders such as AIDS, malaria, and
human papillomavirus-associated cancer (for review, see ref-
erence 68).

The NYVAC vector was derived from the Copenhagen
strain of VV. It was genetically attenuated by the deletion of 18
nonessential genes implicated in virulence, host range, or
pathogenicity, resulting in a strain with a highly debilitated in
vitro replicative capacity on cells derived from humans, mice,
and equid origin, but with the ability to replicate with wild-type
efficiency in CEFs and Vero cells (69–71). A number of exam-
ples employing the NYVAC vector as a recombinant vaccine
delivery system have been provided in various animal models
and humans with promising results (50, 52, 69). Although
NYVAC is a highly attenuated virus, it retained the ability to
induce a protective immune response to foreign antigens in a
similar way to the thymidine kinase mutant of the parental
strain (49). To date, all of the data obtained from human
clinical trials using NYVAC-based vectors illustrate a positive
safety profile and the induction of high levels of immunity
against the expressed heterologous antigens (10, 12, 19, 23, 32,
47, 50, 53).
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Even though the attenuated poxvirus vectors MVA and
NYVAC have been widely characterized in terms of safety and
immunogenicity, a careful evaluation of the differences in
MVA and NYVAC biology remains to be established. A com-
parative analysis of expression profiles obtained by cDNA mi-
croarray screening of over 15,000 human genes in NYVAC- or
MVA-infected HeLa cells revealed that both virus strains in-
duced common and distinct proinflammatory cytokine profiles
(30, 31).

In this study, we examined the in vitro behavior of NYVAC
in comparison with that of MVA using cellular and biochem-
ical approaches. Our findings revealed distinct biological char-
acteristics of MVA and NYVAC strains, which are likely to
influence the immunogenicity of these recombinant vectors
when used as vaccines. Among the candidate genes deleted in
NYVAC and intact in the MVA genome (1), we found the C7L
gene responsible for the distinct biological differences between
both attenuated strains.

MATERIALS AND METHODS

Cells and viruses. Cells were maintained in a humidified air–5% CO2 atmo-
sphere at 37°C. African green monkey kidney cells (BSC-40) and human cells
(HeLa) were grown in Dulbecco�s modified Eagle’s medium (DMEM) supple-
mented with 10% newborn calf serum. Mouse 3T3-like fibroblast cells (3T3),
baby hamster kidney cells (BHK-21), CEF, and human cells (TK-143) were
grown in DMEM supplemented with 10% fetal calf serum (FCS). The VV strains
used in this work include Western Reserve (WR), MVA obtained after 586
passages in CEFs (passage 585 of MVA was kindly provided by G. Sutter,
Munich, Germany), and NYVAC (provided by J. Tartaglia from Aventis-
Pasteur). These strains were grown and titrated in BSC-40 cells (WR) or in
CEFs (MVA or NYVAC). All viruses were purified by two sucrose cushions
and titrated by immunostaining (25). The particle/PFU ratio in the different
virus preparations was determined by measurements of optical density at 260
nm (OD260) and virus titration (1 OD260 unit represents 1.2 � 1010 particles
per ml) (22).

Generation of NYVAC-C7L. The C7L gene was obtained by PCR of genomic
MVA DNA using the following set of primers: 5�-CGGGATCCCATGGGTAT
ACAGCACGAATTCG (BamHI site underlined) and 5�-TCCCCCGGGTAAT
CCATGGACTCATAATCTCTATACG (SmaI site underlined). The amplified
DNA fragments were digested with restriction endonucleases BamHI and SmaI
and cloned into pJR101 vector (27) previously digested with BglII and SmaI. The
resulting plasmid, pJR101-C7L, directs the insertion of the C7L gene into the
hemagglutinin locus of the NYVAC genome under the transcriptional control of
the synthetic early/late (E/L) promoter. BSC-40 cells were infected with the
attenuated NYVAC strain at a multiplicity of 0.01 PFU/cell and then transfected
with 10 �g of DNA from plasmid pJR101-C7L using Lipofectamine reagent
according to the manufacturer’s instructions (Invitrogen). Recombinant NYVAC
viruses containing the C7L gene were selected by consecutive rounds of plaque
purification in BSC-40 cells stained with X-Gluc (5-bromo-4-chloro-3-indoxyl-�-
D-glucuronidase acid). Purity of the recombinant NYVAC-C7L virus was con-
firmed by PCR and by DNA sequence analysis.

Evaluation of CPE by phase-contrast microscopy. In the evaluation of cyto-
pathic effects (CPE) under permissive and nonpermissive conditions, the indi-
cated cell lines were seeded into 12-well tissue culture plates and grown to
confluence. The cells (duplicate wells) were infected at 5 PFU/cell with WR,
MVA, NYVAC, or NYVAC-C7L and visualized under a phase-contrast micro-
scope at various times postinfection (p.i.) for CPE (such as cell rounding, cyto-
plasmic contraction, and slow detachment). In addition, we analyzed this effect in
infected HeLa cells treated with a DNA synthesis inhibitor, Ara C, at a concen-
tration of 50 �g/ml. A total of three independent experiments were performed.

Analysis of virus growth. To determine virus growth profiles, monolayers of
HeLa or BHK-21 cells grown in 12-well tissue culture plates were infected at 0.01
PFU/cell with WR, MVA, or NYVAC strains. Following virus adsorption for 60
min at 37°C, the inoculum was removed. The infected cells were washed twice
with DMEM without serum and incubated with fresh DMEM containing 2% of
FCS at 37°C in a 5% CO2 atmosphere. At different times postinfection, cell
supernatants were removed by scraping with a pipette and cells in the monolayer
were independently collected in serum-free medium. The supernatants were

stored at 4°C for no more than 48 h before virus titration, and cell-associated
virus in the collected monolayer was released from cells by freeze-thawing and
brief sonication. Serial dilutions of the resulting cell lysates and of supernatants
were plated on confluent BHK-21 monolayers grown in six-well plates in dupli-
cate. Following virus adsorption for 60 min at 37°C, the inoculum was removed.
The infected cells were washed twice with DMEM without serum and incubated
with fresh DMEM containing 2% of FCS at 37°C in a 5% CO2 atmosphere.
Following 24 h postinfection, the virus titers were determined by immunostaining
assay with anti-VV antibodies as previously described (33). At least three inde-
pendent virus titrations were performed with the samples containing the virus
released to the medium during infection (supernatant) and the virus that re-
mained cell associated (monolayer cells).

Metabolic labeling of proteins. HeLa and BHK-21 cells grown in 12-well plates
were infected at 5 PFU/cell with MVA or NYVAC. At different times postin-
fection (4, 8, and 16 h), cells were rinsed three times and incubated with Met-
Cys-free DMEM 30 min prior to labeling. After incubation, the medium was
removed and 50 �Ci of [35S]Met-Cys Promix per ml in Met-Cys-free DMEM was
added for an additional 30 min. After three washes with phosphate-buffered
saline (PBS), cells were resuspended in Laemmli sample buffer, and equal
amounts of proteins (20 �g) were analyzed by sodium-dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) followed by autoradiography.

Western blot analysis. Antibodies that specifically recognize the products of
viral early and late genes, such as E3L (p25), A14L (p16), A4L (p39), A17L
(p21), A27L (p14), and L1R (p27.5), were used in the identification of viral
proteins. Anti-E3L was kindly provided by B. Moss and B. Jacobs and anti-L1R
by Y. Ichihashi. The remaining antibodies were generated in our laboratory and
have been described previously (17, 57, 59, 61). The rabbit polyclonal antiserum
raised against live VV was previously described (57). The rabbit polyclonal
anti-eIF2� phospho-specific antibody was supplied by BIOSOURCE. The mono-
clonal antibody against �-actin was supplied by Sigma. Rabbit polyclonal anti-
eIF2� antibody was supplied by Santa Cruz Biotechnology, Santa Cruz, CA.
Rabbit polyclonal anti-human poly(ADP)-ribose polymerase (PARP) was sup-
plied by Cell Signaling.

For Western blot analyses, total cell extracts were boiled in Laemmli sample
buffer, and proteins were fractionated by 10% SDS-PAGE. Following electro-
phoresis, proteins were transferred to nitrocellulose membranes using a semidry
blotting apparatus (Gelman Sciences). The filters were incubated for 30 min with
PBS containing nonfat dry milk at 5% (BLOTTO) at room temperature, mixed
with antisera in BLOTTO, incubated overnight at 4°C, washed three times with
PBS, and further incubated with secondary antibodies coupled to horseradish
peroxidase in BLOTTO. After the PBS wash, the immunocomplexes were
detected by enhanced chemiluminescence (ECL) Western blotting reagents
(Amersham).

RT-PCR. HeLa cells cultured in six-well plates were mock infected or infected
with WR, MVA, NYVAC, or NYVAC-C7L at 5 PFU/cell. Total RNA was
isolated at 24 h p.i. using the Ultraspec-II RNA resin purification system (Bio-
tecx) following the manufacturer’s instructions. Total RNA (1.5 �g) was digested
with DNases to avoid genomic DNA contamination (Ambion Turbo kit). PCR
with Taq Platinum DNA polymerase (Invitrogen) and primers for a control viral
gene was performed to ensure there was no DNA contamination (data not
shown). Reverse transcription-PCR (RT-PCR) was carried out with 150 ng of
total RNA (free of DNA contaminant) using the Invitrogen ONE-STEP kit.
Primers for amplification of E3L were 5�-GAGATTGTGTGTGAGGCT and
3�-AAAAGACCAATCTCTTCT. Primers for A27L were (forward) 5�GCGCT
CGAGATGCATCATCATCATCATCATGACGGAACTCTTTTCCCC and (re-
verse) 5�-CGCGGTACCTTACTCATATGGGCGCCGTCCAGTC.

Primer extension. Primer extension was carried out under the following con-
ditions: 2 pmol of VIC-labeled primer from Applied Biosystems (specific for the
viral A27L gene), 2 �g of total RNA, and 0.5 mM of deoxynucleoside triphos-
phate (dNTP) mix in a 0.5-ml microcentrifuge tube. Samples were heated at 65°C
for 5 min before quenching in ice for at least 5 min. First-strand cDNA synthesis
was performed using SuperScript II RT and 5� RNX buffer (Invitrogen) ac-
cording to the manufacturer’s instructions for 50 min at 42°C. Samples were next
incubated for 15 min at 70°C and quenched in ice before precipitation. VIC-
labeled cDNAs were allowed to precipitate for 30 min at 40°C following the
addition of 0.7 volume of isopropanol. cDNAs were pelleted by centrifugation at
15,000 rpm for 10 min and washed with 70% ethanol before being air dried and
stored at �20°C. Each cDNA sample was dissolved in a solution consisting of 2.5
�l formamide (Promega), 0.5 �l GeneScan �500 ROX internal lane standard
(Applied Biosystems), and 2 �l of loading buffer (Applied Biosystems) per
sample. The primer extension products were sized using the GeneScan analysis
software version 3.7 (Applied Biosystems).
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Electron microscopy. Monolayers of HeLa cells were infected at 5 PFU/cell
with MVA or NYVAC. At 16 h p.i., 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 culture dishes in a
fixative and transferred to Eppendorf tubes. After centrifugation and a wash with
HEPES buffer, the cells were stored at 4°C until used. For ultrastructural studies,
fixed cells were processed for embedding in epoxy resin EML-812 (TAAB Lab-
oratories, Ltd., Berkshire, United Kingdom) as previously described (57). Post-
fixation of cells was completed with a mixture of 1% osmium tetroxide and 0.8%
potassium ferricyanide in distillate water for 1 h at 4°C. After two washes with
HEPES buffer, samples were treated with 2% uranyl acetate, washed again, and
dehydrated in increased concentrations of acetone 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 ultra-
thin sections was done in a JEOL 1200-EX II electron microscope operating at
100 kV (25, 57).

DAPI staining. HeLa cells were grown to confluence in 12-well plates con-
taining 12-mm-diameter glass coverlips were either uninfected or infected with
WR, MVA, or NYVAC at 5 PFU/cell. Cells were stained at 24 h p.i. with
4�,6�-diamidino-2-phenylindole (DAPI; 10 �g/ml) for 30 min at room tempera-
ture and photographed under a fluorescence microscope.

rRNA breakdown. HeLa cells cultured in six-well plates were mock infected or
infected with WR, MVA, NYVAC, or NYVAC-C7L at 5 PFU/cell. Total RNA
was isolated at 18 and 24 h p.i. using the Ultraspec-II RNA resin purification
system (Biotecx) following the manufacturer’s instructions. Fractionation of
rRNA was performed by electrophoresis in 1% agarose formaldehyde gel con-
taining 2 �g of total RNA per lane. Breakdown of rRNA was visualized after
staining the gel with ethidium bromide.

Measurement of apoptotic cell death by cell cycle analysis. The different stages
of the cell cycle and the percentage of cells with sub-G0 DNA content were
analyzed by propidium iodide (PI) staining (38). Briefly, HeLa cells were infected
at 5 PFU/cell with WR, MVA, NYVAC, or NYVAC-C7L in the presence or
absence of the general caspase inhibitor zVAD-fmk (40 �M; Calbiochem).
Mock-infected cells were used as a negative control. At 24 h p.i., cells were
removed by pipetting, washed once with cold PBS, and permeabilized with 70%
ethanol in PBS at 4°C overnight. After three washes with PBS, the cells were
incubated for 45 min at 37°C with RNase A and stained with PI (10 �g/ml). The
percentage of cells with hypodiploid DNA content was determined by flow
cytometry. Data were acquired for 15,000 cells per sample and analyzed as
described above, and the results are expressed as fold increase in apoptotic cells
with respect to uninfected cells.

Virus pathogenicity. Groups of 10-week-old female BALB/c mice (n � 4 per
group) were inoculated intranasally (i.n.) with different challenge doses of
NYVAC or NYVAC-C7L (106 to 108 PFU/mouse) or with 106 PFU/mouse of
WR (diluted in 50 �l of PBS). The mortality and body weight loss were moni-
tored for at least 2 weeks, with daily measurements of individual animals. Ani-
mals suffering from severe systemic infection and having lost 	25% body weight
were sacrificed. The mean change in body weight was calculated as the percent-
age of the mean weight for each group on the day of challenge.

RESULTS

NYVAC infection triggered more severe CPE than MVA in
permissive and nonpermissive cell lines. Infection with VV
induces dramatic changes in cell functions, metabolism, and
morphology, all of which are collectively termed the CPE (2, 4,
6). In order to characterize the CPE produced by the VV
strains WR, NYVAC, and MVA, monolayers of different cell
lines (permissive and nonpermissive) were infected at 5 PFU/
cell with each virus and the extent of CPE was analyzed by
phase-contrast microscopy at different times postinfection. The
particle/PFU ratios determined in the different viral prepara-
tions were 302 for MVA, 272 for NYVAC, and 310 for WR,
demonstrating the same infectivity of the purified viruses.
Characteristics such as cytoplasmic contraction, cell rounding,
and cell detachment were monitored. The cell lines infected
with NYVAC (HeLa, BHK-21, BSC-40, and 3T3), indepen-

dently of the host restriction, exhibited evident cell rounding as
early as 2 h p.i. Representative findings are shown for HeLa
cells (Fig. 1). During the course of NYVAC infection, the CPE
increased with time, and by 24 h p.i, a high level of cell de-
tachment was noted. The same effects were observed in
NYVAC-infected cells treated with Ara C, a drug that blocks
DNA replication (not shown). In contrast, the CPE was de-
layed and significantly reduced in cells infected with MVA
(Fig. 1). The morphology of the CPE in NYVAC-infected
cells, but not in WR or MVA infections, at late times was
reminiscent of apoptosis.

Virus growth of MVA and NYVAC in permissive and non-
permissive cell lines. Deletion of two of the host range genes
K1L and C7L in the NYVAC genome is associated with a
reduced ability of the virus to replicate within a broad range of
cell lines of human origin, as well as rabbit kidney and pig
kidney cells (48, 71). Nonetheless, NYVAC can replicate with
wild-type efficiency in Vero cells and primary CEF (69, 70).
The host range phenotype observed with MVA includes a
characteristic late block upon nonproductive infection of many
mammalian cells, with unimpaired viral DNA replication and
late gene expression (67, 76). As previously described, the
restriction exhibited by MVA in nonpermissive cell lines is a
consequence of a defect in virus morphogenesis (11, 17, 39).
The restriction observed in NYVAC may also be due to a
defect in virus morphogenesis or virus spread. To analyze the
viral growth characteristics of MVA and NYVAC under per-
missive and nonpermissive conditions, monolayers of BHK-21
and HeLa cells were infected at 0.01 PFU/cell with each virus
for 0, 24, 48, and 72 h. Infectious viruses that remained cell-
associated and were released to the medium during the course
of the infection were measured by an immunostaining assay.
For comparative purposes, we used the replication-competent
WR strain. In HeLa cells infected with WR, the virus titer
increased with time more than 10,000-fold, while there was no
increase in virus titer with either MVA nor NYVAC infection
(Fig. 2A and B). In contrast, under permissive conditions, the
growth kinetics of the three virus strains were similar (Fig. 2C
and D). Interestingly, the titers of cell-associated virus in
BHK-21 cells infected with NYVAC were lower than the titers
obtained in cells infected with WR or MVA (Fig. 2C). This
finding was consistent in three independent experiments. The
results of Fig. 2 demonstrate that under nonpermissive condi-
tions, there is a similarly restricted production of infectious
viral particles in NYVAC- and MVA-infected cells, while un-
der permissive conditions, the total viral yields are not affected.
Nonetheless, the virus that remains cell associated late in in-
fection is reduced in NYVAC-infected cells compared to that
in MVA- or WR-infected cells. This reduction is probably
the consequence of the severe cell destruction that followed
NYVAC infection (see Fig. 1).

Protein synthesis during NYVAC and MVA infection. In
order to compare the shutoff and kinetics of synthesis of viral
proteins in permissive and nonpermissive cell lines infected
with MVA and NYVAC, BHK-21 and HeLa cells were in-
fected at 5 PFU/cell with each virus, and at 2, 4, 8, and 16 h p.i.,
the infected cells were metabolically labeled for 30 min with
[35S]Met-Cys Promix. Cell lysates were fractionated by SDS-
PAGE, and the protein pattern examined by autoradiography.
As shown in Fig. 3A, in BHK-21 cells infected with MVA and
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NYVAC, the pattern of viral proteins and the shutoff of cel-
lular proteins occur with similar kinetics between the two vi-
ruses, although some differences were noted in protein abun-
dance. This was confirmed by Western blot analysis from the
same cell homogenates. Accumulation of viral proteins during
infection was reduced in NYVAC-infected cells compared with
MVA-infected BHK-21 cells (Fig. 3C). In HeLa cells infected
with NYVAC or MVA, a similar pattern of viral proteins was
observed between the two viruses, while the shutoff was more
pronounced in cells infected with NYVAC late in infection
(Fig. 3B). Some differences were also noted in protein abun-
dance between NYVAC and MVA, a finding confirmed by
Western blot analysis (Fig. 3D). The accumulation of viral
proteins in NYVAC-infected permissive and nonpermissive
cells was reduced compared with that in MVA-infected
cells, which could be due to a defect in translation or tran-
scription or a cell lysis effect. It is well established that

phosphorylation of the � subunit of the eukaryotic transla-
tion initiation factor 2 (eIF-2) on serine 51 leads to the
downregulation of translation initiation (62). As such, we
determined whether NYVAC infection alters this initiation
step. Thus, the levels of phospho-eIF-2�-S51 in BHK-21 and
HeLa cells infected with MVA or NYVAC were determined
by immunoblot analysis with specific anti-eIF-2�-S51 anti-
body. As shown in both cell lines (Fig. 3E and F), a low level
of phosphorylated eIF2-� was detectable in mock-infected
cells and at early times after NYVAC or MVA infection.
However, with time of infection there was an increase in
eIF2-� phosphorylation in cells infected with NYVAC but
not in cells infected with MVA. The increase in eIF2-�
phosphorylation correlates with the shutoff of host protein
synthesis, suggesting that levels of viral proteins in NYVAC-
infected cells could be compromised by the extent of eIF2-�
phosphorylation induced by the virus.

FIG. 1. CPE of MVA and NYVAC in human cells. Monolayers of HeLa cells were mock infected or infected at 5 PFU/cell with WR, MVA,
or NYVAC. At different times postinfection, as indicated in the figure, the morphological changes in the cells were examined by phase-contrast
microscopy. Mock, uninfected cells.
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Differences in late viral proteins between MVA and NYVAC
infection in nonpermissive cells. Poxvirus gene expression is
regulated in a cascade manner. As such, early genes are tran-
scribed immediately following infection by enzymes and tran-
scription factors contained within the infecting virion, while
late and intermediate genes are transcribed after the start of
viral DNA replication (13, 41, 45). Consequently, in view of the
translational control exerted by phosphorylation of eIF-2� dur-
ing NYVAC infection, we next determined if the translation of
specific early and late viral genes was blocked. This was ana-
lyzed by Western blotting in cell lysates of BHK-21 and HeLa
cells infected with WR, MVA, or NYVAC, using different
antibodies that specifically recognized the early viral protein
p25 (E3L) and the late viral proteins p14 (A27L), p21 (A17L),
p16 (A14L), p39 (A4L), and p27.5 (L1R). As shown in Fig. 4A,
under permissive conditions, early and late viral proteins were
efficiently detected in lysates of cells infected with WR, MVA,

or NYVAC. However, under nonpermissive conditions, appar-
ent differences in specific proteins were observed between
NYVAC and MVA. Early viral proteins were efficiently de-
tected in lysates of cells infected with the three viruses. In
contrast, late viral proteins that corresponded to the gene
products of A27L, A17L, and L1R were not detected in the
lysates of cells infected with NYVAC, while in lysates from
cells infected with MVA or WR, all proteins were produced.
Interestingly, other late proteins such as p16 (A14L) and p39
(A4L) were efficiently detected in NYVAC-infected cells. Sim-
ilar results were confirmed by confocal immunofluorescence
analysis (data not shown).

To determine a possible defect at the transcriptional level,
we analyzed early and late transcription of viral genes in WR-,
MVA-, and NYVAC-infected HeLa cells. For this purpose,
total RNA was isolated at 24 h p.i. and mRNA levels of a
specific viral early gene (E3L) and a late viral gene (A27L)

FIG. 2. Virus growth of MVA and NYVAC in permissive and nonpermissive cell lines. Monolayers of HeLa and BHK-21 cells were infected
at 0.01 PFU/cell with WR, MVA, or NYVAC for 0, 24, 48, and 72 h. Cells were collected by centrifugation, and infectious virus associated with
the cells (A and C) and released to the supernatant (B and D) during the course of the infection was quantified by immunostaining assay. For
comparative purposes, we used the replication-competent WR strain. Averages of three independent experiments are shown with standard error
bars.
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were monitored by RT-PCR. As shown in Fig. 4B, the tran-
scription of both early and late viral genes occurred similarly in
all infections.

Due to the extensive read-through that characterized tran-
scription of late viral mRNAs, we analyzed in more detail the
integrity of the A27L mRNA using primer extension analysis.
As shown in Fig. 4C, the same cDNA product of 263 bp was
identified using total RNAs isolated from NYVAC- and WR-
infected HeLa cells. Thus, failure to produce some of the
NYVAC late proteins appeared to be a consequence of a block
in translation and was not due to a specific inhibition of late
viral transcription.

Since it has been established that mutants of VV lacking one

of the late proteins p21 (A17L), p14 (A27L), or p27.5 (L1R)
are blocked at different stages in viral morphogenesis (59, 66),
the absence of these proteins in NYVAC-infected cells is likely
to lead to a blockade in viral morphogenesis. Thus, we next
analyzed the morphogenetic process during NYVAC and MVA
infection in nonpermissive cells.

Morphogenesis of NYVAC is blocked at the IV formation in
HeLa-infected cells. The morphogenesis of MVA under per-
missive and nonpermissive conditions has been widely studied
(14, 25, 42, 63, 67). The stage at which this process is blocked
is dependent on the cell type. In HeLa cells, the blockade of
the morphogenetic program of MVA occurs in steps following
the formation of immature viral forms (IVs), without an alter-

FIG. 3. Protein synthesis during NYVAC and MVA infection. Monolayers of BHK-21 (A) and HeLa (B) cells were mock infected (M) or
infected at 5 PFU/cell with MVA or NYVAC. At the indicated times (h p.i.), cells were metabolically labeled for 30 min with [35S]Met-Cys Promix
(50 �Ci/ml) and equal amounts of proteins were analyzed by SDS-PAGE (10%) and autoradiography. The dots on the right indicate prominent
viral proteins. (C and D) Western blot showing expression of VV antigens during the time course of MVA and NYVAC infection in infected
BHK-21 (C) and HeLa (D) cells. The blot was probed with a rabbit polyclonal antiserum (1:500 dilution) raised against live VV. Numbers
appearing under each lane represent the ratio of intensity of the bands in infected cells to levels in uninfected cells, as determined by densitometric
analyses. (E and F) Western blot analysis of total eIF2-� and phospho-eIF-2�-S51 protein levels during the time course of MVA and NYVAC
infection in infected BHK-21 (E) and HeLa (F) cells.
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ation in early or late viral gene expression (25, 63). In contrast,
studies based on NYVAC morphogenesis are unavailable. To
characterize this process under nonpermissive conditions,
HeLa cells were infected at 5 PFU/cell with NYVAC or MVA.
At 16 h p.i., the infected cells were examined by transmission
electron microscopy for the presence of intermediates in viral
morphogenesis. As shown in Fig. 5A, fewer IVs were detected
in the cytoplasm of NYVAC-infected cells than in MVA-in-
fected cells (Fig. 5B). Intracellular mature viruses were mini-
mally detected in NYVAC-infected HeLa cells, suggesting that
the blockade of the morphogenetic program of this virus oc-
curs in steps at or prior to the formation of IVs.

Transmission electron micrographs of HeLa cells infected
with NYVAC also revealed the severity of virus infection in the
cell ultrastructure. As shown in Fig. 5 (panels C, D and E),
morphological hallmarks of apoptosis, including chromatin
condensation and margination, marked nuclear invagination,
and cytoplasmic vacuolization, were observed. None of these
characteristics was seen in cells infected with MVA or WR, as
previously noted (25).

Infection with NYVAC induces apoptosis in human cells
with activation of caspases and breakdown of rRNA. The re-
sults shown in Fig. 1 and 5 prompted us to question the extent
to which NYVAC infection was responsible for an apoptotic
phenotype. The cleavage of PARP commonly occurs in apop-
totic cells by the activation of caspases (56). Therefore, PARP
cleavage was analyzed by Western blotting of HeLa cells in-
fected with MVA or NYVAC at different times postinfection.
As shown in Fig. 6A, the 116-kDa PARP present at early times
postinfection was almost completely cleaved (89 kDa) in cells
infected with NYVAC at 16 h p.i. In contrast, the cleavage of
PARP did not take place or was minor in MVA-infected cells.
Apoptotic cells are also characterized by the presence of frag-
mented DNA in their nuclei. Thus, infected HeLa cells were
further stained with DAPI reagent and analyzed by fluores-
cence microscopy. As shown in Fig. 6B, numerous HeLa nuclei
displayed apoptotic morphology (chromatin condensation and
disintegration) at 24 h p.i. in cells infected with NYVAC. In
contrast, a very low percentage of all the cells infected with
MVA presented this phenotype. These results were further
supported by an enzyme-linked immunosorbent assay-based

FIG. 4. Expression of specific viral proteins under permissive and
nonpermissive conditions. (A) Monolayers of BHK-21 and HeLa cells
were mock infected (M) or infected at 5 PFU/cell with WR, MVA, or
NYVAC, and cell extracts were analyzed by Western blotting. Cell

lysates were harvested at 24 h p.i., and equal amounts of proteins were
fractionated by SDS-PAGE, transferred to nitrocellulose paper, and
reacted with different antibodies recognizing specific viral early pro-
teins, such as p25, and viral late proteins, such as p27.5, p21, p14, p39,
or p16. (B) Transcription of early and late viral genes. The transcrip-
tion of E3L and A27L genes was determined by RT-PCR from total
RNAs as described in Materials and Methods. Total RNA from un-
infected cells and DNA extracted from MVA-infected cells were used
as the negative (Mock) and positive (C�) control, respectively. (C)
Primer extension product obtained using 2 �g of total RNA isolated
from HeLa cells either uninfected (Mock) or infected at 5 PFU/cell
with WR or NYVAC for 16 h. The sizes of the peaks from the
GeneScan-500 ROX internal lane standards are shown (in base pairs).
The arrows indicate the primer extension products (VIC-labeled
cDNA) for the A27L gene. Peak height is a measure of fluorescence
intensity and indicates the strength of the VIC signal. The peak heights
for each sample were 177 for NYVAC (A), 164 for WR (B), and 55 for
mock infected (not shown).
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assay that detects the amount of cytoplasmic histone-associ-
ated DNA fragments (data not shown).

To quantify the percentage of cell death following infection,
we used flow cytometry. When these cells are stained with
propidium iodide, apoptotic cells show reduced levels of fluo-
rescence compared to normal cells and appear in the sub-
G0/G1 peak (18). Thus, HeLa cells were infected at 5 PFU/cell
with WR, MVA, or NYVAC in the presence or absence of
zVAD (a general caspase inhibitor). At 24 h p.i., the infected
cells were stained with propidium iodide followed by cell cycle
analysis using flow cytometry. Mock-infected HeLa cells were
used as a negative control. As shown in Fig. 6C, approximately
42% of cells infected with NYVAC were present in the sub-
G0/G1 peak, which represents an increase of nearly sevenfold
with respect to uninfected cells, in comparison with the 17.6%
and 9.3% obtained in MVA- or WR-infected cells, respec-
tively. In the presence of zVAD, the percentage of apoptotic

cells was significantly reduced (3.67%), demonstrating that the
apoptosis induced by NYVAC infection is caspase dependent.

The activation of nucleases appears to be a final commit-
ment step in the apoptotic process. Thus, we next examined the
effect of nuclease activation on rRNA integrity. Total RNA
was isolated from infected and mock-infected cells and frac-
tionated by formaldehyde-agarose gel electrophoresis. As
shown in Fig. 6D, the bands corresponding to 28S and 18S
rRNA were intact in those samples from mock-, WR-, or
MVA-infected cells. In contrast, in NYVAC-infected cells
there was breakdown of rRNA. The rRNA fragments gener-
ated by NYVAC infection were similar to those produced after
activation of the enzyme RNase L (not shown). Clearly, by 24 h
p.i. NYVAC induces severe rRNA cleavage. These biochemi-
cal findings indicate a remarkable apoptotic process during
NYVAC infection.

FIG. 5. Electron microscopy of NYVAC morphogenesis in HeLa cells. (A and B) Electron micrographs of HeLa cells infected with 5 PFU/cell
of NYVAC (A) or with 5 PFU/cell of MVA (B) at 16 h p.i. The magnification of each panel is indicated by bars in the upper right corner.
Characteristics of apoptosis in NYVAC-infected cells are shown in panels C to E. (C) An infected cell with nuclear condensation (white asterisk).
(D) Cytoplasm of an infected cell with extensive vacuolation (black asterisks). (E) Cytoplasm of an infected cell with dense mitochondria
(arrowheads). Bars � 500 nm.
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The viral C7L gene blocked apoptosis induced by NYVAC
infection and rescued the biological and biochemical proper-
ties assigned to NYVAC. Critical parts of the cellular antiviral
response range from the induction of apoptosis and the global
inhibition of translation to effectively dampening virus produc-
tion (64). Since NYVAC was generated by target deletion of 18
genes, including the host range (Hr) gene C7L, and Hr genes

have been implicated in apoptosis (74), it was of interest to
know whether reintroduction of C7L in the NYVAC genome
could rescue some of the biological properties of NYVAC
assigned in this study. To this aim, the C7L gene from MVA
was used for the generation of the recombinant virus NYVAC-
C7L. Because our data demonstrated that NYVAC infection
triggered programmed cell death in HeLa cells, we asked

FIG. 6. Infection with NYVAC induces apoptosis in nonpermissive HeLa cells. (A) Western blot analysis of PARP cleavage in HeLa cells
infected with 5 PFU/cell of MVA or NYVAC at different times postinfection. (B) DAPI staining of HeLa cells infected with 5 PFU/cell of MVA
and NYVAC at 24 h p.i. (C) Monolayers of HeLa cells were infected at 5 PFU/cell with WR, MVA, or NYVAC in the presence or absence of
zVAD (40 �M). At 24 h p.i., the infected cells were stained with propidium iodide followed by cell cycle analysis using a flow cytometer to detect
cells with hypodiploid DNA content. Untreated HeLa cells were used as a negative control (Mock). Bars represent the fold increase in apoptotic
cells with respect to mock infected. The percentage of apoptotic cells is indicated over the bars. Similar results were obtained in two independent
experiments. (D) rRNA breakdown. HeLa cells were mock infected or infected with WR, MVA, or NYVAC at 5 PFU/cell. Total RNA was isolated
at 18 and 24 h p.i., and 2 �g of each was applied for electrophoresis. The arrows indicate bands corresponding to characteristic degradation
products of rRNA.
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whether NYVAC-C7L was capable of inhibiting apoptosis. We
monitored apoptosis by assessing morphological changes,
cleavage of PARP, rRNA degradation, and cell cycle assays.
The morphological signs of apoptosis observed in NYVAC-
infected HeLa cells were not evident after infection with
NYVAC-C7L (Fig. 7A). In addition, the recombinant virus
was able to prevent cleavage of PARP (Fig. 7B), reduced the
percentage of cells in apoptosis (Fig. 7C), and inhibited the
breakdown of rRNA (Fig. 7D). These observations clearly
revealed that the C7L gene is involved in the control of apop-
tosis induced by NYVAC infection. Since during NYVAC
infection the enhanced shutoff correlated with eIF2-� phos-

phorylation, we next investigated the role of C7L in transla-
tional control by measuring phosphorylation of eIF2-� and
expression of p14 (A27L) and p21 (A17L) late viral proteins.
As shown in Fig. 8A, in NYVAC-C7L-infected HeLa cells
there was rescue in the synthesis of late viral proteins (p14 and
p21) at 24 h p.i. compared with parental NYVAC infection and
the levels of phosphorylated eIF2-� were similar to those in
MVA-infected cells. This rescue in the synthesis of late viral
proteins is likely to favor virus replication in the human cells.
Thus, the viral growth efficiency of NYVAC-C7L in HeLa cells
was measured. Monolayers of HeLa cells were infected at 0.01
PFU/cell with NYVAC or NYVAC-C7L, and at times 0, 24,

FIG. 7. The apoptotic phenotype of NYVAC is inhibited by the expression of the virus C7L host range gene. Monolayers of HeLa cells were
infected with recombinant NYVAC-C7L or with MVA or the NYVAC wild type (WT) at 5 PFU/cell. (A) The morphology of cells in apoptosis
was observed by phase-contrast microscopy. (B) Western blot analysis of PARP cleavage in HeLa cells infected with WR, MVA, NYVAC, or
NYVAC-C7L at 24 h p.i. (C) Monolayers of HeLa cells were infected at 5 PFU/cell with NYVAC or NYVAC-C7L. At 24 h p.i., the infected cells
were stained with propidium iodide followed by cell cycle analysis using a flow cytometer to detect cells with hypodiploid DNA. Uninfected HeLa
cells (Mock) were used as a negative control. Bars represent the fold increase in apoptotic cells with respect to mock infected. (D) rRNA
breakdown. HeLa cells were infected with NYVAC or NYVAC-C7L at 5 PFU/cell. Total RNA was isolated at 18 and 24 h p.i., and 2 �g of each
was applied for electrophoresis. The arrows indicate bands corresponding to characteristic degradation products of rRNA.
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48, and 72 h, cells were collected in the media and virus titers
in cell homogenates were determined by immunostaining assay.
As shown in Fig. 8B, reintroduction of the C7L gene in the
NYVAC genome rescues the ability of this virus to replicate in
HeLa cells. To define if the introduction of the C7L gene in
NYVAC alters the attenuated phenotype of the virus, BALB/c
mice were infected by the i.n. route with different challenge
doses of NYVAC or NYVAC-C7L (from 106 to 108 PFU/
mouse) or with 106 PFU of WR as a control. Animals were

monitored for lethality and weight loss over a period of 2
weeks. In contrast to WR infection, which caused drastic body
weight loss and severe signs of illness, infection of mice with
NYVAC or with the recombinant NYVAC-C7L did not lead
to any obvious disease, even at the highest dose used (Fig. 8C).
These results revealed that reintroduction of the C7L gene into
the backbone of NYVAC maintains an attenuated phenotype
of the recombinant virus. Thus, the findings of Fig. 7 and 8
demonstrate that most, if not all, of the biological and bio-

FIG. 8. The VV C7L gene rescued NYVAC translation capacity and virus growth in human cells but retained the attenuated phenotype in vivo.
(A) Expression of total and phospho-eIF2-� and late viral proteins (p21 and p14) in HeLa cells uninfected (Mock) or infected with 5 PFU/cell
of WR, MVA, NYVAC, or NYVAC-C7L at 24 h p.i. was analyzed by Western blotting. (B) Monolayers of HeLa cells were infected at 0.01
PFU/cell with NYVAC or NYVAC-C7L virus for 0, 24, 48, and 72 h. Cells were collected by centrifugation, and infectious virus associated with
the cells during the course of the infection was quantified by immunostaining assay. Two independent experiments are shown with standard error
bars. (C) BALB/c mice (n � 4) were inoculated by the i.n. route with different challenge doses of either NYVAC or NYVAC-C7L (from 106 to
108 PFU/mouse) or with 106 PFU/mouse of WR. Body weight was monitored daily and is expressed as the mean for each group. Animals suffering
from severe systemic infection and having lost 	25% body weight were sacrificed (black cross). The graph represents the values obtained using
the highest dose of NYVAC and NYVAC-C7L (108 PFU/mouse) and the low dose (106 PFU/mouse) of WR.
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chemical features of NYVAC infection that we have observed
in this study are largely due to the lack of the C7L gene.

DISCUSSION

There is major interest in the use of poxviruses as vaccine
vectors and as oncolytic agents against a broad spectrum of
diseases, due to their ability to trigger specific immune re-
sponses leading to protection in animal models and their ca-
pacity to destroy tumor cells (24, 41). Live attenuated strains,
such as MVA, NYVAC, ALVAC, and fowlpox virus, which
have been modified to be less virulent and to exhibit a specific
phenotype, are the most extensively studied vectors. The ra-
tional design of such vaccines requires detailed information on
vector-host cell interactions and how viral genomic modifica-
tions impact the biology and immunogenicity of the poxvirus
vectors (35). Currently, a number of clinical trials are under
way by EuroVacc (www.eurovacc.org) as well as other organi-
zations with the two attenuated poxvirus vectors NYVAC and
MVA (8, 9). As such, it is crucial to understand the behavior of
the two vectors in both in vitro and in vivo systems. In this
work, we carried out an in vitro head-to-head comparison of
the cellular and biochemical properties between NYVAC and
MVA in nonpermissive and permissive cultured cells.

Several biological differences between both strains in vitro
were evident. The first significant difference involves the CPE
produced by NYVAC compared with WR and MVA strains.
This CPE was observed early in NYVAC infection in a range
of permissive and nonpermissive cell lines, indicating that CPE
is independent of the host range restriction and was main-
tained even when DNA replication was blocked by the drug
Ara C. As reported by previous authors, the induction of early
cell rounding is dependent on early viral protein synthesis (2, 3,
5). Consequently, Tsung and coworkers demonstrated the ab-
sence of CPE in cells infected with a VV strain inactivated by
psoralen and long-wave UV light, a treatment that affects
the transcription of early viral genes (73). Although WR and
NYVAC induced a similar CPE at early times postinfection
from 2 to 6 h p.i., NYVAC-infected cells displayed a more
pronounced cell rounding than WR-infected cells. The CPE
induced by MVA was minor compared to those induced by
WR and NYVAC. The reduced CPE by MVA may be attrib-
uted to the fact that MVA has lost 15% of its parental genome
and could be related to the absence of some early viral proteins
encoded by the deleted genes. We discard the possibility that
these effects could be due to differences in the number of virus
particles used to infect cells, since the particle/PFU ratios for
the three virus preparations were similar.

The second significant difference between NYVAC and
MVA includes the amount of virus that remains cell associated
late in infection. As has been shown by other studies, the
growth of MVA (14, 20) and NYVAC (69) is restricted in
HeLa cells; however, both strains can be grown in BHK-21
cells. Interestingly, as shown here, the titers of cell-associated
virus in BHK-21 cells infected with NYVAC were consistently
lower than the titers obtained in cells infected with WR or
MVA. This result might be linked with the pronounced CPE
induced in NYVAC-infected cells, as the structures of some
organelles involved in virus morphogenesis, such as the Golgi
apparatus, were altered at early times postinfection. The lower

cell-associated viral yields obtained in NYVAC-infected cells
under permissive conditions could explain the difficulties en-
countered by Gonin and coworkers in producing high titers of
a NYVAC recombinant (28).

A third significant difference observed between NYVAC
and MVA infection was in the synthesis of viral proteins and
the extent of phosphorylation of the translational initiation
factor eIF-2�. In permissive and nonpermissive cell lines,
NYVAC infection produces a reduction in the kinetics of syn-
thesis and accumulation of viral proteins with time. Inhibition
of protein synthesis during NYVAC infection was associated
with an increase in the phospho-eIF-2�-S51 levels. Since
eIF-2� is a key regulator of translation, our observations imply
that protein synthesis is more compromised during NYVAC
than MVA infection. Consequently, certain late viral proteins
such as p14 (A27L), p21 (A17L), or the L1R gene product
(p27.5) were not detected in nonpermissive cells infected with
NYVAC, while other late viral proteins required for early steps
in morphogenesis (59), such as p16 (A14L) or p39 (A4L), were
synthesized. The lack of synthesis of some late viral proteins
was not due to inhibition of transcription of these genes but
rather to a block at the translational level, as revealed by the
integrity of mRNAs for these genes in NYVAC-infected cells
determined by RT-PCR and primer extension (Fig. 4). The
fact that such proteins were not detected in cell lines in which
NYVAC growth was restricted (mouse 3T3 and human TK-
143 cells; data not shown), indicates that it is a feature of the
host restriction of this attenuated strain. Nonetheless, we can-
not exclude the possibility that trace amounts of these proteins
may be synthesized but are not detected by Western blotting or
by immunofluorescence analysis. These findings could be con-
sidered promising with regards to the safety of NYVAC, since
the virus is unable to synthesize the late viral proteins needed
for the correct assembly and formation of infectious viral par-
ticles under nonpermissive conditions.

A fourth variation obtained between MVA and NYVAC
infection is based on morphogenesis. The stage of infection in
which the block in the viral life cycle of both strains occurs is
dependent on the cell type. In cell lines of human origin such
as HeLa, MVA infection is blocked at late times postinfection,
while early and late viral protein syntheses are produced like in
permissive cells; MVA assembly is inhibited after IV formation
(25, 63, 67). In the case of NYVAC-infected HeLa cells, the
block in morphogenesis occurs at or prior to the formation of
IVs. This block could be related to the absence of certain late
structural proteins required for morphogenesis. Although this
study examined a limited number of late proteins, it is impor-
tant to note that some of the late proteins required for virus
assembly (59, 66), including p21 (A17L) and p27.5 (L1R), are
not produced or are produced minimally in NYVAC-infected
cells. Translational inhibition in the synthesis of some of the
late viral proteins in NYVAC-infected human cells could occur
at two levels. As shown here, NYVAC infection was associated
with an increase in the phospho-eIF-2�-S51 levels and with
rRNA breakdown. The rRNA cleavage fragments were similar
in size to those produced after activation of the cellular RNase
L enzyme (not shown), indicating that NYVAC infection trig-
gered RNase L function. It is well established that eIF-2 phos-
phorylation and rRNA cleavage are two pathways that play a
critical role in the antiviral response of interferons and are

6044 NÁJERA ET AL. J. VIROL.



activated by double-stranded RNA (dsRNA) (64, 77). Since
RNA breakdown should not discriminate between different
mRNAs in the cytoplasm of the cell, local activation of eIF-2
phosphorylation could, in turn, be responsible for the apparent
selective block in translation of some late viral proteins. As yet,
it has not been explored whether there is specificity in trans-
lation of late viral mRNAs at focal sites in the cell cytoplasm,
and the NYVAC-infected cell system could provide the means
to unravel translational selectivity.

A fifth important difference observed between MVA and
NYVAC was related to apoptosis. Upon infection with NYVAC,
HeLa cells display morphological and biochemical features
typical of apoptosis. In addition to the characteristic morpho-
logical hallmarks of programmed cell death observed by elec-
tron and light microscopy in NYVAC infection, and not in
MVA, biochemical parameters such us PARP cleavage or
DNA fragmentation were also evident. Flow cytometry analy-
sis of cells infected with MVA and NYVAC that had been
stained with propidium iodide revealed that the percentage of
apoptotic cells in MVA infection was significantly lower than in
NYVAC infection. Nearly 42% of NYVAC-infected cells dem-
onstrated an apoptotic phenotype by 24 h p.i. Furthermore,
these percentages were reduced to background levels when

infected cells were treated with zVAD, a general caspase in-
hibitor, indicating that the apoptosis induced by NYVAC in-
fection is caspase dependent.

Since apoptosis is an important mechanism for limiting virus
infection, it is not surprising that poxviruses encode certain
proteins to counteract the cell death phenomenon (7, 41, 65,
74). Some of the genes coding for these proteins critical for the
control of apoptosis, such as the serpin homologs encoded by
the gene B14R or B13R (the corresponding homologs of the
Copenhagen VV strain referred as MVA182R and 181R), are
deleted in both MVA and NYVAC (1, 36, 76). Other gene
products known to block apoptosis are encoded by E3L
(MVA050L) (acting through sequestration of dsRNA and pre-
vention of activation of PKR and the 2-5A system) (16, 26, 58)
and by F1L (MVA029L), an inhibitor of the mitochondrial
caspase 9-induced apoptosis (75). Both genes E3L and F1L are
present in NYVAC and MVA. Antoine and coworkers (1)
compared the genomes of MVA and NYVAC and their re-
spective deleted genes, which is detailed in Fig. 9. A compar-
ison between MVA and NYVAC revealed that both viruses
share common deleted or nonfunctional open reading frames
(ORFs), including the six ORFs within the deletion d4817
(C5L-N1L), ORFs B13R and B14R encoding the ICE inhibi-

FIG. 9. Scheme of deleted genes in MVA and NYVAC genomes. Genome maps of MVA and NYVAC strains adapted from Antoine et al.
(1) are represented. The deleted or fragmented genes in each genome are indicated. The right and left terminal regions are shown.
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tor, the ATI remnant ORF A26L, and the K1L (MVA022L)
host range gene. In contrast to NYVAC, the MVA strain has
a functional thymidine kinase gene (TK), an intact C7L
(MVA018L) host range gene, and intact C6L (MVA019L),
A56R (MVA165R), N2L (MVA021L), and I4L (MVA065L)
ORFs. This suggests that some of these genes might be in-
volved in the differential NYVAC in vitro behavior with re-
spect to MVA. As has been reported by others, the host range
genes for VV C7L, K1L, and cowpox virus CP77 in some cell
lines (including HeLa cells) behaved as equivalent genes, even
in the absence of amino acid similarity. Thus, deletion of one
host gene could be compensated for by the presence of an-
other, suggesting that these host range genes act in common
pathways (34, 51, 54, 55). As shown here, the viral C7L gene
plays a critical role in apoptosis induced by NYVAC in-
fection as well as in many of the biological and biochemical
features described in this work for NYVAC. When the C7L
gene was reintroduced into the NYVAC genome, the recom-
binant NYVAC-C7L virus lost the ability to trigger apoptosis,
to induce eIF-2� phosphorylation, and to activate rRNA
breakdown, and in turn it rescued the translation capacity of
late viral mRNAs and of virus multiplication in human cells.
Significantly, the recombinant NYVAC-C7L virus maintains
an in vivo attenuated phenotype. The fact that the C7L gene is
well conserved in all of the orthopoxvirus genomes that have
been sequenced highlights the importance of this gene in virus
biology by counteracting host responses (29).

The head-to-head comparative analysis performed in this
study between MVA and NYVAC not only will be a crucial
basis for eventual prioritization of the most promising vaccine
candidates based on these vectors, but also will be of great
significance to vaccine research for the development of new
innovative poxvirus vectors for clinical testing, providing en-
hanced immune responses to the foreign antigen by deletions
and/or additions of immunomodulators. This approach must
be applied and extended to the comparative analysis of the
different immune responses produced by recombinants based
on MVA or NYVAC strains. Mouse, monkey, and clinical
studies of head-to-head comparison between NYVAC and
MVA expressing the same cassette of HIV genes are under
way by EuroVacc (www.eurovacc.org). Undoubtedly, the dif-
ferential behavior observed in this study between NYVAC and
MVA could play a role in the magnitude and extent of immune
responses triggered by these vectors when applied for vaccina-
tion purposes.
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