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Abstract
African swine fever virus (ASFV) causes a highly contagious hemorrhagic disease that affects domestic
pig and Eurasian wild boar populations. To date, no safe and e�cacious treatment or vaccine against
ASF is available. Nevertheless, there are several reports of protection elicited by experimental vaccines
based on live attenuated ASFV and some levels of protection and reduced viremia in other approaches
such as DNA, adenovirus, baculovirus, and vaccinia-based vaccines.

Current ASF subunit vaccine research focuses mainly on delivering protective antigens and antigen
discovery within the ASFV genome. However, due to the complex nature of ASFV, expression vectors need
to be optimized to improve their immunogenicity.  Therefore, in the present study, we constructed several
recombinant MVA vectors to evaluate the e�ciency of different promoters and secretory signal
sequences in the expression and immunogenicity of the p30 protein from ASFV. Overall, the natural
poxvirus PrMVA13.5L promoter induced high levels of both p30 mRNA and speci�c anti-p30 antibodies in
mice. In contrast, the synthetic PrS5E promoter and the S E/L promoter linked to a secretory signal
showed lower mRNA levels and antibodies. These �ndings indicate that promoter selection may be as
crucial as the antigen used to develop ASFV subunit vaccines using MVA as the delivery vector.

Introduction
African swine fever (ASF) is a highly contagious viral disease of swine that leads to high mortality in
domestic pigs while asymptomatic in the natural suid reservoir hosts 1,2. ASF is caused by the African
swine fever virus (ASFV), a member of the Asfarviridae family. It is the only DNA virus transmitted by
arthropods 3, and to date, all efforts to produce a commercial vaccine against ASF have failed; therefore,
prevention relies entirely upon preventing contact between the virus and the susceptible host. Importantly,
studies have shown that immunization of pigs with naturally attenuated ASFV strains, viruses attenuated
by the passage in cell culture, or by deletions of genes involved in virus virulence can induce protection
against related virulent viruses 4–6. Some obstacles that have hindered an ASF vaccine’s development are
the lack of heterologous protection among strains due to the high genetic diversity (22 virus genotypes)
and virus complexity (160-175 genes encoded) 3. A disadvantage of using live attenuated vaccines in the
�eld may be the risk of persistence of the vaccine strain, and the potential presence of residual virulence
7.

The growth in information regarding ASFV genes’ functions and available genomic sequences from
isolates has opened the possibility for the rational design of ASF vaccines. In this regard, some progress
has been made in identifying proteins that may induce a protective response. Antibodies against proteins
p72 and p54 inhibit virus attachment, while antibodies to protein p30 inhibit virus internalization 8.
Immunization of pigs with a mixture of baculovirus-expressed p54 and p30 proteins, or a chimera of both
these proteins, induced neutralizing antibodies and modi�ed the course of the disease; however, a
variable degree of protection was obtained 9,10.
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Recently, immunization using a mix of different virus proteins in a variety of immunizing vectors has
shown the induction of at least partial protection against the virus challenge suggesting the feasibility of
developing subunit vaccines in ASF 11.

Recombinant poxviruses have become a promising tool for developing new human and veterinary
vaccines during the last decades. They provide many advantages as antigen delivery systems, such as
inserting large fragments of extra DNA (up to 25 kb), thus allowing the generation of multivalent vaccines
by insertion and expression of several transgenes 12. Importantly, replicating poxvirus vectors has been
shown to induce long-lasting immunity and activate humoral and cellular immunity depending on the
promoter used to express the antigen 13. In addition, ASFV and poxvirus shares similarities at the
structural level, suggesting that recombinant ASFV proteins may be properly expressed in poxvirus
vectors. One of the most advanced poxvirus vaccine vectors is MVA, a non-replicating strain of vaccinia
virus that has been evaluated in different animal models as a vaccine candidate against viral, bacterial
and parasitic infections 14. Although MVA undergoes limited or no reproductive replication in mammalian
cells, most of the viral genes, including the transgenes, are expressed; thus, the humoral and cellular
immunity can be triggered against the recombinant antigens 14. In the case of ASFV, recent studies have
demonstrated the immunogenicity of MVA when used as  a viral vector to express ASFV antigens in pigs
15,16.

In viral vectored vaccines, strong recombinant antigen expression and timing of expression in�uence the
quantity and quality of the immune response. Therefore, natural and synthetic promoters and regulatory
sequences have been used in recombinant viral vectors to improve speci�c-antigen immune responses.
For instance, the PrMVA-13.5L promoter, a unique and novel naturally occurring promoter in MVA, is
highly conserved across orthopoxviruses. Studies of promoter activity revealed that the PrMVA13.5L
produced higher protein levels early during infection than commonly used promoters 17. Early studies on
vaccinia virus early and late (E/L) promoters led to the design of one of the most common promoters
used in poxvirus-based vaccines, the short synthetic early/late (S E/L) 18. However, novel hybrid early/late
promoters such as PrS5E and pHyb have been proposed to improve antigens’ expression levels and
induce strong antigen-speci�c immune responses 18,19. Similarly, the inclusion of molecular elements
such as internal ribosomal entry site (IRES) and the secretory signals tPA (tissue plasminogen activator)
and C13L have been shown to enhance antigens’ expression levels signi�cantly 20.

In this study, we constructed and characterized �ve recombinant MVA viruses to evaluate the e�ciency of
different promoters and secretory signal sequences in the expression and immunogenicity of a well-
characterized ASFV antigen, the early transmembrane p30 protein. Five different promoters were
evaluated: a natural poxvirus promoter (PrMVA13.5L), three synthetic promoters (pHyb, PrS5E, and S
E/L), and a synthetic promoter followed by a secretory signal (S E/L-C13L). Then, we compared the
strength of these promoters by measuring p30 mRNA expression levels in DF-1 cells and the �uorescence
intensity as an indirect measurement of their activity. When we evaluated the immunogenicity of three of
these recombinant viruses in mice, we found that the MVA-PrMVA13.5L-p30 virus induced the highest
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levels of anti-p30 antibodies after repeat vaccinations, making it an appealing promoter to improve the
immunogenicity of MVA-based vaccines. Our results may provide important information to develop ASFV
vaccine candidates using MVA as the delivery vector and warrant future investigations in pigs. 

Material And Methods
Cells and viruses

Chick embryo �broblast cells (CEF) were obtained from Charles River (Charles River Laboratories
International, Inc., Wilmington, MA) and maintained in Dulbecco’s modi�ed Eagle medium (DMEM; Gibco,
Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS), 100 U/ml of penicillin, 100 µg/ml of
streptomycin, and 2.5 µg/ml amphotericin B, and incubated at 37 °C in 5% CO2. MVA virus used in these
studies was obtained through BEI Resources (NIAID, NIH, ref # NR-727). A recombinant MVA virus
expressing GFP (MVA-GFP) was based on the wild-type MVA, and its construction has been previously
described 20,23.

Generation of recombinant viruses

Five recombinant MVA viruses were constructed.  Four of them were bearing the ASFV p30 gene being
expressed under the control of different promoters such as: 1) poxvirus PrMVA-13.5L (MVA-PrMVA-13.5L-
p30), 2) pHyb (MVA-pHyb-p30), 3) S E/L (MVA-S E/L-p30), and 4) PrS5E (MVA-PrS5E-p30). A �fth MVA
recombinant contained the ASFV p30 gene under the control of the S E/L promoter and in-frame with the
vaccinia secretory signal C13L (MVA- S E/L-C13L-p30) (Fig. 1). DNA cassettes containing these
sequences, the mCherry gene under the control of a late p11 promoter, and �anking sequences from the
MVA hemagglutinin gene (HA) were synthesized 24. Expression of the mCherry protein allows for visual-
based selection and permits an easy distinction between recombinant (red) and wild-type (green) viruses.
We used IBS 1.0.3 software (Illustrator for Biological Sequences) to illustrate all expression cassettes
(Fig. 1) 25.

All cassettes were PCR ampli�ed using Phusion High-Fidelity DNA polymerase (New England Biolabs, #
M0530S, Ipswich, MA), and then used for homologous recombination. Recombinant MVA viruses were
generated as described previously 26,27. Brie�y, CEF cells were seeded into six-well plates the day before
transfection and then infected at a multiplicity of infection (MOI) of 0.05 PFU/cell for 1.5 hours (hr) with
wild-type MVA-GFP virus. Following the manufacturer's protocol, cells were then transfected with
appropriate PCR fragments using FuGENE HD (Roche Diagnostics, # E2311, Indianapolis, IN). At 48–72
hr post-transfection, monolayers were harvested, centrifuged at 500xg for 5 minutes (min) at 4°C, and
cells were disrupted by freeze-thaw (3 times) followed by sonication (2 times for 15 s using a cup
sonicator). The disrupted cell extracts were plated again onto fresh CEF cells and overlaid with 1%
agarose. After 48–72 hr, virus-generated plaques expressing mCherry were picked into 500 mL media
with a sterile �lter pipette tip, then subjected to freeze-thaw, sonication (as described above), and plated
to continue passaging. Plaques were passaged until no wild-type (GFP expressing) virus was observed, at
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which point PCR was performed to con�rm the presence of only the recombinant virus 28. Viral DNA was
extracted using the quick-DNA Viral kit from Zymo Research (Zymo Research, # D3015, Irvine, CA), and
PCRs were then performed using Phusion High-Fidelity DNA polymerase with speci�c primers that bind to
the �ank sequences (HA gene).

High titer virus stocks were produced and further characterized by PCR and DNA sequencing to ensure
genetic homogeneity and stability.

In vitro characterization of recombinant MVA viruses

p30 and mCherry mRNA expression analysis in DF-1 cells using quantitative reverse transcription PCR
(RT-qPCR). 

Brie�y, DF-1 cells were infected with an MOI of 5 PFU/cell for 24 hr at 37°C and 5% CO2. Infected cells
were collected, and RNA was extracted using Direct-zol RNA MicroPrep (Zymo Research, #R2062). One
nanogram of RNA was used as the template for the reverse transcription into complementary DNA
(cDNA). cDNA was produced using Verso cDNA Synthesis Kit (Thermo Fisher Scienti�c, #AB1453A,
Waltham, MA), and anchored oligo dT was used for priming. iTaqTM Universal SYBRR Green Supermix
(BioRad, #1725120) and primers ASFV-p30_F1 (5’-ctgctgagcaccgtgaagta-3’), ASFV-p30_R2 (5’-
gtctcctcctcgaacagcac-3’), mCherry-F1 (5’-agggcgaggaggataacatg-3’), and mCherry-R1 (5’-
cttggtcaccttcagcttgg-3’) were used for the ampli�cation of the cDNA template. To ensure the correctness
of the comparison, the ACTB (β-actin gene) was used as normalizing control and primers designed
previously 29. The following ampli�cation conditions were used: 95°C for 30 sec, 40 cycles of 95°C for 15
sec, 60°C for 1 min. Sample reactions, including negative controls (MVA-GFP), were performed in triplicate
and two independent repetitions. Fold change data was obtained using the delta-delta CT method as

previously described 17.

Recombinant protein expression patterns of MVA constructs using immunoblotting. 

We seeded CEF cells at 5 x 105 cells/well into six-well plates and 24 hr later infected at an MOI of 5
PFU/cell in OptiMEM (Thermo Fisher Scienti�c, # 22600134, Waltham, MA) in the absence of FBS. At 24
hr after infection, cells were harvested and lysed using RIPA lysis buffer (Thermo Fisher Scienti�c, #
89900, Waltham, MA) at 4°C for 30 min under gentle agitation. Lysates were then centrifuged for 10 min
at 13,000 rpm, diluted into 4x Laemmli buffer (Bio-Rad, Richmond, #1610747 CA), heated at 95 °C for 5
min, and 30 μl were loaded into a Bio-Rad 4-20% precast gel. Gels were transferred to a nitrocellulose
membrane using Trans-Blot Turbo Blotting System following the manufacturer’s instructions. Swine
serum from a convalescent animal inoculated with ASFV and anti-b-actin antibody (Sigma, # A5441, St
Louis, MO) were used to probe blots at a dilution of 1:5000. Goat anti-porcine IgG-HRP-conjugated
(Southern biotech, # 6050-05, Birmingham, AL) and goat anti-mouse IgG-HRP-conjugated (Thermo Fisher
Scienti�c, # 31430, Waltham, MA) were used to detect p30 and b-actin, respectively. Membranes were
developed using a 1-Step Ultra TMB-Blotting Solution (Thermo Fisher Scienti�c, #37574, Waltham, MA).
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Detection of speci�c anti-p30 antibodies. 

ELISA assay was performed as described by Brewoo et al., 2010 23. Brie�y, 96-well ELISA plates were
coated with 4ng of p30 protein (baculovirus-expressed) diluted in 100 μl carbonate-bicarbonate buffer, pH
9.6 per well, at 4°C overnight. Coated plates were washed three times with PBS-T (0.05% Tween-20) and
incubated with blocking buffer (5% BSA in PBS) at room temperature (RT) for 1 hr. Serum samples were
serially diluted in triplicate from 1:50 – 1:1,600 in blocking buffer, added to the ELISA plates, and
incubated at RT for 2 hr. Negative serum samples collected at day 0 (pre-prime) were used as the negative
control. After washing, 100 μl of a 1:5,000 dilution of horseradish peroxidase (HRP)-conjugated goat anti-
porcine IgG (Southern biotech, #6050-05, Birmingham, AL) was added to each well and incubated at RT
for 1 hr. Plates were washed six times, and 100 μl of tetra-methyl-benzidine (TMB) chromogen (Sigma,
#37574, St Louis, MO) was added to each well and incubated in the dark for 5 min. The reaction was then
stopped by adding 100 μl per well of 2mM H2S04. Absorbance was measured using an ELx800
microplate reader (BioTek, Winooski, VT) at test wavelength of 450 nm and a reference wavelength of
630 nm. The highest dilution that was positive (exceeded the mean of known negative serum samples
plus three standard deviations) was considered the endpoint, and its reciprocal value was transformed in
geometric mean titers (GMT-log10) to calculate of the antibody titers of each group.

Animal experiments

This study was carried out in strict accordance with the recommendations in the Guide for the Care and
Use of Laboratory Animals of the National Institutes of Health. The IACUC protocol (Protocol #V005220)
was approved by the Institutional Animal Care and Use Committee of the University of Wisconsin.
Additionally, we con�rm that this study is reported in accordance with ARRIVE guidelines.

Groups of �ve- to six-week-old female BALB/c mice (N=4) (Harlan Sprague Dawley, Indianapolis, IN)
received primary and two booster immunizations (21 and 35 days apart) with each MVA construct via
intradermal injection into  the hind, left footpad. A dose of 1 x 107 PFU in 50ml was used for all MVA-p30
constructs. Negative control groups were immunized with MVA-GFP at the same dose. Mice were bled via
the maxillary vein at days 0, 21, 28, and 42 post-vaccination (p.v.) to monitor levels of anti-p30
antibodies. 

Statistical Analysis Statistical

Statistical analyses were performed using GraphPad Prism 9 software (La Jolla, CA, USA). The
signi�cance of the difference in the p30 and mCherry mRNA expression and the anti-p30 antibody titers
among the groups was determined by one-way ANOVA, followed by Tukey’s multiple-comparison test and
a P-value of P<0.05 was considered signi�cant. 

Results
Characterization of recombinant MVA-p30 viruses
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In this study, we constructed and characterized the antigen expression levels and immunogenicity of �ve
recombinant MVA viruses expressing the p30 antigen from ASFV. Four of these constructs tested the
importance of the promoter selection (PrMVA-13.5L, pHyb, PrS5E, and S E/L, and the �fth one evaluated
the use of the C13L secretory signal in combination with the S E/L promoter (Fig. 1). The PrMVA13.5L is
a native poxvirus promoter classi�ed as strong immediate-early that can induce both antigen-speci�c
antibodies and T cell responses after repeated vaccinations 17. The pHyb is a hybrid promoter that
contains both early and late elements from the p7.5 promoter and the A-type inclusion (ATI) promoter,
respectively 19. Similarly, PrS5E is a novel synthetic promoter containing several early and late elements
17. S E/L is a compact and synthetic promoter with overlapped early and late regulatory elements 18. The
C13L is a secretory signal from the vaccinia virus that has been used in in�uenza vaccine candidates that
induced strong antibody titers and protection in mice 20.

The genetic homogeneity of each of the �nal virus constructs was analyzed by PCR. CEF cells seeded on
6-well plates were infected with each recombinant virus at an MOI of 1 for 1hr. At 24 hr post-infection
(p.i.), viral DNAs were puri�ed and used as templates for PCR ampli�cation by primers speci�c for the HA
gene of MVA (�anking regions). The presence of the mCherry and p30 genes with the corresponding
promoter was con�rmed in all recombinant MVA viruses by bands at the expected sizes, indicating the
genetic stability of the viral constructs throughout all plaque selection rounds. Plasmid DNAs of each
cassette were included in the PCR reactions as positive controls. Also, DNA sequencing con�rmed that no
genetic alterations were present in the �nal viral stocks (data not shown).

Characterization of p30 mRNA and protein expression 

The expression levels of p30 mRNA were assessed for each of the MVA-p30 constructs in infected DF-1
cells using RT-qPCR (Fig. 2). Differences in p30 mRNA synthesis levels were observed, indicating that
promoter selection and secretory signal were important in recombinant vaccine design. In this regard, the
highest levels of mRNA synthesis were observed in constructs containing the PrMVA-13.5L, pHyb, and S
E/L-C13L promoter/secretory signal sequences, respectively. In contrast, both PrS5E and S E/L promoters
showed weaker expression kinetics than the other promoters, with S E/L producing signi�cantly lower
mRNA levels. In particular, the messenger RNA levels produced by the PrMVA-13.5L promoter were
signi�cantly higher than those observed for PrS5E and S E/L (P<0.005). Similarly, mRNA levels induced
by pHyb and S E/L-C13L were also higher than the levels produced by PrS5E and S E/L, with a signi�cant
difference compared to S E/L (P<0.05).

The expression of p30 antigen by each of the recombinant viruses was monitored by immunoblot
analysis. Although we observed differences in protein production compared to the p30 mRNA levels, the
p30 protein was detected at 24 hr p.i. in cell pellet lysates from all construct infected cells, but not in MVA-
GFP infected cells (Fig. 3). In particular, a bright band corresponding to p30 was observed in cells infected
with the pHyb construct, followed by S E/L, PrMVA-13.5L, and PrS5E infected cells. In contrast, a faint
band was detected in the S E/L-C13L infected cells.
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The activity of the natural and synthetic promoters also impacts the expression of mCherry protein

Unexpectedly, we observed that each of the recombinant MVA viruses exhibited differences in the
expression of the mCherry protein, as images acquired using a 4X objective showed evident variations in
the �uorescence intensity between the viruses even though infections with each recombinant virus were
performed at the same MOI. This phenomenon was not related to variability in viral replication as we did
not observe differences in the in vitro growth of each virus (data not shown). Therefore, to examine
whether the activity of each promoter expressing the p30 protein also affects the activity of the p11
promoter and thus, the expression of the mCherry protein (Fig. 1), we infected CEF cells with each
recombinant virus at an MOI of 1, and 24 hr p.i., we acquired images using a red �lter (Texas red) and a
4X magni�cation objective, and also collected total RNA from infected cells to measure mCherry mRNA
synthesis. 

The recombinant MVA bearing the PrMVA-13.5L promoter showed the highest level of �uorescence
intensity (Fig. 4A); similarly, the pHyb promoter also showed a high �uorescence intensity (Fig. 4B), but it
was slightly less intense than the PrMVA-13.5L. Interestingly, the combination of the S E/L promoter and
the C13L secretory signal resulted in a signi�cant increase in �uorescence levels (Fig. 4C) compared to
the expression under the S E/L promoter alone (Fig. 4E), which along with the PrS5E (Fig. 4D), produced
the lowest levels of �uorescence. 

Afterward, we assessed the levels of mCherry mRNA for each construct in infected DF-1 cells using RT-
qPCR (Fig. 5). In agreement with the �uorescence intensity results, the recombinant MVA containing the
PrMVA-13.5L promoter induced the highest levels of mCherry mRNA, followed by the pHyb, the S E/L-
C13L constructs. Similarly, the PrS5E and S E/L constructs showed low mRNA levels compared to the
above three constructs. These results indicate that some of the promoters evaluated in this study are able
to not only produce high levels of p30 mRNA but somehow in�uence the activity of the closely located
p11 promoter.

Immunogenicity in BALB/c mice

An immunization study was conducted in mice to evaluate the induction of speci�c anti-p30 antibodies
by some of the constructs. We tested the PrMVA-13.5L, the S E/L-C13L, and the PrS5E promoters. The
PrMVA-13.5L was chosen because it showed high p30 and mCherry mRNA expression levels, along with
the highest �uorescence intensity. The S E/L-C13L showed intermediate levels of �uorescence and mRNA
but similar p30 mRNA levels compared to PrMVA-13.5L or pHyb; in contrast, the PrS5E promoter induced
low levels of both �uorescence and mRNA. To carry out the study, mice were primed and then boosted at
days 21 and 35, and serum samples were collected at 0, 21, 28, and 42 p.v. Although three weeks after the
�rst immunization, all promoter constructs induced similar p30 antibody titers, a boost effect in these
titers was detected after a second immunization, day 28 p.i., and differences were observed in particular
with the PrMVA-13.5L compared to the rest of the promoters analyzed (Fig. 6). This promoter induced
higher levels of anti-p30 antibodies than the S E/L-C13L promoter and a signi�cant difference compared
to the PrS5E promoter (P<0.05). This difference was more signi�cant after the third immunization as
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titters induced by the PrMVA-13.5L construct were signi�cantly higher than the S E/L-C13L and PrS5E
promoters (P<0.005; P<0.0005, respectively). 

Discussion
MVA has demonstrated to be a highly immunogenic antigen-expressing vector with an excellent safety
pro�le; however, many studies using MVA-based vaccine candidates, including ASFV, have mainly
focused on selecting  potentially protective antigens than molecular regulators that may improve their
level of expression. Therefore, in this study, we evaluated several promoters that may be used to optimize
MVA-vectored ASFV vaccine candidates. Toward that aim, we constructed different recombinant MVA
viruses expressing the p30 protein under the control of the promoters PrMVA-13.5L, pHyb, PrS5E, S E/L,
and a construct containing the S E/L promoter in frame with the C13L secretory signal. The expression
kinetics and immunogenicity of these recombinant viruses were assessed in vitro, and their
immunogenicity was tested in mice. 

Surprisingly, we observed a clear difference in the synthesis of mCherry mRNA and thus in the
�uorescence intensity in cells infected with each construct. This phenomenon was unexpected as all
constructs contain the mCherry gene under the control of the p11 promoter, and its expression determines
the level of �uorescence. Importantly, we did not observe differences in the replication and in vitro growth
of the recombinant viruses. Since the p11 promoter is located upstream and relatively near each of the
p30 promoters, around 711 base pairs (see Fig. 1), a possible explanation of the difference between
constructs is that the potency of each promoter driving the p30 expression might also in�uence the
strength of the p11 promoter. It is tempting to speculate that in the context of MVA, strong and long
promoters like PrMVA-13.5L and pHyb may cause a potent activation of the transcriptional machinery in
that region, thus bringing many transcription factors that are also available to the p11 promoter. However,
additional experiments, which are not within the scope of this paper, are required to determine each
promoter’s in�uence on the activity of p11 precisely. 

We assessed the p30 mRNA expression levels produced by all constructs in DF-1 cells. Similar to the
�uorescence intensity, the S E/L promoter produced the lowest mRNA level even though it is classi�ed as
a strong, compact promoter containing early and late elements. Interestingly, the S E/L-C13L construct,
containing the same S E/L promoter, produced similar mRNA levels to PrMVA-13.5L and pHyb. Because
the same promoter is present in both constructs, it is possible that the inclusion of the C13L secretory
signal, in the context of p30, might boost/stabilize the production of mRNA by a mechanism that remains
to be determined. In contrast, the p30 mRNA expression levels produced by PrMVA-13.5L, pHyb, S E/L-
C13L, and PrS5E constructs in DF-1 cells were similar at 24 hr p.i., but a statistical difference between
PrMVA-13.5L and PrS5E promoters was observed. Although the difference in mRNA synthesis was not as
profound as in the �uorescence intensity, this was expected as PrMVA-13.5L, pHyb, and PrS5E were
reported to produce similar levels of antigen mRNA as early as 8 hr p.i. 17.
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In terms of p30 protein production, the difference in the intensity of the bands observed in the Western
blot analysis may be related to the nature of the promoter elements. In this regard, pHyb and S E/L
contain both early and late promoter core elements, assuring antigen expression at early and late times
p.i. On the other hand, PrMVA-13.5L only has early elements, and this lack of a late element might explain
the low-intensity band from PrMVA-13.5L-infected cells at 24 hr p.i. when compared to the bands
observed from pHyb and S E/L-infected cells. The PrS5E also has the same early/late core element from
S E/L but is followed by �ve early elements; however, the position and activity of these multiple elements
relative to the open reading frame of p30 may compromise their strength. Although S E/L-C13L mRNA
levels were similar to PrMVA-13.5L and pHyb, we were not able to detect an intense band for this
construct, which could be related to the protein processing and secretion directed by C13L.  

While the PrMVA-13.5L and S E/L-C13L constructs showed approximately equal p30 mRNA expression
levels, a comparative immunogenicity study in mice indicated a difference in the antibody response to
p30. In particular, a positive relationship between the number of vaccinations and immunogenicity was
observed for PrMVA-13.5L at days 28 and 42 p.v. (�rst and second boost, respectively), as this construct
showed a 3 to 4 fold difference in p30 antibody titers compared with S E/L-C13L. Similarly, a difference
of 5 to 8-fold of antibody response was seen between PrMVA-13.5L and PrS5E promoters, which is
consistent with both the p30 and mCherry mRNA levels observed in PrMVA-13.5L and PrS5E-infected
cells. Both PrMVA-13.5L and PrS5E promoters have different early elements, with PrS5E containing a
tandem of �ve early elements from the  p7.5k promoter and only two unique natural early elements in the
PrMVA-13.5L; therefore, the position and activity of these early elements may impact the timing of
antigen expression thus in�uencing the induction of anti-p30 antibodies in vivo. 

Recent studies have evaluated recombinant poxviruses as delivery vectors in ASFV vaccine candidates.
One approach evaluated a heterologous prime/boost vaccination using a pool of antigens in a DNA-
prime/vaccinia-boosting regime. After challenge with a lethal dose of ASFV Georgia 2007/1, all animals
developed acute ASF, but a reduction in viral genome levels was observed 21. In another study, a similar
heterologous vaccination was evaluated using eighteen antigens delivered in an adenovirus-
priming/MVA-boosting regime; however, animals were not protected after challenge, but reduced levels of
virus loads were achieved 22. Additionally, immunization of pigs with a cocktail of MVA-vectored p72,
CD2v, and C-type lectin induced T cell responses for each antigen, but no antigen-speci�c antibodies 15.
The poxvirus vectors evaluated in the above-described studies used the S E/L promoter to express the
ASFV antigens; therefore, it is tempting to speculate that using a strong promoter like PrMVA-13.5L or
pHyb in those studies might have strengthened the outcome in terms of immunity and viremia levels.

In summary, the results of the present study suggest that promoter selection, in conjunction with the
expression of highly immunogenic antigens, may be crucial for the development of ASFV subunit
vaccines using MVA as the delivery vector. Our results have implications for the design of poxvirus-based
ASFV vaccines that can be used in homologous or heterologous vaccination regimes. Future studies will
be directed at evaluating T cell responses induced by each promoter and whether they correlate with the
humoral immune responses described here. Additionally, the activity of these promoters will be assessed
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in the context of other ASFV antigens, such as p72, to determine if potential differences in immune
responses may be related to the intrinsic immunogenicity of the antigen or the strength of the promoters.
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Figure 1

Generation and characterization of MVA-p30 viruses. Diagram of the MVA genome and DNA fragments
used for homologous recombination to generate the recombinant MVA viruses. Hind III restriction
endonuclease sites within the genome of MVA and the HA gene are indicated. Each expression cassette
containing the p30 gene under the control of either the S E/L, pHyb, PrS5E, or PrMVA-13.5L promoters,
and the S E/L promoter in frame with the C13L secretory signal are depicted. Also included in each
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cassette is the mCherry gene under the control of the p11 promoter and �anking regions to the HA gene,
where the expression cassettes were inserted into the MVA genome.

Figure 2

Expression levels of p30 in DF-1 cells were analyzed at the mRNA level. DF-1 cells were infected with the
indicated MVA-p30 virus, and after 24 hr, total RNA was isolated and reverse transcribed. Fold p30
expression levels were calculated relative to the cells infected with MVA-GFP control and after
normalization to the β-actin gene. Sample reactions, including MVA-GFP, were performed in triplicate and
two independent repetitions. Statistically signi�cant differences between MVA-p30 viruses are shown
(P<0.05, one-way ANOVA with Tukey’s multiple comparison test) * P<0.05; ** P<0.005; *** P<0.0005.
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Figure 3

Expression of p30 protein. Monolayers of DF-1 cells were infected with each MVA-p30 virus at an MOI of
5, and then total protein extraction was performed at 24 hr p.i. Extracted proteins were subjected to SDS-
PAGE followed by western blot analysis, and the order is as follows, MVA-GFP control (1), PrMVA-13.5 (2),
pHyb (3), S E/L-C13L (4), PrS5E (5), and S E/L (6). A parallel blot incubated with a ß-actin speci�c
monoclonal antibody served as loading control. Molecular masses of marker proteins are indicated. Full-
length blots are presented in Supplementary Figure 1.

Figure 4

Comparison of �uorescence intensity of recombinant MVA viruses. CEF cells were infected with each
recombinant virus at an MOI of 1, and at 24 hr p.i., images were acquired using a 4x objective and a
Texas red �lter set at 100% intensity. Each column corresponds to: (A) MVA-PrMVA-13.5L-p30, (B) MVA-
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pHyb-p30, (C) MVA-S E/L-C13L-p30, (D) MVA-PrS5E-p30, and (E) MVA-S E/L-p30. Bright-�eld images are
also included.

Figure 5

Expression of mCherry mRNA. DF-1 cells were infected for 24 hr with each recombinant virus. After total
RNA was isolated and reverse transcribed, the fold expression of mCherry was calculated relative to the
cells infected with MVA-GFP control and normalized to the β-actin gene. All reactions were performed in
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triplicate and two independent repetitions. Statistically signi�cant differences between constructs are
shown (P<0.05, one-way ANOVA with Tukey’s multiple comparison test) * P<0.05; ** P<0.005; ***
P<0.0005; **** P<0.00005.

Figure 6

Characterization of serum samples obtained from mice vaccinated with MVA-p30 constructs. BALB/c
mice were primed and boosted (days 21 and 35) with either MVA-PrMVA-13.5L-p30, MVA-S E/L-C13L-p30,
or MVA-PrS5E-p30 viruses. Puri�ed p30 protein (baculovirus-expressed) were used as coating antigen for
ELISA assays. Detection of speci�c anti-p30 antibodies at days 21, 28, and 42 p.i. for all animal groups
are shown (n=4 mice per group). Statistically signi�cant differences between antibody titers are shown
(P<0.05, one-way ANOVA with Tukey’s multiple comparison test) * P<0.05; ** P<0.005; *** P<0.0005.
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