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Vaccinia-based systems have been extensively explored for the
development of recombinant vaccines. Herein we describe an
innovative vaccinia virus (VACV)-derived vaccine platform
technology termed Sementis Copenhagen Vector (SCV), which
was rendered multiplication-defective by targeted deletion of
the essential viral assembly gene D13L. A SCV cell substrate
line was developed for SCV vaccine production by engineering
CHO cells to express D13 and the VACV host-range factor
CP77, because CHO cells are routinely used for manufacture
of biologics. To illustrate the utility of the platform technology,
a SCV vaccine against chikungunya virus (SCV-CHIK) was
developed and shown to be multiplication-defective in a range
of human cell lines and in immunocompromised mice. A single
vaccination of mice with SCV-CHIK induced antibody re-
sponses specific for chikungunya virus (CHIKV) that were
similar to those raised following vaccination with a replica-
tion-competent VACV-CHIK and able to neutralize CHIKV.
Vaccination also provided protection against CHIKV chal-
lenge, preventing both viremia and arthritis. Moreover, SCV
retained capacity as an effective mouse smallpox vaccine. In
summary, SCV represents a new and safe vaccine platform
technology that can be manufactured in modified CHO cells,
with pre-clinical evaluation illustrating utility for CHIKV vac-
cine design and construction.
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INTRODUCTION
Vaccinia virus (VACV) vaccination successfully eradicated smallpox,
and recombinant VACV-based vaccine vectors have subsequently
been developed to target a number of diseases.1–3 The successful erad-
ication of sylvatic rabies in northern andwestern Europe with the use of
recombinant vaccinia rabies vaccine4,5 highlights the utility and immu-
nogenicity of recombinant vaccinia-based vaccines. The advantages of
VACV systems include a large transgene payload capacity (up to
25 kb), minimal risk of host genome integration,6 induction of robust
and long-lived cell-mediated and humoral immune responses,7,8 and
an established manufacturing process with cold chain-independent
distribution capacity.9 However, replication-competent VACV is not
considered safe by contemporary standards, with adverse responses
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ranging from mild to life-threatening manifestations. The latter in-
cludes eczema vaccinatum, post-vaccinal encephalitis, and progressive
vaccinia, with immunocompromised individuals particularly at risk.10

Subsequent generations of VACV vaccine vectors addressed these
safety concerns and include the passage-attenuated modified vaccinia
Ankara (MVA)1,11 and the genetically modified New York vaccinia
(NYVAC).3,12 Although these highly attenuated vaccinia-based vaccine
vectors have been broadly classified as safe and immunogenic, some is-
sues remain, including evidence of viral multiplication in some human
cell lines13,14 and current dependence on primary chicken embryo
fibroblasts (CEFs) for vaccine production (IMVANEX15). However,
efforts to bypass the need for primary cell lines are being pursued.
These include the use of designer cell lines such as immortalized
duck cells.16,17

Herein we describe the development of the Sementis Copenhagen
Vector (SCV) vaccine platform technology that comprises (1) a
SCV vaccine vector system that is unable to produce infectious
viral progeny in vaccine recipients and (2) a SCV cell substrate
(SCS) cell line, based on Chinese hamster ovary (CHO) cells,
that can be used for SCV vaccine production. The SCV vaccine
was generated by targeted deletion of the D13L gene, which en-
codes an essential viral assembly protein.18,19 This approach to
VACV attenuation was chosen, instead of targeting the viral
genome replication machinery,20 to preserve genome amplification,
thereby permitting late-phase expression of vaccine antigens from
the amplified genomes. Production of SCV vaccines in the SCS line
ors.
tp://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Rationale for the SCV Vaccine Platform

Technology

(A) VACV multiplication in the cytoplasm of host cells is

able to produce infectious viral progeny as VACV encodes

the essential assembly protein D13. (B) Targeted deletion

of D13L in SCV prevents virion assembly, rendering SCV

multiplication-defective (unable to generate infectious

progeny). (C) In trans provision of D13 in the CHO-based

SCS line rescues viral assembly, allowing production of

progeny for vaccine manufacture. Expression of the host-

range protein CP77 allows SCV (or VACV) multiplication in

CHO cells. (D) After delivery of SCV-CHIK to a vaccine

recipient, the genome of SCV-CHIK is amplified and late

gene expression drives production of the CHIKV struc-

tural proteins (vaccine antigen). In the absence of D13

protein, no SCV-CHIK viral progeny are generated.
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was enabled by the in trans provision of D13 and the host-range
protein CP77, which provides VACV multiplication capability in
CHO cells.21 CHO cells are widely used for the manufacture of
biologics,22,23 with a CHO-based system for vaccine manufacture
avoiding some issues associated with primary CEFs, such as risk
of contamination, inherent batch-to-batch variation, lack of cell
banking options, and restricted scale-up capacities.24 In addition,
CHO cells allow for manufacture using suspension cultures, which
permits rapid scale-up of production in bioreactors. Many licensed
viral vaccines are made in adherent cells lines (MCR-5, WI-38, and
Vero), in which scale-up requires multiple rounds of passaging and
reseeding.

The utility of the SCV vaccine technology was illustrated by the
development and testing of a SCV vaccine for chikungunya virus
(CHIKV). The largest outbreak of CHIKV ever recorded began
in 2004, with this mosquito-borne virus initially spreading from
Africa to Asia (with small outbreaks in Europe). In 2013, the
epidemic reached the Americas and is spreading through South
America, where millions of cases have been reported.25,26 The
primary disease manifestation of CHIKV is acute and chronic
polyarthritis or polyarthralgia,27,28 with a number of severe disease
manifestations recognized that result in hospitalization rates of
2.3%–13% and mortality rates of 0.01%–0.1%.29,30 Herein we
show that a SCV vaccine expressing the structural polyprotein
cassette (C-E3-E2-6K-E1) of the Réunion Island isolate (LR2006
OPY1) of CHIKV (a SCV vaccine against CHIKV [SCV-CHIK])
provided, after a single vaccination, robust and durable neutral-
izing antibody responses and complete protection against both
CHIKV and poxvirus (ectromelia virus [ECTV]) challenge. SCV-
CHIK was unable to produce infectious viral progeny either in a
panel of human cell lines or in immunocompromised mice. This
study thus demonstrates the utility and effectiveness of the new
SCV vaccine platform and illustrates its application to CHIKV vac-
cine design and construction.
RESULTS
Design Rationale for the SCV Vaccine Technology

The Copenhagen strain of VACV, the parental virus used for the
development of the SCV vaccine platform technology, was originally
used as a smallpox vaccine in Denmark and the Netherlands and is
replication-competent31 (Figure 1A). After entry, the viral genome
is amplified (to �10,000 copies32,33) and late gene expression is fol-
lowed by virion assembly, maturation, and egress of VACV progeny
(Figure 1A). Generation of infectious VACV progeny depends on the
assembly protein D13, which provides a mechanical scaffold to facil-
itate cytoplasmic assembly of the developing virions (reviewed in Liu
et al.19). The SCV vaccine platform incorporates a targeted deletion of
the D13L gene in VACV to prevent viral assembly, thereby rendering
SCV unable to generate infectious progeny in normally permissive
cell lines. However, amplification of the SCV genome is retained (Fig-
ure 1B). CHO cells were engineered to constitutively express D13 and
the cowpox virus host-range protein CP77.Without CP77, SCVDNA
processing is blocked in CHO cells by host proteins.34 Expression of
D13 and CP77 in the SCS line thus permits production of SCV vac-
cines (Figure 1C). Upon vaccination of mice or humans, a SCV vac-
cine (for example, SCV-CHIK) enters a host cell and, due to the
absence of D13, is unable to generate viral progeny. SCV genome
amplification results in the accumulation of a large number of
genome copies, from which vaccine antigens (in this case, CHIKV
structural proteins) are produced via late gene expression to instigate
an effective immune response (Figure 1D). The SCV vaccine technol-
ogy thus provides for a vaccinia-based vaccine vector platform that, in
vaccine recipients, is unable to produce progeny or infectious progeny
(hereafter referred to as multiplication-defective) and can be manu-
factured in a CHO-based cell substrate line.

Construction of SCV-CHIK

SCV-CHIK was constructed sequentially. Homologous recombina-
tion and positive selection were used to insert the structural CHIKV
gene expression cassette (encoding the CHIKV S26 polyprotein
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Figure 2. Construction and In Vitro Characterization of SCV-CHIK

(A) Schematic representation of SCV-CHIK construction. The CHIKV structural polyprotein cassette (C-E3-E2-6K-E1) was inserted into the A39R locus of VACV to generate

VACV-CHIK. TheD13L genewas deleted from VACV-CHIK to generate SCV-CHIK. (B) Viral DNA from parental VACV and SCV-CHIKwas subjected to PCR analysis using site-

specific primers shown in (A) to confirm the insertion of C-E3-E2-6K-E1 (green arrow) and deletion of D13L (blue arrow). (C) Immunoblot analysis of VACV- and SCV-CHIK-

infected SCS cells using mouse polyclonal anti-CHIKV antisera confirmed expression of processed CHIKV antigens: pE2 (E3-E2), E1 and E2 (which co-migrate), and capsid.
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sequence C-E3-E2-6K-E1) while deleting A39R, an immunomodula-
tory gene,35 to generate a VACV vaccine against CHIKV (VACV-
CHIK). The D13L gene was then deleted to render the resultant
SCV-CHIK multiplication-defective (Figure 2A). The insertion of
the CHIKV gene cassette and the deletion of the D13L gene were
confirmed by PCR (Figure 2B) and DNA sequencing of the resultant
PCR products (data not shown). The CHIKV S26 polyprotein is pro-
cessed by first releasing the capsid protein via autoproteolysis, medi-
ated by a protease sequence found in the C-terminal end of the capsid
protein sequence.36 The remaining polyprotein is then digested by
cellular Signalase and Furin proteases to release E1, E2, E3, and 6K
envelope proteins.37,38 The expression of authentically processed pol-
yprotein-derived CHIKV antigens was confirmed by immunoblot
analysis of SCV-CHIK-infected SCS lysates using polyclonal mouse
serum raised against inactivated CHIKV (Figure 2C).

Production of SCV-CHIK in the CHO-Based SCS Line

A proof-of-concept SCS line for the production of SCV vaccines was
developed by transfecting CHO cells with plasmids encoding D13L
(hemagglutinin [HA]-tagged) and CP77 (FLAG-tagged) genes under
the control of the constitutive human elongation factor-1 alpha
(EF-1a) promoter. Both genes were Chinese hamster (Cricetulus gri-
seus) codon-optimized and integrated into the CHO genome using
Piggybac transposon-mediated gene transfer technology.39 A mono-
clonal cell line was then established from stable polyclonal SCS cultures
using flow cytometric-assisted single-cell sorting and expansion under
antibiotic selection. Expression of D13 and CP77 was confirmed
by immunoblotting of cell lysates using a-HA and a-FLAG antibodies,
respectively (Figure 3A). No overt differences in the cellular
morphology (data not shown) or growth kinetics (Figure S1) were
observed between the SCS line and the parental CHO cells.

To confirm that both D13 and CP77 proteins were required to rescue
multiplication of SCV-CHIK, CHO cells expressing only D13 (CHO-
D13L) or CP77 (CHO-CP77) were generated. Monolayers of CHO-
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D13L, CHO-CP77, and the SCS line were infected with the multipli-
cation-competent VACV or SCV-CHIK, and plaque morphology was
assessed by immunofluorescent staining using an anti-VACV anti-
body. Cells expressing D13 displayed single-cell foci of infection for
both VACV and SCV-CHIK, with no evidence of plaque formation,
consistent with the inherent non-permissive nature of CHO cells to
VACV multiplication (Figure 3B, top panels). Provision of CP77
alone only supported VACV multiplication, as shown by formation
of viral plaques indicative of cell-to-cell spread (Figure 3B, middle
panels). Expression of both D13 and CP77 in the SCS line facilitated
SCV-CHIK multiplication with plaque morphology similar to VACV
(Figure 3B, bottom panels). Infection of SCS monolayers with VACV
or SCV-CHIK also sustained viral multiplication, with 3.6- to 4-fold
log increases in titers observed over a 30 hr period (Figure 3C).

The ability of the SCS line to support SCV-CHIK multiplication
following extended sub-culturing was evaluated, because this repre-
sents an essential criterion for commercial vaccine manufacture.
Similar virus yields were obtained at early and late passages (6 and
30 passages) (Figure 3D).

Examination by electron microscopy of SCV-CHIK morphology in
BHK-21 cells (non-permissive for SCV and permissive for VACV)
clearly indicated that SCV multiplication was arrested at the viro-
plasma stage, as expected in the absence of D13 (Figure 3E, left panel).
In contrast, the SCV-permissive SCS line showed evidence of active
viral multiplication, illustrated by the presence of viroplasma, and
immature and mature virions (Figure 3E, right panel). Collectively,
these results confirm that the CHO-derived SCS line (expressing
D13 and CP77) can support production of SCV vaccines and can
be used as a cell substrate for SCV vaccine manufacture.

SCV-CHIK Does Not Replicate in Human Cell Lines

Deletion of D13 is designed to prevent SCV from producing
infectious viral progeny in mammalian cells. To illustrate this



Figure 3. Production and Morphology of SCV-CHIK in SCS Cells

(A) Immunoblot analysis confirmed expression of the HA-tagged D13 (assembly protein; 56 kDa) and FLAG-tagged CP77 (host-range protein; 77 kDa) in the SCS line using

anti-HA and anti-FLAG antibodies, respectively. (B) Monolayers of CHO-D13L, CHO-CP77, and the SCS line were infected with VACV or SCV-CHIK (MOI, 0.001 PFU/cell).

After 48 hr, the cells were fixed and viral plaques were examined by immunofluorescent staining using polyclonal anti-VACV antibody. Representative plaque images (scale

bars, 200 mm) and single infected cells (inserts; scale bars, 10 mm) are shown. Bar chart shows mean plaque size (micrometers ± SD; n = 16–25) for the two viruses in the

corresponding three cell lines. Statistics by Kolmogorov-Smirnov test. (C) SCSmonolayers were infected with SCV-CHIK and VACV (MOI, 0.01 PFU/cell) and at the indicated

times, virus titers were determined by plaque assay. Data are represented as the fold increase in the viral titer over the original inoculum (PFU ± SD; n = 4). (D) SCS cells,

passaged 6 or 30 times, were infected with SCV-CHIK (MOI, 0.01 PFU/cell), and after 48 hr, titers were determined (n = 4 replicates). (E) Electron microscopy examination of

virus morphology in SCV-non-permissive BHK-21 and SCV-permissive SCS cells infected with SCV-CHIK (MOI, 2 PFUs/cell). SCV-CHIK production was blocked at the

viroplasma stage in BHK-21 cells, whereas virion assembly and maturation were observed in the SCS line. V, viroplasma; IV, immature virions; MV, mature virions.
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multiplication-defective phenotype, monolayers of a panel of human
cell lines permissive to VACV infection were infected with SCV-
CHIK or VACV and examined for plaque formation by immunoflu-
orescent antibody staining. In the SCS line, both VACV and SCV-
CHIK infection produced plaques as expected (Figure 4A, SCS), indi-
cating virus multiplication by cell-to-cell spread. In all other human
cell lines tested, only VACV was able to generate plaques. SCV-
CHIK infection was only observed in individual cells with no evident
plaque formation, confirming that SCV-CHIK could infect individual
cells but could not multiply and spread to neighboring cells (Fig-
ure 4A, human cell lines).

Using the same cells and a SCV construct expressing a different re-
combinant protein (dsRed), production of infectious viral progeny
was assessed. Results were expressed as an amplification ratio, i.e.,
the ratio of the output virus titer 48 hr (T48) post-infection to the
original input virus titer on day 0 (T0). As expected, VACV was
able to multiply efficiently in all cell lines tested, as shown by
>1,000-fold amplification of virus titers over 48 hr. In contrast,
SCV-dsRed infection resulted in an amplification ratio of less
than 1, confirming that SCV-dsRed was not able to produce infectious
progeny in these cells (Figure 4B).

Altogether, these results demonstrate an inability of the SCV vaccine
to produce viral progeny in different human cell lines (irrespective of
the recombinant insert), an important safety consideration for future
human use.

SCV-CHIK Fails to Replicate or Cause Disease in

Immunocompromised Mice

The replication-competent VACV vaccine is associated with a risk of
severe adverse reactions in immunocompromised individuals. Severe
combined immunodeficiency (SCID) mice represent a model of lethal
progressive vaccinia40 and were used to illustrate the safety profile of
SCV-CHIK. As expected, SCID mice infected with VACV showed
progressive weight loss (Figure 4C) and displayed significant clinical
symptoms from day 6 post-infection (Figure 4D), with all mice reach-
ing ethically defined disease-severity endpoints requiring euthanasia
Molecular Therapy Vol. 25 No 10 October 2017 2335
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Figure 4. SCV-CHIK Multiplication Defect in Human Cell Lines and Attenuated Pathology in Immunocompromised Mice

(A) Monolayers of the indicated cell lines were infected with VACV or SCV-CHIK (MOI, 0.001 PFU/cell) and fixed after 48 hr, and cells were examined by immunofluorescent

staining using polyclonal anti-VACV antibody. Large plaques were observed in all lines infected with VACV. No plaques were observed in the human cell lines infected with

SCV-CHIK. The human cell lines were HEK293, MRC-5 (human lung fibroblast), 143b (human osteosarcoma), and A431 (human epidermoid carcinoma). (B) The indicated

cell lines were infected with VACV or SCV-dsRed (MOI, 0.01 PFU/cell), and viral titers 48 hr post-infection determined by plaque assay and the amplification ratio, or fold

increase in viral titer from day 0 (T0) to 48 hr (T48), was calculated. In the human cell lines, SCV-dsRed showed an amplification ratio of <1, indicating decay of the input virus.

(C) Groups of 6- to 8-week-old female SCID mice (n = 9 mice per group) were vaccinated i.p. with 107 PFUs of VACV or SCV-CHIK, and animal weights were measured over

time. Statistics by repeated measures ANOVA for the indicated period when all mice were alive. (D) Clinical scores for the animals described in (C). Statistics as in (C).

(E) Survival for the animals described in (C). Mice were euthanized upon losingR15%of their original body weight or pre-determined humane endpoints. Statistics by log rank

(Mantel-Cox) test.
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between days 12 and 14 post-infection (100% mortality) (Figure 4E).
In contrast, the same dose of SCV-CHIK was well tolerated, with no
weight loss or significant clinical symptoms and no mortality (up to
100 days post-infection) (Figures 4C–4E). Susceptibility of SCID
mice to VACV infection was associated with significant viral dissem-
ination and multiplication in various organs, whereas no infectious
plaque-forming virus particles were detected in the organs of SCV-
CHIK-vaccinated mice (Table S1). In addition, after 20 passages in
the SCS line, SCV-CHIK remained multiplication-defective in SCID
mice (data not shown). These results illustrated that, in SCID mice,
SCV-CHIK did not cause adverse clinical responses and did not
show any detectable reversion to multiplication competence.

SCV-CHIK Vaccination Induces VACV-Specific Antibody

Responses

The parental VACV has been widely used as a smallpox vaccine. To
determine whether SCV also has potential utility as a smallpox vac-
cine, anti-VACV antibody responses were evaluated in mice after a
single vaccination with SCV-CHIK at different doses (105, 106, and
107 plaque-forming units [PFUs]). A dose- and time-dependent in-
crease (107 > 106 > 105 PFUs) in anti-VACV immunoglobulin
G (IgG) responses was observed after SCV-CHIK vaccination (Fig-
ure 5A). Mice vaccinated with a single 107 PFU dose of SCV-CHIK
demonstrated similar levels of antibody responses to those of mice
receiving 107 PFU VACV-CHIK. A dose-dependent increase in the
2336 Molecular Therapy Vol. 25 No 10 October 2017
anti-VACV neutralizing antibody titers was also observed following
SCV-CHIK vaccination, with similar neutralization titers evident
for SCV-CHIK and VACV-CHIK-vaccinated mice at a dose of 107

PFUs (Figure 5B). In addition to the antibody responses, mice vacci-
nated with SCV-CHIK generated poxvirus-specific CD8 T cell re-
sponses (Figure S2).

SCV-CHIK Vaccination Protects against Lethal Mousepox Virus

Challenge

The ability of SCV-CHIK-vaccinated mice to resist poxvirus chal-
lenge was evaluated in a lethal ECTV challenge model using mouse-
pox-susceptible BALB/c mice. Mice vaccinated with 107, 106, and 105

PFU SCV-CHIK or 105 PFU VACV exhibited similar levels of protec-
tion against weight loss (Figure 5C), clinical symptoms (Figure 5D),
and mortality (Figure 5E). Dissemination of ECTV to multiple organs
was also prevented in all vaccinated mice (Table S2). These results
illustrate that a single vaccination with SCV-CHIK provides complete
protection from a lethal poxvirus challenge, suggesting that the SCV
retains utility as a smallpox vaccine.

A Single Vaccination with SCV-CHIK Produces Robust and

Durable Anti-CHIKV Antibody Responses

Antibodies are deemed to be critical for protection against
CHIKV,41–45 with human and mouse antibodies directed at the E2
surface glycoprotein of CHIKV shown to mediate protection.46
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Figure 5. SCV-CHIK Induces VACV-Specific Antibody Responses and Protects against Lethal Mousepox Challenge

(A) Groups of 6- to 8-week-old female C57BL/6mice (n = 5mice per group) were vaccinated i.p. with VACV-CHIK (107 PFUs) or SCV-CHIK (105, 106, and 107 PFUs) and bled

at the time points indicated, and VACV-specific IgG levels were determined by endpoint ELISA. (B) At day 30 post-vaccination, serum VACV-specific neutralization activity

was determined by PRNT50 assays (n = 3 mice per group). The dotted line indicates the limit of detection (1 in 40 serum dilution). (C) Groups of BALB/c mice (n = 5 per group)

were vaccinated with SCV-CHIK or VACV-CHIK or mock vaccinated with PBS. After 4 weeks, mice were challenged with LD50 of ECTV and animal weights were monitored

over time. The percentage of weight change post-challenge over time is presented. Statistics by t tests; the PBS mock-vaccinated group was significantly different from all

other groups at day 7 post-challenge. (D) Mean clinical scores for animals in (C). Legend as in (C). Statistics by Kolmogorov-Smirnov test; the PBS mock-vaccinated group

was significantly different from all other groups at days 6 and 7 post-challenge. (E) Survival post-challenge. Legend as in (C). Statistics by log rank (Mantel-Cox) test.
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Mice were given a single dose of vaccine (105, 106, and 107 PFUs of
SCV-CHIK), and CHIKV E2-specific IgG responses were examined
by ELISA. A dose- and time-dependent increase in CHIKV-E2-spe-
cific IgG levels was observed, with mice given 107 PFUs showing
similar kinetics and magnitude of antibody responses to those
induced by replication-competent VACV-CHIK-vaccinated mice
(Figure 6A). This illustrated that multiplication-defective SCV-
CHIK was able to generate antibody responses comparable to a re-
combinant immunogen as multiplication-competent VACV-CHIK.

Neutralizing antibody responses were detected in four of six mice
receiving 105 PFUs of SCV-CHIK, whereas all six mice receiving
106 and 107 PFUs of SCV-CHIK generated neutralizing antibody re-
sponses (Figure 6B). At equivalent doses (107 PFUs), SCV-CHIK- and
VACV-CHIK-vaccinated mice produced comparable neutralizing
antibody responses (Figure 6B).

CHIKV-specific IgG1 and IgG2c levels were examined in serum of
mice day 30 post-vaccination to provide an indication of the Th1/
Th2 balance of the antibody responses. At 107 PFUs, SCV-CHIK
stimulated IgG2c responses comparable to those induced by
VACV-CHIK (Figure 6C, left panel). However, SCV-CHIK induced
higher IgG1 responses than VACV-CHIK, suggesting the generation
of a more balanced Th1 (IgG2c)/Th2 (IgG1) response by SCV-CHIK,
with VACV-CHIK being more Th1 biased (Figure 6C, right panel).

To analyze the longevity of antibody responses induced by SCV-
CHIK, anti-CHIKV antibody responses were examined 4 weeks,
6 months, and 1 year post-vaccination. A limited drop in anti-CHIKV
antibody levels was observed over this period, with antibody levels re-
maining comparable between SCV-CHIK- and VACV-CHIK-vacci-
nated mice throughout (Figure 6D). In addition, CHIKV E2-specific
antibody-secreting cells (ASCs) (Figure S3) and CHIKV E2/E1 and
capsid-specific interferon gamma (IFN-g)-producing cells (Figure S4)
were detected 1 year post-vaccination in SCV-CHIK- and VACV-
CHIK-vaccinated mice.

A Single Vaccination with SCV-CHIK Protects against CHIKV

Challenge

The vaccination-CHIKV challenge model47,48 was piloted by demon-
strating that mice vaccinated with VACV-CHIK (107 PFUs) and
challenged with CHIKV (Reunion Island isolate; LR2006-OPY1,
Molecular Therapy Vol. 25 No 10 October 2017 2337
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Figure 6. Antibody Responses and Protection against CHIKV Infection and Disease following a Single Vaccination with SCV-CHIK

(A) Groups of 6- to 8-week-old female C57BL/6 mice (n = 5 per group) were vaccinated with the indicated doses of SCV-CHIK or VACV-CHIK. At the indicated times, serum

anti-CHIKV E2-specific IgG endpoint titers were determined. (B) At day 30 post-vaccination, CHIKV-neutralizing antibody responses were assessed by micro-neutralization

assays. The dotted line indicates the limit of detection (1 in 30 serum dilution). Statistics by Kolmogorov-Smirnov test. (C) At day 30 post-vaccination, anti-CHIKV IgG2c and

IgG1 antibody levels were measured (using inactivated CHIKV as the antigen) in mice vaccinated as in (A), with serum from mice vaccinated with VACV or mock vaccinated

with PBS used as negative controls. (D) At the indicated times post-vaccination, anti-CHIKV IgG2c levels in mice vaccinated with SCV-CHIK or VACV-CHIK (both 107 PFUs),

or mock vaccinated with PBS were examined by ELISA using inactivated virus as antigen. (E) Vaccinated mice (SCV-CHIK at 105 and 106 PFUs and VACV at 107 PFUs; for

legend, see F) were challenged with CHIKV (Reunion Island isolate), and viremia was measured over time. Statistics by Kolmogorov-Smirnov test (n = 6 mice per group);

*p = 0.031, **p = 0.005 compared with the VACV 107 PFU group. (F) Foot swelling after CHIKV challenge of mice described in (E). Statistics by Kolmogorov-Smirnov test;

*p% 0.034, **p% 0.002 compared with VACV. (G) Persistence of CHIKV RNA in the feet of the vaccinated mice after challenge described in (E) was quantified by qRT-PCR

(normalized against RPL13A) 30 days post-challenge. Statistics by Kolmogorov-Smirnov test.
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104 CCID50) were protected against viremia and arthralgia (Fig-
ure S5). Because SCV-CHIK induced neutralizing antibody responses
comparable to those of VACV-CHIK at the same 107 PFU dose, the
protective efficacy of SCV-CHIK was evaluated at lower doses (105

and 106 PFUs). Mice vaccinated with SCV-CHIK at 106 PFUs and
challenged 40 days later (with the Reunion Island isolate; LR2006-
OPY1, 104 CCID50) showed no detectable viremia (Figure 6E) or
foot swelling (Figure 6F). Mice vaccinated with a 10-fold lower
dose (105 PFUs) were partially protected, with an approximate
4-log reduction in viremia and significantly reduced foot swelling
2338 Molecular Therapy Vol. 25 No 10 October 2017
compared to control VACV-infected mice. Longevity studies
confirmed that SCV-CHIK-vaccinated mice were protected against
CHIKV challenge 1 year post-vaccination (Figure S6).

Persistence of CHIKV genomic RNA, particularly in the joint tissues,
has been associated with chronic arthritic disease following CHIKV
infection in humans49 and in the mouse model.48,50 At day 30 post-
challenge, mice vaccinated with 106 PFUs, but not 105 PFUs, of
SCV-CHIK showed a significant reduction to background levels
in the level of persistent viral RNA (Figure 6G), illustrating that
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SCV-CHIK vaccination can prevent establishment of persistent
CHIKV RNA in joint tissues.

Altogether, these findings demonstrate the ability of SCV-CHIK to
elicit a robust, balanced, and durable CHIKV-specific antibody
response and provide protection against viremia, acute arthritis,
and persistence of viral RNA following CHIKV challenge.

DISCUSSION
Herein we describe the development of a novel VACV-based SCV
vaccine platform technology that is unable to generate infectious
progeny (multiplication-defective) in vaccine recipients while retain-
ing the ability to induce robust immune responses to a recombinant
vaccine antigen. We also illustrate that SCV vaccines can be produced
in a CHO-based system, a cell line widely used for manufacture of bi-
ologics in the biopharmaceutical industry due to their ability to be
grown in chemically defined growth media as suspension cultures
to high cell densities in industrial scale bioreactors.22,23

A key design feature of the SCV vaccine platform is the targeted ge-
netic deletion of the VACV D13L gene, which renders SCV vaccines
unable to generate viral progeny. Loss of D13 expression prevents
SCV virion assembly while preserving genome replication and late
gene expression of vaccine antigens. Attenuation of the SCV vaccine
was demonstrated in vitro in several human cell lines, including hu-
man lung and skin epithelial cell lines that are VACV permissive and
are representative of sites of active virus multiplication in human in-
fections. In addition, we have demonstrated that SCV can be safely
administered to immunocompromised SCID mice, confirming atten-
uation in vivo. This multiplication defect suggests SCV will have a
safety profile in humans similar to that of the host-range restricted
MVA, which demonstrated an impeccable safety record during the
end of the smallpox eradication campaign in which more than
120,000 people were vaccinated without serious adverse effects51

and has been shown to be safe and well tolerated in individuals
with atopic dermatitis or HIV.52,53

The CHO-based cell substrate system for the production of SCV vac-
cines provides a number of advantages over existing primary cell cul-
ture and diploid and continuous cell line-based vaccine production
systems of registered viral vaccines. For instance, the widely used
CEF cell culture is a primary cell substrate for which (1) supply logis-
tics introduces a risk of contamination, (2) batch-to-batch variation is
inherent because cell banking practices cannot be adopted, and (3) the
need for specific pathogen-free stocks restricts the on-demand pro-
duction capacity. Furthermore, most diploid and continuous cell lines
used in manufacturing the vaccine have a finite culture life span and
are growth anchorage dependent, with logistical and cost implications
for scaled production. To circumvent these issues, we provide proof of
principle that CHO cells, the most frequently used system for indus-
trial manufacture of biologics,22,23 can be engineered to express D13
and CP77 (the SCS line) in the construction and production of SCV
vaccine stocks. We were able to demonstrate a robust 4-fold log
amplification of the virus in the SCS line within 30 hr of infection,
with viral yields stably maintained for more than 30 passages. We
are in the process of developing a monoclonal suspension SCS line
that can be grown and maintained in a chemically defined medium
to facilitate current good manufacturing practice of vaccine stocks
for future clinical trials.

The re-emergence of CHIKV, a mosquito-transmitted alphavirus
responsible for millions of cases reported globally, highlights the
need for an effective vaccine. In response, a number of CHIK vaccines
have been developed (all using CHIKV structural glycoproteins as
vaccine antigens), with efficacy studies ranging from pre-clinical
testing to early human trials.41–43 To illustrate the utility of the
SCV platform technology, SCV-CHIK was constructed and shown,
after a single vaccination, to induce a robust and durable antibody
response that mediates protection in a pre-clinical mouse challenge
model of acute and chronic CHIKV arthritic disease48 up to 1 year
post-vaccination. The protection conferred by SCV-CHIK against
viremia and foot swelling is comparable to the only other VACV-
vectored CHIK vaccine under investigation, the MVA-CHIKV vac-
cine, which has also been shown to be efficacious in mouse model
studies.54,55 VACV-based vaccines have a number of characteristics
that make them potentially attractive for use in resource poor settings,
primarily cold chain-independent distribution9 and long-lasting im-
munity,8 clearly desirable features for rapidly spreading epidemics of
infectious diseases such as CHIKV.25–27 Rapid onset of immunity af-
ter a single vaccination is also a highly desirable feature in these
epidemic situations, and the effectiveness of the SCV vaccine platform
to consistently do this will be further characterized in planned pri-
mate studies.

The SCV vaccine platform technology also has the inherent capacity
to function as a smallpox vaccine. Smallpox has been eradicated for
more than 30 years, and routine vaccination has ceased. However,
biotechnological advances have increased the threat of bioterrorism,
and human outbreaks of re-emerging zoonotic poxvirus are possible
following waning herd immunity; ergo, there remains a risk of either
intentional or unintentional outbreaks of poxviral diseases in the gen-
eral population.56 Marketing authorization for Bavaria Nordic’s
MVA-based smallpox vaccine IMVAMUNE highlights that health
agencies recognize the need for safe and effective vaccines against hu-
man orthopoxvirus infections, given that the side effects associated
with the original vaccines are now considered unacceptable.40,57

Our results demonstrate that following SCV-CHIK vaccination,
mousepox-susceptible BALB/c mice generate a VACV-specific
cellular and humoral immune response that mediates protection
against a lethal heterologous ECTV challenge. Combined with evi-
dence of in vivo attenuation in immunocompromised SCID mice
and inherent cell substrate manufacturing advantages, SCV could
also be used as a practical and effective poxvirus vaccine.

In conclusion, we report the development of a novel, attenuated SCV
vaccine platform technology with an integrated CHO-based SCS
line and scale-up capacity for vaccine manufacture. Our findings
confirm that SCV-CHIK is multiplication-defective and can be safely
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administered to immunocompromised mice. A single administration
of SCV-CHIK elicits a robust and durable neutralizing antibody
response and provides complete protection to a subsequent CHIKV
challenge. Furthermore, preliminary studies indicate that intramus-
cular vaccination with SCV-CHIK generates antibody titers equiva-
lent to those observed after intraperitoneal (i.p.) administration
(data not shown). We are evaluating these responses further to pro-
vide evidence for translation to human use.

MATERIALS AND METHODS
Ethics Statement

All mouse work was conducted in accordance with the Australian
Code for the Care and Use of Animals for Scientific Purposes as
defined by the National Health and Medical Research Council of
Australia. Animal experiments were conducted under protocols
approved by the institutional animal ethics committees of University
of South Australia and South Australian Health andMedical Research
Institute (SAHMRI). CHIKV challenge studies were approved by the
Queensland Institute of Medical Research (QIMR) Berghofer Medical
Research Institute animal ethics committee and were conducted in a
biosafety level-3 facility.

VACV-CHIK Construction

The origin and history of VACV (Copenhagen strain) are described
by Glosser,31 and VACV was gifted to P.M.H. by Dr. Robert Drillien
at the Institute of Virology (Strasbourg, France).

VACV-CHIK was constructed by homologous recombination to
replace the A39R open reading frame (ORF) of VACV with a
poxvirus expression cassette expressing the CHIKV 26S-structural
polyprotein (GenBank: AM258992), under the control of VACV pro-
moters,58 together with a poxvirus expression cassette for the expres-
sion of the E. coli guanine phosphoribosyltransferease (Ecogpt). Ho-
mologous recombination and positive selection of recombinant
viruses containing the co-insertion of the Ecogpt expression cassette
was undertaken as described (protocol 6),59–61 in which the homolo-
gous recombination arms flanking the CHIKV-26S and Ecogpt
expression cassettes were designed to be homologous with the se-
quences flanking the A39R ORF.

After successful replacement of the A39R ORF with CHIKV-26S and
Ecogpt expression cassettes, the Ecogpt expression cassette was
removed by a second homologous recombination and counterselec-
tion against Ecogpt expression as described (protocol 7),59,62 whereby
the homologous recombination arms were designed to be homolo-
gous to the sequences flanking the Ecogpt expression cassette within
the recombinant VACV-CHIK genome.

SCV-CHIK Construction

To generate SCV-CHIK, the D13L ORF was deleted from VACV-
CHIK by homologous recombination, in which positive selection
for successful deletion was undertaken by infection of CHO cells ex-
pressing only the D13 protein (CHO-D13L). Because CHO is non-
permissive to VACV infection, positive selection for D13L-deleted
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virus was achieved by replacing the D13L ORF with an expression
cassette coding for the cowpox virus CHO host-range protein
CP77. A homologous recombination plasmid was constructed that
consisted of a CP77 expression cassette and a dsRed fluorescent pro-
tein expression cassette flanked by left and right recombination arms
that were homologous to sequences flanking the D13L ORF within
VACV-CHIK. The dsRed expression cassette was added, because
VACV-expressing CP77 does not form lytic plaques in CHO; there-
fore, infection was monitored by the presence of red fluorescence. To
help in removal of the CP77 and dsRed expression cassettes that had
replaced the D13L ORF, a repeat sequence of the left homologous
recombination arm was placed downstream of the CP77 and dsRed
expression cassettes but upstream of the right homologous recombi-
nation arm within the homologous recombination plasmid. Homol-
ogous recombination was performed by transfecting the D13L-delet-
ing homologous recombination plasmid into CHO-D13L previously
infected with VACV-CHIK at an MOI of 0.01 PFU/cell. SCV-
CHIK was enriched from the homologous recombination infection
by amplifying the virus in CHO-D13L, followed by infecting a fresh
set of CHO-D13L cells with the amplified virus. These infected cells
were recovered and made into a single-cell suspension by TrypLE
Select digestion (Thermo Fisher Scientific) and then single-cell sorted
so that one red fluorescent cell was seeded into 1 well of a 96-well plate
containing cultured CHO-D13L cells using a FACSAria Fusion flow
cytometer (BD Biosciences). The red fluorescent cell-seeded 96-well
plate was then incubated at 37�C/5% CO2 until red fluorescent foci
of infection could be seen in any of the wells of the 96-well plate.Wells
containing a single focus of infection were harvested and resuspended
as single-cell suspensions before single-cell sorting and seeding into
96-well plates of fresh CHO-D13L cells. This single-cell sorting pro-
cess was repeated five times to eliminated trace contamination with
the original VACV-CHIK and produce clonal SCV-CHIK. A number
of clonally purified SCV-CHIK were amplified in CHO-D13L cells
and then tested by PCR analysis for the presence of contaminating
VACV-CHIK and to confirm D13L replacement by the CP77 and
dsRed expression cassettes. The best clone was then amplified in
the SCS line (expressing both CP77 and D13 proteins) to encourage
intramolecular recombination between the left homologous recombi-
nation sequence and the repeat sequence, because the dependence of
the viral expression of CP77 is no longer required, resulting in the
deletion of the CP77 and dsRed expression cassettes from SCV-
CHIK. The infected SCS cells were brought into single-cell suspension
by digestion with TrypLE Select and cell sorted using a FACSAria
Fusion flow cytometer, in which non-fluorescent cells were bulk
sorted and retained. SCV-CHIK virus was further amplified to
make seed stock by progressive scaled-up infections of SCS cells.

PCR Analysis and Sequencing Verification

Construction and homogeneity of SCV-CHIK was confirmed by PCR
using primers spanning the inserted or deleted regions of the viral
genome. Viral DNA from infected SCS monolayers was extracted us-
ing a DNeasy kit (QIAGEN). All PCR reactions were performed using
KAPA HiFi polymerase (Kapa Biosystems) with primer pairs for the
A39R locus (forward 50-TAAGATTCCTAAATTAGTAGAAAA-30
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and reverse 50-ACACGAATGCAGTTTGGGAGTAT-30) and the
D13L locus (forward 50-CGACACCCGTTTCATGGAACAA-30 and
reverse 50-GGACGACGAGATACGTAGAGTGT-30). PCR products
were run on a 0.8% agarose gel, visualized using GelRed (Biotium),
and sequence confirmed by Sanger sequencing at the Australian
Genome Research Foundation (AGRF).

CHO-D13L, CHO-CP77, and SCS Line Construction

CHO cells (ATCC CCL-61) cultured to 50%–70% confluence were
transfected with 1 mg of pLL07 (HA-tagged CP77 expression plasmid)
and/or pLL29 (FLAG-tagged D13 expression plasmid) using Effec-
tene transfection reagent (QIAGEN) according to the manufacturer’s
instructions. Transfected cells were maintained under antibiotic
selection (hygromycin B, 500 mg/mL; G418, 1,000 mg/mL), and
monoclonal CHO-D13L, CHO-CP77, and SCS lines were established
by single-cell sorting (BD FACSAria Fusion), followed by further
expansion under antibiotic selection. Expression of D13 and/or
CP77 was confirmed by immunoblotting using anti-FLAG (1:500;
Abcam ab49763) and anti-HA tag (1:500; Abcam ab1265) antibodies,
respectively.

SCV-CHIK, VACV-CHIK, and VACV Production and Titration

VACV and VACV-CHIK stocks for mice vaccination studies were
prepared by infecting BHK-21 cells (ATCC CCL-10) cultured in mul-
tiple T175 flasks at an MOI of 0.01 PFU/cell. Because VACVs are cell
associated, infected cells were recovered by centrifugation to form a
pellet after 90%–100% cytopathic effect. Virus was extracted from
the resuspended cell pellet by sonication, with insoluble material
removed by low-speed centrifugation. The clarified supernatant was
then layered onto a 36% sucrose cushion and centrifuged at
3,200 � g for 18 hr at 10�C to pellet the virus. The viral pellet was re-
suspended in 10 mM Tri-HCl (pH 8) and stored at �80�C. SCV-
CHIK was produced in the same manner except the SCS line was
used as cell substrate for virus production.

Titration of VACV and VACV-CHIK were performed by counting
plaques in infected BS-C-1 monolayers (ATCC CCL-26) stained
with crystal violet as described.63 Titration of SCV-CHIK was carried
out by infecting the SCS line, and because lytic plaques do not form in
this cell line, immunohistochemical staining was used to reveal foci of
infections that could be counted as plaques, as described for MVA in
Kremer et al.64 Infected cell foci (plaques) were identified with horse-
radish peroxidase (HRP)-conjugated anti-vaccinia antibody (1:400
dilution; Alpha Diagnostic International) and stained using tetrame-
thylbenzidine (TMB) substrate for membranes (Sigma-Aldrich).

Immunoblot Analysis of CHIKVAntigenExpression bySCV-CHIK

To confirm expression of CHIKV antigens by SCV-CHIK, mono-
layers of SCS were infected with either VACV or SCV-CHIK (MOI,
1 PFU/cell). Whole-cell extracts from 48 hr post-infection were sepa-
rated by 12% SDS-PAGE and analyzed by immunoblotting using
anti-CHIKV antibody generated from mice immunized with inacti-
vated CHIKV (1:200 dilution).47 Anti-mouse IgG-HRP-conjugated
secondary antibody (1:5,000; Sigma-Aldrich) and a chemilumines-
cence system (Clarity ECL western blotting substrate; Bio-Rad)
were used for detection. Blots were imaged using a ChemiDoc XRS
(Bio-Rad).

Immunofluorescent Staining of SCV-CHIK and VACV Plaques

Cell lines were infected with virus (VACV or SCV-CHIK; MOI, 0.001
PFU/cell), fixed with 1:1 solution of methanol/acetone, and air-dried
before immunofluorescent staining with rabbit anti-VACV (1:400;
Alpha Diagnostic International) and a secondary antibody, tetrame-
thylrhodamine (TRITC)-conjugated anti-rabbit IgG F(ab)02 fragment
(1:400; Life Technologies). Images were taken using an Olympus IX51
inverted fluorescent microscope.

Electron Microscopy

SCV-CHIK- and VACV-infected cells (MOI, 2 PFUs/cell) were fixed
in 4% paraformaldehyde and 1.25% glutaraldehyde with 4% sucrose
in PBS, washed with PBS containing 4% sucrose, and post-fixed
with 2% osmium tetroxide. Cells were dehydrated through an ethyl
alcohol series and propylene oxide, followed by infiltration and
embedding in epoxy resin (EMbed 812/Araldite 502 mixture; Emgrid
Australia). Thin sections, cut using a Leica EM UC6 Ultramicrotome,
were stained with 4% aqueous uranyl acetate and Reynolds lead cit-
rate and imaged on the FEI Tecnai G2 Spirit transmission electron
microscope.

The SCID Mouse Study

Groups of 6- to 8-week-old female SCID mice were inoculated with
107 PFUs/mouse of VACV or SCV-CHIK i.p. and monitored for
100 days. Mice were weighed, and clinical scoring was undertaken us-
ing a matrix, which included scores for coat quality, food intake,
movement reluctance, weight loss, skin condition, and posture.
Mice were euthanized when ethically defined endpoints were reached.

Viral loads in organs were determined in VACV- or SCV-CHIK-in-
fected mice by viral plaque assay. To determine the VACV titers and
revertant to multiplication-competent SCV-CHIK, serial dilutions of
organ homogenates (FastPrep24-5G Homogenizer with 2.8 mm
ceramic beads; MP Biomedicals) were plated onto confluent BS-C-1
monolayers, and the plaques were visualized by crystal violet staining
after 48 hr.

Post-vaccination VACV Antibody Responses and ECTV

Challenge

Inbred, specific pathogen-free 6- to 8-week-old female BALB/c pur-
chased from the Animal Resources Center (Canning Vale) were
vaccinated i.p. for accuracy and consistency of dosing with the indi-
cated vaccines or PBS. The i.p. route also allowed higher-dose com-
parisons to be made while minimizing the impact on animal welfare.
VACV-specific titers were determined by standard ELISA using heat-
inactivated VACV (105 PFUs/well) as antigen and HRP-conjugated
rabbit anti-mouse IgG antibody (Sigma-Aldrich) and TMB chro-
mogen (Sigma-Aldrich) for detection. The endpoint titers were calcu-
lated when the optical density (OD) readings reached themean absor-
bance values of the negative serum samples plus three times the SD.
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VACV plaque reduction neutralization tests (PRNT50) were conduct-
ed as described.65 Briefly, sera were heat inactivated, incubated with
100 PFUs of VACV for 1 hr, transferred onto BS-C-1 monolayers
for 1 hr, and incubated at 37�C for 2 days. Viral plaques were visual-
ized by the addition of 0.4% crystal violet solution. PRNT50 titer was
calculated as the reciprocal of sera dilution at which 50% of the input
virus is neutralized and determined by a non-linear four-parameter
curve fit of data using GraphPad Prism v.6.

Vaccinated and control mice were challenged with lethal dose 50
(LD50) of ECTV subcutaneously. Weight loss and mortality was
monitored. Clinical disease was scored using a matrix that included
scores for coat condition, eye condition, movement, limb condition,
and hunching. Mice were euthanized when ethically defined end-
points were reached.

Recombinant CHIKV E2 Production

Recombinant E2 sequence (transmembrane domain deleted; amino
acids 336–386) was cloned into the BamHI and HindIII restriction
enzyme sites of the pQE30 vector (QIAGEN) using InFusion seamless
cloning (Clontech) according to the manufacturer’s instructions. Re-
combinant protein expression in M15[pREP4] E. coli transformants
was induced by 1 mM isopropyl b-D-1-thiogalactopyranoside
(IPTG), and protein was purified under denaturing conditions using
gravity-flow column purification with TALON resin (Clontech). Pu-
rified proteins were assessed using SDS-PAGE and protein concentra-
tion determined by bicinchoninic acid (BCA) assay (Pierce).

Post-vaccination CHIKV Antibody Responses and CHIKV

Challenge

Groups of 6- to 8-week-old female C57BL/6 mice were vaccinated i.p.
with the indicated vaccines or PBS. Serum antibody responses were
determined by standard ELISA (1) measuring total IgG responses
and recombinant E2 as antigen (see earlier) and (2) measuring
IgG1 and IgG2c responses using whole inactivated CHIKV as anti-
gens as described.66 CHIKV neutralization titers against the Reunion
Island isolate (LR2006-OPY1) of CHIKV were determined as
described.50

Vaccinated mice were challenged with 104 cell culture infectious dose
50% (CCID50) of the Reunion Island CHIK isolate injected subcuta-
neously into the ventral side of each hindfoot toward the ankle as
described.47 Post-challenge viremia, foot swelling measurements,
and qRT-PCR for CHIKV RNA were undertaken as described.47,50

Statistics

Statistical analysis of experimental data was performed using IBM
SPSS Statistics for Windows, v.19.0. Two-sample comparison using
t test was performed when the difference in variances was <4, skew-
ness was >�2, and kurtosis was <2. Non-parametric data with a dif-
ference in variances of <4 was analyzed using Mann-Whitney U test;
if the difference of variances was >4, the Kolmogorov-Smirnov test
was employed. The log rank (Mantel-Cox) test was used for statistical
analysis of surviving proportions.
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