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ARTICLE INFO ABSTRACT
Articlf history: Vaccinia virus (VACV) has been used more extensively for human immunization than any other vac-
Received 26 March 2009 cine. For almost two centuries, VACV was employed to provide cross-protection against variola virus, the
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Accepted 4 June 2009 research on VACV has produced a number of modified vaccines with improved safety profiles. Attenuation
has been achieved through several strategies, including sequential passage in an alternative host, deletion
Ilfg’( ‘\//Vi?:f: of specific genes or genetic engineering of viral genes encoding immunomodulatory proteins. Some highly
Orthopoxvirus attenu.ated thi.rd- and fgurth—generation VACV vac'cines are now being considered for stockpiling against
Smallpox a possible re-introduction of smallpox through bioterrorism. Researchers have also taken advantage of
Biodefense the ability of the VACV genome to accommodate additional genetic material to produce novel vaccines
Vaccinia virus against a wide variety of infectious agents, including a recombinant VACV encoding the rabies virus gly-
Vaccine vector coprotein that is administered orally to wild animals. This review provides an in-depth examination of
Vaccination complications these successive generations of VACV vaccines, focusing on how the understanding of poxviral replication

Vaccinia E3L and viral gene function permits the deliberate modification of VACV immunogenicity and virulence.
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1. Introduction

Vaccination against smallpox, first introduced by Edward Jenner
more than 200 years ago, was the single most effective pub-
lic health intervention in human history. From its origin on a
farm in Gloucestershire, England, vaccination spread around the
world, leading eventually to a global campaign that eradicated
smallpox in the late 1970s. Although the elimination of the dis-
ease was followed by the termination of national vaccination
programs, interest in VACV, the smallpox vaccine, did not end.
Over the past three decades, a number of novel attenuated vari-
ants of VACV with improved safety profiles have been produced
through a variety of laboratory methods. At the same time, the
ability of the VACV genome to accommodate additional genetic
material has enabled molecular virologists to produce a large num-
ber of candidate vaccines that target a wide range of microbial
pathogens.

In this article we review how VACV has been developed over the
past four decades as a candidate vaccine for a variety of uses, and
discuss how genetic engineering could lead in the future to new
VACV vaccines that are both safe and highly immunogenic. We first
discuss the replication and immunogenicity of the wild-type (wt)
VACV employed during the smallpox vaccination campaign (“first-
generation” VACV) and newer forms of wt (second-generation)
VACV that are now being stockpiled for defense against a possible
re-introduction of smallpox by terrorists. We then review forms
of third-generation VACV that were attenuated through sequen-
tial passage in an alternative host and fourth-generation viruses
produced through “engineering” of the VACV genome. We then
examine the potential need for rapidly immunogenic forms of
VACV that could be used for post-exposure vaccination in the
event of a re-introduction of smallpox through bioterrorism. In the
final section, we review how VACV is being used as a vehicle to
develop novel vaccines against heterologous agents, and discuss
how future efforts should focus on both safety and immunogenic-

ity.

2. Orthopoxvirus antigenic cross-reactivity and replication
strategy

The family Poxviridae is divided into 8 genera. Of greatest interest
to humans is the genus Orthopoxvirus, which includes variola virus,
the agent of smallpox, cowpox virus, the original vaccine used by
Jenner, and VACV, which apparently replaced cowpox virus for use
in vaccination some time in the 19th century. Because of the highly
conserved nature of orthopoxvirus structural proteins, immuniza-
tion with VACV provides cross-protection against variola and other
orthopoxviruses, such as monkeypox.

Poxviruses have large genomes (130,000-375,000 nucleotides),
allowing the insertion and high level expression of large foreign
genes, making them ideal as recombinant vaccine vectors. Sev-
eral features of the poxvirus replication cycle also influence how
these agents are employed as vaccines. Soon after the virion core
enters a cell, early gene transcription results in the production of
a wide variety of immunomodulatory proteins that block innate
antiviral defenses, including the type I interferon (IFN) response.
As discussed below, deletion or modification of these viral genes
has proved to be an effective method of modifying VACV virulence.
Later in the replication cycle, infectious virus is produced first in
the form of intracellular mature virions (MV), which form the basis
of all VACV vaccines. Further maturation is required to produce the
extracellular enveloped virions (EV) that are required for the extra-
cellular spread of VACV. Deletion of genes encoding EV proteins
such as B5R has also resulted in attenuated VACV vaccines (see
below).

Table 1
Description of vaccinia virus vaccine generations.

Generation Description Examples

Vaccinia virus vaccines

st Jennerian Dryvax, Lister, Copenhagen
2nd Tissue culture adapted ACAM2000
Jennerian
3rd Attenuated by passage in MVA, LC16m8, DIs
an alternative host
4th Attenuated through genetic NYVAC, VACVvD4-ZG,
engineering VACVAE3L

3. Vaccine development before the global smallpox
eradication campaign

Historically, the first efforts at immunization against smallpox
were practiced as early as 1000 CE involving a process known as
variolation (Radetsky, 1999). This involved deliberate inoculation
either by insufflation or scarification (Fenner et al., 1988) of an indi-
vidual using variola virus obtained from the smallpox pustules of
a patient with active disease, which typically resulted in a severe
localized reaction, a generalized rash, and constitutional symptoms,
but with a case fatality rate of 0.5-2% compared to 20-30% following
natural variola infection. Despite the high incidence of complica-
tions, variolation was commonly practiced up until the beginning
of the 19th century.

Because all orthopox viruses are antigenically related, immu-
nization with nearly any orthopoxvirus can protect against
challenge with other orthopoxviruses. In the late 1700s, Edward
Jenner discovered that cowpox virus could be used successfully to
protect humans against smallpox. Since vaccination with cowpox
was much safer than variolation, it quickly became the primary
method of conferring protection. Over time, VACV replaced cowpox
virus as the agent used for vaccination. Of note, VACV is genetically
distinct from either cowpox virus or variola virus, and its origin
remains unknown, although it is most closely related to horsepox
virus (Tulman et al., 2006). Jennerian vaccine viruses represent the
1st generation of orthopox virus vaccines as vectors (Table 1).

4. First-generation VACV vaccines and global smallpox
eradication

Humans are the only known natural reservoir for variola virus.
Due to this and the effectiveness of the VACV vaccine, an intensified
global smallpox eradication program was begun in 1966 (Parrino
and Graham, 2006; Rotz et al., 2001). The basic strategy for this
program involved mass vaccination campaigns in each country and
the development of surveillance systems to detect and contain out-
breaks. Thanks to these measures, the last naturally occurring case
of smallpox occurred in Somalia in 1977, and in May 1980, the
World Health Assembly certified that the world was free of nat-
urally occurring smallpox (Rotz et al., 2001; Wehrle, 1980). In 1982,
the only active licensed producer of VACV vaccine in the United
States discontinued production for general use, and in 1983, dis-
tribution to the civilian population was discontinued (Rotz et al.,
2001).

During the smallpox eradication program, the majority of the
vaccine was manufactured on the skin of live animals including
calves, sheep, buffaloes and rabbits (Anon., 2002). Many VACV
strains were used during the eradication program. The New York
City Board of Health (NYCBH) strain was used in the Americas and
in West Africa. Following the eradication program and continuing
until August 2007, the Wyeth Laboratories, Inc. Dryvax® vaccine
was the only commercially approved smallpox vaccine available
for limited use in the United States (Rosenthal et al., 2001). The
Dryvax® vaccine was manufactured from the lymph fluid of calves’
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Table 2
Adverse events associated with primary vaccinia vaccination.

Adverse event Number per million vaccinees

Mild reactions

Sore/redness at vaccine site Common
Swollen armpit glands Common
Difficulty sleeping Common
Fever, >100 °F Common
Fever, >102 °F 150,000
Serious reactions ~1000

Erythema multiforme 164.6

Inadvertent inoculation 25.4-529
Generalized vaccinia 23.4-241

Life-threatening reactions 14-52
Eczema vaccinatum 10.4-38.5
Progressive vaccinia 0.9-15
Postvaccinial encephalitis 2.9-12.3
Fetal vaccinia Rare
Death 11

Table illustrates NYCBH strain smallpox vaccine adverse event rates from two studies
done in 1968 (Lane et al., 1969, 1970). Current adverse event rates may be expected
higher due to increased individuals with (1) immune suppression from cancer, can-
cer therapy, organ transplantation and other illnesses, such as HIV/AIDS, and (2)
eczema or atopic dermatitis. “Common” refers to 25-75% of vaccines.

skin infected with the NYCBH strain. The EM-63 strain used in Rus-
sia was a derivative of the NYCBH strain and was widely used in
the eradication of smallpox in India (Anon., 2002). The Lister or
Lister/Elstree strain was developed at the Lister Institute in the
United Kingdom. From 1968 to 1971, the Lister strain became the
most widely used vaccine throughout the world (Rosenthal et al.,
2001).

Additional vaccine strains included the Paris strain (France), the
Copenhagen (Cop) strain (Denmark), the Bern strain (Switzerland),
the Ankara strain (Turkey), the Temple of Heaven and the Vac-
cinia Tian Tan (VTT) strains (China), and the Dairen strain (Japan).
A 2006 study suggested that adverse complications vary consider-
ably among the different vaccine strains (Kretzschmar et al., 2006).
Overall, vaccination with the NYCBH strain caused the lowest rate
of adverse effects, whereas vaccination with the Lister strain led to
an intermediate rate of adverse effects. The Copenhagen strain led
to intermediate/high rates of adverse events and the Bern strain
led to the highest rate of adverse reactions (Kretzschmar et al.,
2006).

4.1. Nature of the vaccine “take” and vaccination complications

Typically following vaccination, a vesicular or pustular skin
lesion at the site of inoculation is indicative of a successful vac-
cination or “take”. With the current concern of variola virus being
reintroduced into the human population through a bioterrorism
event or of the emergence of monkeypox as a significant human
pathogen, the use, efficacy and safety of the VACV vaccine is being
re-evaluated (Kretzschmar et al., 2006; Neff et al., 2008; Parrino
and Graham, 2006). Forty to 47% of vaccinees report mild pain
at the site of inoculation and 2-3% reports the pain as severe.
Fever is common after vaccination with 5-9% reported above 100 °F
(37.7°C) and 3% above 102 °F (38.8°C) (Kretzschmar et al., 2006;
Rotz et al., 2001). In addition, many vaccinees report a variety of
mild systemic complications, including headache, myalgia, chills,
nausea and fatigue (Table 2). Moderate and severe complications
of VACV vaccination include eczema vaccinatum (in vaccinees
with a history of eczema or atopic dermatitis), generalized vac-
cinia, progressive vaccinia (in immunocompromised vaccinees),
myopericarditis and postvaccinial encephalitis (mostly in children)
(Table 1). Moderate to severe complications occur in approximately
1-250 individuals per million primary vaccines (Rotz et al., 2001).

Because of the recently identified high incidence of myopericardi-
tis, increased surveillance for cardiac events during clinical trials
for future smallpox vaccines will be imperitive (Sniadack et al.,
2008).

4.2. Replication and immunogenicity of wild-type vaccinia
viruses

The ability of live VACV vaccines to replicate and generate a
protective immune response following challenge has been well doc-
umented. The replication capacity of these vaccines in tissue culture
cells has shown a broad host range as well as ability to replicate in
multiple cell types. In laboratory settings, these viruses are rou-
tinely grown in kidney-derived cell lines made from non-human
primates such as Vero and BSC-1/BSC-40 cells (Abdalrhman et al.,
2006; Meseda et al., 2005; Zhu et al., 2007), from rabbit such as
RK-13 (Kidokoro et al., 2005), or hamster (BHK-21) (Jentarra et al.,
2008; Vijaysri et al., 2008) sources. Kidney-derived fibroblast cell
lines such as BHK-21 seem to be especially permissive for replica-
tion and therefore are widely used for preparation of viral stocks.
This may be due to the presence of an inhibitor of the interferon-
induced PKR protein that has been partially characterized in these
cells in our lab (Langland and Jacobs, unpublished observations).
Epithelial and fibroblast cell lines from human cervix or lung tis-
sues (HeLa, MRC-5, A549) (Legrand et al., 2004; Sharon et al., 2007;
Verardi et al., 2001; Wyatt et al., 2004) and murine fibroblastic cell
lines (L929, NIH3T3) (Verardi et al., 2001; Zhu et al., 2007) are also
used to grow viral stocks as well as test viral replicative capacity
and host range.

The ability of a particular VACV strain to grow in certain cell lines
does not always correlate linearly with local or systemic virulence
in vivo (Abdalrhman et al., 2006; Fang et al., 2005; Verardi et al.,
2001). Therefore, the replication capacity of VACVs has to be further
characterized by measuring viral load in tissues after vaccination or
infection.

The highly neuropathogenic Western Reserve (WR) strain, orig-
inated from passaging the NYCBH strain in mice, replicates to high
titers in nose, lungs, brain, ovaries, and skin of that species; (Brandt
et al., 2005; Jentarra et al., 2008; Vijaysri et al., 2008). The Wyeth
and Lister strains also replicate well in lungs of mice, but replicate at
least three orders of magnitude lower in the brain than WR follow-
ing intranasal (IN) infection (Abdalrhman et al., 2006; Hayasaka et
al., 2007). NYCBH grows nearly as well as WR in skin of mice, while
Wyeth strain isolates (Dryvax®) grow to 6-20-fold lower titers than
WR (Lee et al., 1992).

Concurrent with replication on the skin is the formation of pocks
that signify a positive vaccine “take”. A dose of 1 x 10> plaque-
forming units (pfu) WRis required for 100% pock formation in mice,
while VACV Lister requires only 2 x 103 pfu (Jentarra et al., 2008;
Sharon et al., 2007). The discrepancy between these two strains
could be due to the fact that WR is a neuroadapted strain and may
not replicate as well on skin when administered at lower doses.
Despite the higher take efficiency of the Lister strain, a 1 log higher
dose is required to fully protect mice upon wild type lethal chal-
lenge (Sharon et al., 2007). In contrast, a dose of 2 x 104 pfu of the
NYCBH or Cop strain gives mild pock formation but is sufficient to
protect mice from lethal wild type challenge (Table 4).

In summary, a “take” may indicate a certain level of localized
or systemic viral replication, but may not necessarily be enough to
completely protect an animal from lethal challenge. Traditionally,
a dose of 2.5 x 10° pfu of a replicating wt VACV strain is given to
induce protection in humans although it should be noted that dilu-
tions of Dryvax® appear to provide protective immunity (Couch
et al., 2007; Miller et al., 2008). Historically, protection against
smallpox in humans has been found to be due to the presence of
neutralizing antibodies in the sera of infected individuals (Downie
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and McCarthy, 1958; Mack et al., 1972). In experiments using mice
vaccinated and challenged with wt VACVs, neutralizing antibodies
are measurable after vaccination with VACV Lister at the 2 highest
doses (5 x 104 to 5 x 10° pfu) (Abdalrhman et al., 2006), and at the
higher dose, neutralizing antibody levels steadily increase during
the year following vaccination (Ferrier-Rembert et al., 2008). How-
ever, the induction of protection does not always correlate with
levels of neutralizing antibodies induced upon vaccination. Scarifi-
cation with 1 x 106 pfu VACV WR induces high levels of neutralizing
antibodies, while scarification with the same dose of either the
weaker VACV NYCBH or the VACV Cop strain does not induce high
levels of neutralizing antibodies but nevertheless provides protec-
tion against lethal challenge (Jentarra et al., 2008 and unpublished
observations).

Immunization with wt VACVs induces activation of CD8+ lym-
phocytes that serve as additional correlates of protection. In
humans, immunization with 2.5 x 10° pfu Dryvax® induces an
effector CD8+ cell population in which 3-14% of CD8+ T cells
produce IFN-y upon ex vivo stimulation. At 1 month post-
vaccination, these CD8+ cells display memory cell markers and at
6 months post-vaccination, these cells can be reactivated (Miller
et al., 2008). In mice, scarification with Dryvax® and VACV Lis-
ter induce IFN-vy-secreting CD8+ cells which are measurable for 5
months post-vaccination (Ferrier-Rembert et al., 2008). The specific
involvement of CD8+ cells was tested by antibody depletion stud-
ies in naive mice followed by challenge. CD8+ cells were required
for prevention of weight loss in naive animals, presumably by pro-
viding a non-specific cell-mediated response until the advent of a
humoral response (Belyakov et al., 2003). Further support for the
importance of an early and non-specific cell-mediated response
is seen in immunization of B-cell-deficient mice. Upon challenge,
these animals display an initial weight loss but recover completely
(Belyakov et al., 2003).

5. Second-generation vaccines: new forms of wild-type
VACV

The use of live animals for the production of vaccine material has
changed due to current unacceptability of this process and quality
control issues regarding microbial contamination. This has led to
the production of “second generation” smallpox vaccines using tis-
sue culture systems or embryonated chicken eggs. VACV vaccine
prepared in embryonated chicken eggs was used in large scale dur-
ing the eradication campaign in South America and is the standard
commercial vaccine in Israel. However, experience with vaccine
material produced in cell culture is limited. Vaccine was prepared
on chick embryo fibroblasts in Japan before eradication of the dis-
ease, but its effectiveness is not well documented (Fenner et al.,
1988).

ACAM2000™ js a “second generation” smallpox vaccine
licensed for use in the United States as of August 2007. The vaccine
was derived from plaque purification of a Dryvax® isolate that was
subsequently manufactured in the Vero monkey cell line. For the
naive population, the percentage of “takes” and complications using
ACAM2000™ was similar to Dryvax® vaccinees. ACAM2000™ was
also found to be acceptable as a booster in those previously vac-
cinated for smallpox. Nevertheless, a significant minority of the
population has contraindications that prevent pre-exposure use
of “first” or “second generation” smallpox vaccines (Greenberg
and Kennedy, 2008). Therefore substantial work is being directed
toward the development of safer, yet immunogenic vaccines. These
“third generation” vaccines involve genetically altering the VACV
genome in order to create non-replicating or highly attenuated
VACV strains that still retain their immunizing properties against
smallpox.

6. Third-generation vaccines: attenuation through
sequential passage

One commonly used technique to attenuate VACVs involves
multiple passaging of the wt viruses in tissue culture cells from
alternative hosts, which has been shown to alter properties such
as viral host range, virulence, and genome composition. Passag-
ing of viruses through alternative hosts has been used for over 80
years to obtain attenuated viral strains (Monath, 2005). Arguably
the most effective human viral vaccine, the 17D yellow fever virus
vaccine, was obtained by nearly 400 passages of the yellow fever
virus through primary mouse and chicken cells in culture. In the
case of VACV, there are three current vaccine candidates that have
been obtained by passage through alternative hosts, Lister clone
16m8 (LC16m8), Modified Vaccinia Ankara (MVA) and Dairen I
Strain (DIs).

6.1. LC16m8

LC16m8 was developed in Japan in 1975, by passaging the Lis-
ter strain through primary rabbit kidney epithelial cells (PRK) at
a low temperature (30°C) (Kenner et al., 2006). The Lister virus
was initially passaged 36 times through PRK cells, and individual
clones were then evaluated for growth on monkey kidney Vero
cells, in order to gauge their ability to replicate in primate tissues.
LC16, which grew to the lowest titer in Vero cells, was passaged
6 more times under identical conditions. LC16mO0, which formed
medium-sized pocks on chick chorioallantoic membranes (CAM),
was isolated from this stock and passaged 3 more times on PRK
cells. LC16m8 was then isolated from this latter stock as a clone that
both replicated poorly in Vero cells and formed small plaques on
CAM, PRK, and RK13 cells. In vivo, LC16, LC16mO0 and LC16m8 strains
have a take rate similar to the Lister strain, but are temperature-
restricted, have limited host range and greatly reduced adverse
effects, including neurovirulence (Kenner et al., 2006).

The in vitro phenotype of the LC16m8 clone was attributed
to a frame-shifting single nucleotide deletion in the B5R gene,
in contrast to the Lister and LC16mO0 viruses (Morikawa et al.,
2005; Takahashi-Nishimaki et al., 1991). The B5R gene encodes
an EV protein, with homology to complement regulatory proteins
(Takahashi-Nishimaki et al., 1991) which is essential for efficient
EV formation. EVs are necessary for effective virus dissemination,
both in cells in culture and within an infected host (Herrera et al.,
1998). Presumably the lack of EV formation in cells infected with
LC16m8 leads to the small plaque phenotype in RK cells, and the
failure to form plaques in Vero cells. Since this phenotype is caused
by a single base pair deletion, the LC16m8 strain can easily revert to
the wild type version, and the small plaque phenotype in particular
is unstable on passage (Kidokoro et al., 2005). A stabilized version
of LC16m8, containing a deletion of the entire B5R gene, has been
developed to overcome this problem (Kidokoro et al., 2005). The
mutation(s) responsible for the temperature restriction and in vivo
attenuation phenotypes of LC16, LC16mO0 and LC16m8 may be like-
wise unstable. While the relevant loci have not yet been mapped,
there are no large deletions in the genome of LC16m8, compared
to non-attenuated strains, and 192 of the 198 major Open Reading
Frames (ORFs) of VACV Cop are open in LC16m8 (Morikawa et al.,
2005).

VACVs containing mutations in B5R, as that found in LC16m8,
may have unique utility in people with pre-existing immunity to
VACV. Since B5R is the primary target of neutralizing antibodies
in response to EV (Bell et al., 2004), (Viner et al., 2007) theo-
rized that deletion of the B5R gene would be a means to overcome
pre-existing immunity to VACV among those who have received
smallpox vaccinations. Further, they also reported that the deletion
of B5R in conjunction with use of the thymidine kinase (TK) locus
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for expression of a heterologous protein resulted in a vector with
reduced virulence. However, the lack of induction of immunity to
B5R may make LC16m8 a less efficient vaccine for protection against
orthopoxviruses.

6.2. Modified Vaccinia Ankara

MVA was derived in the late 1950s by passaging the chorioal-
lantois VACV Ankara (CVA) strain of VACV more than 570 times
in chick embryo fibroblast (CEF) cells, resulting in a host range
restricted virus that is replication-defective in most mammalian
cells (McCurdy et al., 2004). This highly attenuated strain is unable
toreplicate in human cells and in clinical trials presented no adverse
reactions (Sutter and Moss, 1995). MVA was safely used to vaccinate
over 100,000 people in Germany (Mayr, 2003), yet its effectiveness
against smallpox remains untested.

An intermediate virus, CVA382, which is attenuated in mice, was
obtained at the 382nd passage in CEF cells (Meyer et al., 1991).
CVA382 has four large deletions, two each in the left and right
species-specific terminal regions of the VACV genome, compared
to CVA (Meyer et al., 1991). These regions of the genome contain
non-essential genes that are often involved in evasion of the host
innate immune response, and genes necessary for maintaining the
broad host range of VACV. MVA has several additional large dele-
tions in the terminal arms, and contains numerous point mutations
relative to fully replication-competent VACV strains (Antoine et al.,
1998; Meyer et al., 1991). In all, MVA appears to have lost nearly
30kb of genomic information. Consequently, MVA replicates effi-
ciently only in CEF and BHK cells. Replication is restricted in all
human cells that have been tested (Meyer et al., 1991; Wyatt et al.,
1998) and the virus is highly attenuated in mice (Meyer et al., 1991).
In most cells MVA makes early, intermediate, and late proteins, but
only immature virions are formed (Sutter and Moss, 1992). This is
unique, in that most other host range restricted VACVs that have
been identified lead to a block in viral protein synthesis (Meng et
al., 2008), as opposed to a block in viral maturation.

Both CVA 382 and MVA contain a deletion in the K1L host range
gene, a gene that is essential for replication in RK13 (Perkus et al.,
1990) and other cells. While restoration of the missing sequences
in the K1L gene restores replication of both viruses in RK13 cells,
and partially restores replication in human Hep-2 and Vero cells,
it does not restore replication of MVA in human HeLa, MRC-5 and
HRT-18 cells, nor does it restore pathogenicity in mice (Meyer et
al,, 1991; Wyatt et al,, 1998). Thus, MVA contains additional host
range-restricting mutations in addition to the deletion of K1L. These
additional mutations all appear to affect non-overlapping reading
frames in the left terminal region of the genome, and restoration of
this region in its entirety leads to a near normal host range (Wyatt
et al., 1998).

MVA has been extensively studied as the “gold standard” for
VACV-based vaccines. It is considered effective because it pro-
vides a complete antigenic dose by completing the already initiated
replication cycle, an important characteristic for the generation of
antibodies against late viral envelope proteins that are required for
neutralization of VACVs, yet safe because it does not go through fur-
ther cycles in primary human cells (Blanchard et al., 1998; Ludwig
et al., 2005). MVA shows a similar antibody profile as Dryvax®, and
produces antibodies to both membrane and core proteins (Davies
et al., 2008). MVA has been shown to induce a protective immune
response against monkeypox virus in non-human primates (Earl
et al., 2004, 2008). In addition to having deletions in host range
genes that may limit MVA replication in human cells, MVA lacks a
number of immunomodulatory genes encoding soluble receptors
for type I and type II IFNs, tumor necrosis factor (TNF), and CC
chemokines (Blanchard et al., 1998). Lack of these immunomod-
ulators affects the viral replication cycle by blocking host protein

synthesis more effectively and by inducing apoptosis more rapidly
which may augment antigen presentation and immunogenicity of
MVA (Chahroudi et al., 2006; Larsson et al., 2001). However, a
comparison study of VACV-based smallpox vaccines suggests that
higher doses or multiple doses of MVA are required to achieve
the immune protection seen with a single dose of wt replicating
VACV. In the mouse model, MVA used at a 1-2log higher dose
than Dryvax® or in a prime-boost regimen is required to get VACV-
specific CD8+ cells and IgGs to levels comparable to that of a single
administration of the commercial vaccine (Meseda et al., 2005;
Wyatt et al.,, 2004). Similarly, another study evaluated two doses
of MVA (IMVAMUNE®) given prior to Dryvax® in an attempt to
reduce adverse effects from Dryvax®. This regimen indeed resulted
in lessened localized reactions, but no higher neutralizing antibody
titers and similar numbers of IFN-y producing cells were mea-
sured as compared to Dryvax® alone (Frey et al., 2007; Kennedy
and Greenberg, 2009).

6.3. Dairen I strain

The DI strain of VACV was obtained after 13 serial passages of
the parental Dairen (DIE) vaccine strain in 1-day-old eggs (Tagaya
et al, 1961). The DI strain was first noticed as forming tiny plaques
on CAM, in contrast to the parental strain, and was isolated after
several rounds of pock formation on CAM. DIs contains a 15.4kb
deletion in the left terminal region of the VACV genome, from C9
to K5L, that apparently occurred by homologous recombination
between two 16 base pair sequences that are nearly identical (Ishii
etal.,2002). This deletion encompasses the well-characterized host
range genes, K1L and C7L, as well as the IFN resistance gene, K3L.
Consequently, DIs has a highly restricted host range, which is not
simply restored with replacement of K1L and C7L, suggesting the
existence of additional and yet unknown host-range genes in this
region (Ishii et al., 2002). Of note, this deletion in the host-range
determining region of VACV is similar to, although more extensive
than, the region deleted in the left arm of the genetically engineered
third generation smallpox vaccine NYVAC (Paoletti et al., 1994).

6.4. Comparison of 3rd-generation vaccines

LC16m8, DIs and MVA have all been obtained by passage on
alternative hosts. Nonetheless, while there are some similarities
among the three viruses, there are numerous differences as well.
DIs and MVA were both obtained by passage in chicken cells, and
both have large deletions in the host range determining region,
which makes both viruses replication defective in most mammalian
cells. Despite this similarity in host range, MVA contains a func-
tional C7L host range gene, while this gene is deleted in DIs. MVA
was passaged more extensively than DIs, which may be responsible
for the additional large deletions, and numerous small insertions
and deletions present in MVA, in both the left and right terminal
arms of the virus. These additional mutations in innate immune
evasion genes in MVA may be responsible for the unique ability
of this virus, among non-genetically engineered orthopoxviruses,
to induce proinflammatory signal transduction, proinflammatory
gene expression, and to lead to an increased migration of immune
cells to the site ofimmunization (Guerra et al.,2007; Lehmann et al.,
2009). The ability of MVA to induce proinflammatory cytokines may
have a profound influence on its ability to induce adaptive immu-
nity. Induction of proinflammatory signaling and proinflammatory
gene expression by DIs has not been reported. LC16m8 was obtained
by passage through rabbit kidney cells, and rather than having large
deletions it has one single base pair deletion in B5R, and likely has
other small mutations that alter gene function to give the tempera-
ture restriction and low pathogenicity of this virus. LC16m8 has an
intact host range determining region, and appears to be replication
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Overview of VACV modifications through genetic engineering.
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Deletion of vaccinia virus genes

E3L
B18R/B19R

B8R

C12L
A53R

B13R/B22R

K1L/C7L

J2R
B5R
D4

A41L

184R/B15R/B16R

CI11R

Expression of immune-modulating IL-15
gene delivered by rVACV

IL-18/IL-12

IL-2

B7-1/CD80

IFN-y

N-terminus of E3L
C-terminus of E3L

Z-DNA binding domain
dsRNA binding domain

Z-DNA/dsRNA binding protein
IFNa/B receptor-like protein

IFN<y receptor-like protein

IL-18 binding protein
TNFa receptor-like protein

Serine protease inhibitors

Host range

Viral Thymidine Kinase
EEV type-I membrane glycoprotein
Uracil DNA glycosylation

Chemokine binding protein

IL-1 3 receptor

VACV epidermal growth factor (VGF)
Establish and maintain peripheral NK cell
populations

Upon infection, Induce production of IFN-vy in
primed T cells and NK cells

Activate specific and non-specific immune
response upon antigenic stimulation

Necessary to activate T cells by APCs.

Antiviral, immunoregulatory, and anti-tumor
activity

At least 1000-fold less pathogenic than wt virus?
At least 10,000-fold less pathogenic than wt
virus?

Apathogenic in SCID mice model?

100-fold less virulent than wt virus in murine
intranasal model®

Deletion of B8R does not affect virulence in
normal mice model.© However, B8R decreases
virulence in nude mice modeld

10-fold less virulent than wt virus. Induces
strong cellular immune response®

4.6-fold less virulent than wt virus. Induces
strong cellular immune response®

Replicates as well as wild type virus in vitro.
Decreased virulence in normal mice model.
Induces strong humoral response and
cell-mediated responsef

VACV AC7L/AKI1L does not replicate in human
cell lines®

Deletion of C7L inhibits replication in hamster
Dede cells® Deletion of K1L inhibits replication in
RK13 cells®

Deletion of TK resulted in a 4 logs attenuated in
murine IP or IC model. No dissemination'
Deletion of B5R overcomes pre-existing
immunity!

No expression of late genes and no DNA
replication in non-UDG-complementing cells*
Slightly more virulent than wt virus. Enhance
VACV immunogenicity and vaccine efficacy
(Clark et al., 2006)

Deletion of this gene results in avirulent
phenotype in MVA™ This deletion also enhances
CD8* T cell response™ ™ after MVA vaccination.
Deletion of VGF reduces virulent®

~100-fold lower virulence compared to wt in
nude mice model. Superior virus-specific cellular
immune response both qualitatively and
quantitatively?

No effect on virus replication in vitro. Decreases
VACV replication in murine model. Co-expression
of IL-18 and IL-12 results in a strong immune
response, leading to clearance of VACV infectiond
VACV expressing IL-2 is attenuated compared to
wt virus. VACV-IL-2 was rapidly clear upon
systemic administration in immunodeficient
athymic mice"

Replication-defective avipox virus expressing
CD80 can enhance the efficacy of human DCs to
activate specific human T-cell populations®
VACV-AB13R/IFN-y replicates to high titers in
tissue culture but is not virulent in both
immnocompromised and immunocompetent
micet

a

_ A e — T @ . 2 A oA T

I

s 3B

-~ o ©v o

Vijaysri et al. (2008).
Symons et al. (1995).
Symons et al. (2002).
Denes et al. (2006).
Dai et al. (2008).
Legrand et al. (2004).
Oguiura et al. (1993).
Meyer et al. (1991).
Buller et al. (1985).
Viner et al. (2007).
Holzer et al. (1999).
Clark et al. (2006).
Staib et al. (2005).
Cottingham et al. (2008).
Buller et al. (1988).
Perera et al. (2001).
Gherardi et al. (2003).
Flexner et al. (1987).
Tsang et al. (2001).
Legrand et al. (2005).
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Table 4

In vivo replication and protection by VACVs used in murine studies of 1st, 2nd, and 4th generation replicating smallpox vaccines.

VACV strain Brain titers (pfu/g) Skin titers (pfu/g) Pock formation (pfu) Protection by scarification (pfu) Vaccine generation
WR? 2x107P 1.1x 108 ¢ 1x10%4 1x10%4

Lister None detected © = 2x103f 2x104f First

NYCBH - 6.9 x 107 ¢ - 1x10%4 First

Wyeth 1x10%2 3.8 x 105-1.9 x 107 © - - First

Copenhagen = = = 1x10%d First

Acambis 2000 - - - 1.1 x 108 P Second

WRAE3L 2.5x10% ¢ 1x 108 d 1x 108 d Fourth

2 WRis listed for comparison as it has been used extensively in mouse studies. It is not a vaccine strain.

b Vijaysri et al. (2008).

¢ Lee et al. (1992).

d Jentarra et al. (2008).

¢ Abdalrhman et al. (2006).
f Sharon et al. (2007).

& Hayasaka et al. (2007).

h Marriott et al. (2008). Note: These protection studies were performed in a Cynomolgus model.

competent in most mammalian cells. Thus, the properties of these
viruses as vaccines may be very different. As a replication compe-
tent virus LC16m8 may have properties closer to a wt-VACV than
DIs or MVA. However, the failure to make EV may at least potentially
affect the efficacy of LC16m8 as a replacement smallpox vaccine.

7. Fourth-generation vaccines: attenuation through genetic
engineering

With the advances in biotechnology that allow insertion, dele-
tion and interruption of genes in specific genomic sites, targeted
attenuation of viruses became a practical goal. For VACV this has
involved deletion of immune-modulating, host-range and acces-
sory nucleotide metabolism genes, as well as deletion of essential
genes, that can be complemented by cell lines expressing the tar-
geted VACV gene. The goal of deleting genes from VACV is to
attenuate the virus while maintaining or increasing immunogenic-
ity. While attenuation can certainly be attained by deleting genes
from VACV, there has been limited evidence that immunogenicity
can be increased by deleting genes from VACV. Deletion of one of
three genes, E3L, B15R/184R, or A41L can increase T-cell responses
(Clark et al., 2006; Cottingham et al., 2008; Jentarra et al., 2008;
Staib et al., 2005), but other single gene deletions, such as B8R, have
had minimal effect (Alcami and Smith, 1995a,b). At best, immuno-
genicity appears to be maintained after deleting genes from VACV,
although often only at higher doses compared to a more wt parent.
This may be due to the need to delete gene families rather than
single genes or to the limitations of historical analyses of immune
responses. A summary of modifcations through genetic engineering
is shown in Table 3.

7.1. Attenuation through deletion of immune modulating,
accessory, or essential genes

One of the best characterized genetically attenuated mutants of
VACV is NYVAC, which has a deletion of 18 open reading frames
(ORFs) (Tartaglia et al., 1992). The deleted genes include a cassette
of 12 ORFs spanning C7L through K1L, a host range region; TK;
the hemorrhagic region, B13R and B14R; A26L, the A-type inclu-
sion region; A56R, the hemagglutinin gene; and the ORF I4L, which
encodes the large subunit of ribonucleotide reductase. NYVAC was
derived from VACV Cop, and is highly attenuated in human cell
lines, but still retains the ability to induce strong immune responses
(Paoletti et al., 1994; Tartaglia et al., 1994).

In non-permissive cells NYVAC progresses through early stages
of viral replication and then stops (Najera et al., 2006). Con-
sequently, a one log higher dose than MVA is required for

seroconversion, probably due to lack of late stage protein expres-
sion (Ferrier-Rembert et al., 2008). IFN-y-producing CD4+and CD8+
cells are initially comparable between NYVAC, MVA, and VACV Lis-
ter but longer term studies (150 days) suggest that Lister ultimately
results in higher IFN-y-producing CD4+ cells and neutralizing anti-
bodies. Only MVA and Lister produce neutralizing antibodies within
28 days post-vaccination, even with a NYVAC prime-boost regimen
(Ferrier-Rembert et al., 2008).

The VACV B8R gene encodes a homolog of the secreted IFN-vy
receptor; loss of this gene impairs the ability of the virus to block
the activity of the host cytokine, thus attenuating the virus (Verardi
etal.,2001). Yet the deletion of BBR did not prevent replication of the
virus in human or mouse cells in vitro. Additionally, there were no
significant differences in humoral and cellular immune responses
of immunocompetent mice infected with a B8R deleted-VACV or
the parental virus, and despite prior studies suggesting that the
B8R gene does not affect virulence of VACV in mice (Alcami and
Smith, 1995a; Alcami and Smith, 1995b), the mutant caused much
less morbidity in nude mice than the wt virus, even at higher doses
(Denes et al., 2006).

Deletion of either of the serine protease inhibitor (serpin) genes,
B13Rand B22R has been shown by Legrand et al. (2004) to attenuate
VACYV for replication and pathogenicity. Both mutant viruses were
replication-competent in murine cells, but only the B13R-deleted
virus was able to replicate in human cells. However, a later study
indicated that deletion of the host immune response system modu-
lating genes (B5R, B8R, B12R, B13R, B14R, B16R, B18R, and B19R) of
VACV had little effect on virulence or pathogenicity and suggested
that contrasting findings between this study and that of Legrand et
al. may be a result of the model used (Jackson et al., 2005).

Most mutations of immune modulating genes have been ana-
lyzed in a WR background. Recently several mutations in the VTT
strain have been analyzed. The VTT strain was used to protect mil-
lions of people in the People’s Republic of China from smallpox,
but as with other strains of VACV, it is pathogenic in immune-
suppressed individuals. Dai et al. deleted two non-essential
immune modulatory genes, C12L (encoding an linterleukin-18
[IL-18] binding protein) and A53R (encoding a TNF receptor homo-
logue) from VTT (Dai et al., 2008). Deletion of C12L resulted in
a 10-fold reduction in the intracranial (IC) lethal dose (LD)5¢ and
deletion of A53R yielded a 4.6-fold reduction in the IC LDsg in mice,
while only deletion of C12L attenuated the virus in rabbits following
inoculation by scarification. Deletion of the C12L gene in ectromelia
virus has also been shown to be an attenuating mutation (Born et
al., 2000). In a mouse model, IN inoculation of the mouse-adapted
WR VACV strain deleted of C12L caused less severe symptoms when
compared to the wt virus (Reading and Smith, 2003).
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Mutations in the host range region of VTT have also been used to
attenuate this virus. Zhu et al. (2007) deleted a fragment containing
the M1L, M2L, K1L, and K2L genes. With IC inoculation of mice, this
mutant virus was attenuated by 340-fold in comparison to wild type
virus. The virus was replication-incompetent in several cell lines,
including HeLa (human), RK-13 (rabbit), and Vero (African green
monkey). Deletion of the host range gene K1L reduces replication
in RK-13 cells, and deletion of this gene along with serine protease
inhibitor K2L, ankyrin-like protein M1L, and the early M2L gene
reduces in vitro replication further. Vaccination requires a prime-
boost regimen for neutralizing antibody titers and cell-mediated
response to approach that observed after wt VACV vaccination (Zhu
et al., 2007).

Several viruses containing mutations in accessory nucleotide
metabolism genes and genes encoding membrane or secreted pro-
teins have been analyzed for attenuation and immunogenicity.
Following the work done to develop vaccinia vectors to express
foreign antigens in the early 1980s (Panicali et al., 1983; Smith et
al., 1983a,b), Buller et al. (1985) showed that VACV deleted of the
TK gene could replicate to normal titers locally following inocu-
lation by scarification, but had a decreased ability to disseminate
to, or replicate in internal organs. This virus was attenuated by
4 logs, compared to a wt control. One of the first applications
for genetic engineering of VACVs was a vaccine used to combat
rabies in wildlife. The gene for the rabies virus glycoprotein was
inserted into VACV in place of TK (Kieny et al., 1984). Even though
the TK-deleted virus is attenuated, one case of human infection
was reported (Rupprecht et al., 2001), raising the issue of poten-
tial human exposure to animal vaccines and concomitant harm to
humans.

In contrast to deletion of TK, deletion of ribonucleotide reduc-
tase (RR), hemaglutinin (HA) (Lee et al., 1992) or the viral growth
factor (VGF) (Buller et al., 1988) affected pock formation on the skin.
VACV-antibody titers for virus deleted or TK, RR or HA after high
dose vaccination were similar to that achieved following vaccina-
tion with the parental viruses, but at low dose vaccinations, VACV-
specific antibody levels for RR and HA deletion mutants were much
lower than in animals vaccinated with wtVACV (Lee et al., 1992).

Mutations of another host range/virulence gene, E3L, has
resulted in a range of attenuations of VACVs. The VACV E3L gene
products prevent the induction of an antiviral state through IFN-
induced pathways (Langland and Jacobs, 2002). The complete
deletion of the E3L gene results in a VACV that is replication-
deficient in human cells (Chang et al., 1995; Vijaysri et al., 2008). In
studies in CD-1 newborn mice, the WR strain deleted of E3L was
attenuated by five logs (Heck, Denzler, and Jacobs, unpublished
observations). In immunocompetent mice, this virus replicates
poorly in the nasal mucosa but still induces a protective immune
response (Vijaysri et al.,, 2008) and results in increased induc-
tion of many pro-inflammatory genes compared to other mutants
(Langland et al., 2006b).

Targeted mutations or deletions in either the N-terminus or C-
terminus of E3L also result in attenuated yet immunogenic versions
of the parental strain, with phenotypes ranging from no disease to
persistent infections and/or clinical disease at higher doses in SCID
mice (Chang and Pogo, 1993; Jentarra et al., 2008; Langland and
Jacobs, 2002, 2004; Vijaysri et al., 2008).

Another strategy to attenuate VACV without losing efficacy is to
replace the E3L gene with a partially complementing el[F2a homo-
logue gene from Ambystoma tigrinum virus (VACVAE3L-vIF2a).
VACVAE3L-VIF2q, is also sensitive to treatment of cells with type
[ interferon, a phenotype unique amongst mutants of VACV. Dur-
ing scarification studies, VACVAE3L-vIF2a caused no significant
weight loss and only localized symptoms. As a vaccine, it was pro-
tective in BALB/c mice, preventing disease, including weight loss
after wt-VACV challenge (Jentarra et al., 2008).

Another genetically attenuated mutant is the late defective
VACV vD4-ZG, which is deleted of the essential gene that encodes
the enzyme uracil DNA glycosylase (UDG) from the D4R open read-
ing frame (Holzer and Falkner, 1997). VACV vD4-ZG is unable to
produce late gene products which renders it non-replicative in
cells in culture. In order to overcome this obstacle vD4-ZG must
be grown in a complementing cell line that expresses the miss-
ing early viral gene (Holzer and Falkner, 1997). This non-replicating
late defective mutant makes it attractive as a vaccine vector due to
its ability to elicit potent immune responses through the expres-
sion of early genes. In fact, the VACV mutant expressing the prM/E
gene (vD4-prME) from tick-borne encephalitis (TBE) was found to
protect immune-suppressed CD1 mice against a lethal challenge
with 100 LDsq of virulent TBE virus with just 104 pfu of vD4-prME
(Holzer et al., 1999). Furthermore, the virus was rapidly cleared
from immune-suppressed mice even at the highest vaccination
dose of 108 pfu (Holzer et al., 1999). However, the lack of expres-
sion of structural gene products may make this virus unsuitable as
a vaccine for protection against orthopoxviruses.

7.2. Attenuation through insertion of immune-modulating genes

VACV has also been attenuated through the insertion of genes
encoding hostimmune response modulators, such as IL-2 and [FN-y
(Flexner et al., 1987) demonstrated that expression of IL-2 in VACV
WR strain rendered the virus non-pathogenic in athymic nude mice.
Virus expressing IFN-y was also found to be non-pathogenic in
athymic nude mice (Giavedoni et al., 1992; Kohonen-Corish et al.,
1990), with all mice recovering from infection. Another example is
expression of IL-15 by VACVs resulting in a several-thousand-fold
reduction in lethality in athymic nude mice (Perera et al., 2001),
but still inducing longer-lived CD8 memory T cells (Oh et al., 2003),
as well as enhanced humoral and cellular responses in immuno-
competent mice compared to the unmodified virus (Perera et al.,
2007). Mice vaccinated with the IL-15-expressing VACV survived a
lethal IN challenge with the wt version 10 months after vaccina-
tion, whereas mice which had received a homologous vaccination
succumbed (Perera et al., 2007).

Expression of immune-stimulating genes may on the other hand
enhance immunogenicity of highly attenuated non-replicating
VACVs. For instance, MVA has been shown to infect antigen-
presenting cells, including dendritic cells, B cells, and macrophages
(Chahroudi et al., 2005), which in turn activates CD4* and CD8*
T cells and ultimately induces an antigen-specific adaptive and
cell-mediated response. Therefore, expression by MVA of cytokines
known to enhance activation of antigen-presenting cells could aug-
ment the overall immune response to the vaccine. Examples of such
cytokines include granulocyte-macrophage colony-stimulating fac-
tor, macrophage inflammatory protein 3a, and fms-like tyrosine
kinase 3 ligand, and this strategy resulted in a 6-7-fold enhance-
ment of MVA-specific antibody titers in a mouse experiment
(Chavan et al., 2006).

Ultimately, a combination of strategies may be needed to atten-
uate wt-VACV while enhancing specific immune pathways. As an
example, a recombinant VACV deleted for the serpin protease
inhibitors B13R or B22R but expressing IFN-vy replicates to high
titers in tissue culture but is avirulent in both immunodeficient and
immunocompetent mice, and yet induces a potent VACV-specific
immune response (Legrand et al., 2005).

8. Post-exposure vaccination

Following September 11, 2001, the potential use of the smallpox
virus (VARV) as a bioterrorism agent was brought into special atten-
tion, as it constitutes an ideal terrorist weapon of mass destruction
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(LeDuc et al., 2002). Moreover, there also remains a low but very
real risk of VARV release, whether intentional or accidental (Thorne
et al., 2003). All these reasons make the requirement of a post-
exposure prophylaxis of smallpox one of the ultimate goals not
only nationwide but also worldwide. Post-exposure vaccination
with VACV has been suggested as an effective means to minimize
casualties from smallpox exposure, as long as the vaccine is admin-
istered within 4 days of initial exposure (Mortimer, 2003). While
there is anecdotal evidence for efficacy of post-exposure vaccina-
tion, this has not been definitively studied in humans, and while
no animal model of post-exposure vaccination has thus far been
consistently described, several animal studies were done and are
worthy of mention.

Both IN and intramuscular (IM) vaccination with MVA have
been shown to protect mice from severe disease and death when
mice underwent respiratory challenge with VACV WR strain after
either IM or IN vaccination. However, these immunization proto-
cols failed to completely prevent clinical signs even when given
within three hours of challenge and were completely ineffec-
tive when given 1-4 days post-exposure. A follow-up study was
done in order to compare the relative efficacy of short-term or
post-exposure vaccination between the non-replicating MVA and
replication-competent VACV Lister/Elstree strain. Mice immunized
by scarification with the Lister/Elstree strain 14 days prior to the
challenge were protected against a respiratory challenge with VACV
WR, confirming the efficacy of prophylactic vaccination, while vac-
cination on the same day up to 2 days after challenge failed to
protect against mortality (Staib et al., 2006).

The lack of efficacy of the Lister/Elstree strain when given a cou-
ple of days pre- or post-challenge could be in part attributed to the
route of inoculation (scarification), although IM inoculation did not
improve its performance as a short-term prophylactic or therapeu-
tic vaccine (Staib et al., 2006). Thus, post-exposure vaccination with
these strains, in this particular animal model, seems to be limited.

Another study compared the effectiveness of antiviral treatment
with cidofovir and a related acyclic nucleoside phosphonate analog
(HPMPO-DAPy) to post-exposure vaccination using the standard
dose recommended for humans of the Lister/Elstree strain of VACV
after lethal monkeypox exposure. This study suggested that a multi-
dose antiviral treatment within 24 h post-infection could reduce
mortality and cutaneous lesions in comparison to standard post-
exposure vaccination (Stittelaar et al., 2006).

Recent studies have shown that MVA given via a subcutaneous
injection at the same time as an IN lethal dose of ectromelia virus
(ECTV) was able to protect mice from death and that it is able to
protect TLR-9 deficient mice when administered up to 2 days post-
challenge (Samuelsson et al., 2008). In another study, the efficacy of
MVA and of the Lister/Elstree strains as post-exposure vaccines was
further evaluated in mice, following IN challenge using ECTV. In this
model, therapeuticimmunization with the Lister/Elstree or MVA by
IM provided full protection when administered the same day or 1
day post-infection. Moreover, protection was affected by the vac-
cine dose, which improved the survival rate vaccination at days 2
and 3 post-infection (Paran et al., 2009). One of the reasons that
the Lister/Elstree and MVA vaccine are effective as post-exposure
treatment against ECTV and not VACV WR may rely on the dif-
ferent mean time to death observed upon infection of mice after
infection with either ECTV (10 days) or VACV WR (6 days) as well
as the absence of neurovirulence observed in ECTV-infected mice.
This extended period observed for the onset of the disease may
be essential to allow time for the T and B cells to mount a solid
immune response as recombination activating gene 1-deficient
mice fail to confer immunity after short-term vaccination (Paran
et al., 2009).

Another approach for post-exposure treatment involves the use
of VACV as an expression vector for foreign genes. Because cytokines

play a very important role during a VACV infection, recombinant
VACV expressing cytokines have been constructed. It is known that
IL-2 decreases VACV virulence, while IL-4 increases both virulence
and pathogenicity in a VACV infection (Muller et al., 1994; Ramshaw
et al.,, 1987; Sharma et al., 1996). Conversely, expression of IL-18
has been shown to clear a VACV infection when co-expressed with
IL-12, indicating a synergistic action of both cytokines (Gherardi
et al., 2003). Other groups of cytokines include the IFNs o and (3,
which inhibit virus replication in VACV-infected cells (Liu et al.,
2004), while IFN-y stimulates antigen-presenting cells (Legrand et
al,, 2005). In a recent study, optimization of post-exposure prophy-
laxis in animals infected with wt VACV was successfully achieved
with treatment of recombinant VACV expressing IFN-y at 1 day
post-infection (0% mortality) (Holechek et al., 2008).

In conclusion, various approaches for post-exposure prophy-
laxis have shown some promise in being effective on preventing
disease in some animal models. Although the ECTV model for post-
exposure prophylaxis seems promising, a model using the more
neuropathogenic WR strain could indeed be more useful when
finding post-exposure treatment to a harsher onset of the dis-
ease. Future studies will determine if either replication competent
or highly attenuated non-replicating VACV strains can be safely
and effectively use as post-exposure prophylaxis approaches in
humans.

9. Genetically modified VACVs as vaccines against
heterologous agents

The eradication of smallpox combined with the advent of genet-
ically engineered recombinant poxvirus technology demonstrated
the feasibility of using VACVs to protect against specific pathogens.
With the relative ease of generating recombinant VACVs to express
heterologous genes, widespread attention has been given to the
idea of using these vectors as a vehicle for an antigen delivery
system against different diseases (Moss, 1996; Paoletti, 1996). To
date, recombinant poxvirus vaccine vectors have been generated
to target many human and veterinary infectious diseases and can-
cer (Perkus et al., 1995a). For nearly 20 years, VACV Cop has been
utilized in a campaign to eliminate rabies in wildlife (Pastoret and
Brochier, 1996). This oral based vaccine (RABORAL-V-RG®) consist-
ing of recombinant VACV, mildly attenuated through loss of TK
gene functionality, expresses the rabies glycoprotein and has been
used to immunize red foxes, raccoons, coyotes and skunks in parts
of the United States and Europe. This campaign has successfully
eliminated rabies in parts of Europe and significantly reduced the
incidence of rabies in the United States. Consequently, this vaccine
is the only oral rabies vaccine licensed for use in animals in the
United States and Europe (this vaccine is not licensed for use in
humans) and is still currently in use.

Safety issues have been the paramount concern in VACV-based
vaccine development because of complications associated with
replicating wt VACVs (Perkus et al., 1995b). In an effort to circum-
vent the adverse effects of VACV, technology has turned to the
development of highly attenuated strains of VACV and exploited
the use of divergent host-restricted poxviruses in an attempt to gen-
erate a safe vaccine platform. In addition, immunization protocols
such as heterologous prime/boost regimens and the co-expression
of immune-modulatory molecules have been applied to further
enhance the immune responses to these poxvirus vectors. Cur-
rently, various parameters such as mode of inoculation, routes of
vaccine administration and immunization schedules are also being
investigated to optimize immunization protocols and achieve effi-
cacy and safety (Gomez et al., 2007b).

Addressing the safety issues
development, extensive studies have

vaccine
using

surrounding
been done
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replication-deficient poxviruses as vaccine vectors. Examples
of replication-deficient poxviruses are orthopoxviruses, MVA and
NYVAC, and avipoxviruses, fowlpox and canarypox (ALVAC). Both
MVA and NYVAC are attenuated VACVs containing multiple gene
deletions that prevent a productive replication cycle in mammalian
cells, whereas avipoxviruses have a natural host range restriction
and cannot replicate in non-avian cells. Preclinical studies have
shown these vectors induce some level of protection against many
heterologous agents when used as a vaccine in both human and
veterinary medicine (Bisht et al., 2004; Bublot et al., 2007; Chen et
al,, 2005; Kreijtz et al., 2007; Minke et al., 2007; Poulet et al., 2007;
Ramos et al., 2008). MVA and NYVAC have been studied extensively
and a comprehensive review has been published comparing these
vectors in detail and their various applications as vaccine vectors
(Gomez et al., 2008).

Due to their safety profile and immunizing potential, both MVA
and NYVAC are prime candidates in HIV vaccine development and
have been used in countless preclinical and clinical trial studies
(Gomez et al., 2007a), and increasing attention has turned towards
using avipoxvirus vectors as safe alternatives to orthopoxvirus
vectors (Thongcharoen et al., 2007). Prime-boost regimens includ-
ing different combinations of these non-replicating strains have
become commonplace to enhance immunity and to avoid compli-
cations with preexisting immunity to VACV vectors (Webster et al.,
2005; Woodland, 2004). Despite studies that show these highly
attenuated vectors are capable of inducing protective immunity
against a variety of pathogens, their limited replication still gen-
erates concern as to their ability to induce an immune response as
effective as their replication-competent counterparts (Abaitua et
al,, 2006; Dai et al., 2008; Karkhanis and Ross, 2007). Studies com-
paring the two vectors in vaccine studies clearly demonstrate thatin
an effort for safety, often long term protection and efficacy are lost.
Forinstance, in a quest for a safer rabies vaccine, arecent study com-
pared the efficacies of various rabies vaccine candidates in different
VACV strains. Recombinant MVA proved to be inferior in mounting
an immune response in mice when given by oral immunization
compared to Cop and WR strain. Furthermore, oral administration
of this vector failed to elicit memory responses in previously vacci-
nated dogs and raccoons and was therefore deemed not suitable for
areplacement of the current oral vaccine, V-RG (Weyer et al., 2007).
In addition, a recent smallpox vaccine study has further emphasized
the superiority of replication competent vectors to non-replicating
vectors in long term protection and immunogenicity against lethal
cowpox challenge (Ferrier-Rembert et al., 2008).

Replication-competent recombinant VACV-based vaccines have
received increasing attention as potential vaccine vectors for many
infectious diseases, since they are presumably able to elicit potent
humoral and cell mediated immune responses, and confer lasting
protection. Different approaches have been taken to lower the vir-
ulence and enhance the immune response in an effort to generate a
safe vaccine platform. Many have turned to deleting genes encod-
ing virulence factors whose function is to evade the host immune
response. Examples include soluble cytokine/chemokine virocep-
tors (Day et al., 2008; Denes et al., 2006; Symons et al., 1995),
viral serine protease inhibitors (serpin) (Legrand et al., 2004), and
inhibitors of cellular antiviral enzymes (Langland et al., 2006a).
Immunogenicity of vectors attenuated through deletion of these
genes was not greatly affected. In two independent studies, the
deletion of the B8R gene (Denes et al., 2006; Verardi et al., 2001)
resulted in a virus able to replicate at the same level as the wt ver-
sion in vitro, yet was significantly less pathogenic in mice than the
latter. Immunologic responses between the deletion mutant and
parental virus were analyzed and no substantial differences were
observed.

In another study, deletion of the IL-18 binding protein C12L
and the viral TNF receptor homologue A53R resulted in a virus

that was attenuated, yet virus that expressed HIV genes was able
to elicit a strong humoral and cell-mediated response to HIV
proteins (Dai et al., 2008). Another example of attenuation by
reduction of virulence factor functionality is the work performed
by our group with E3L, as previously discussed (Jentarra et al.,
2008; Langland and Jacobs, 2002, 2004; Langland et al., 2006b;
Vijaysri et al., 2008). VACV deleted of serpin proteins B13R and
B22R expressing IFN-vy is highly attenuated in immunocompro-
mised mice and elicits potent immune responses and protection
against challenge of both homologous and heterologous agents
(Legrand et al., 2005). Collectively, these live vaccine vectors
represent a promising potential as safe effective vaccine plat-
forms.

10. Conclusion

Many of the genetically modified poxviruses are replication-
defective, a characteristic which has long been considered critical in
developing safe vaccines in an era of immune deficiency resulting
from chemotherapy, organ transplant, HIV infection, or other dis-
eases impacting the immune system. Unfortunately, recent animal
and limited human data suggest that “third and fourth generation”
replication-defective VACV vaccines are in fact less immuno-
genic than prior vaccine generations, although these vaccines may
have utility as priming agents in individuals with contraindica-
tions to “second generation” vaccines (Artenstein, 2008). However,
the necessity for replication-competence in vaccine vectors has
become an increasingly theorized potential solution to the lack
of efficacy in some of the vaccines that have been tested in
human trials recently. One of the most scrutinized of these unsuc-
cessful trials was that of the Merck HIV vaccine that used a
replication-defective adenovirus vector for delivery of the HIV anti-
gens (http://www.hvtn.org/science/step_review.html). Replication
competence does not exclude attenuation, as was evidenced in
a report by Parker et al. (2007). In this study, a recombinant
herpes simplex virus (HSV) was attenuated by deletion of the
v34.5 gene, which eliminated neurovirulence; the virus was still
replication-competent. The virus can be grown to higher titers than
a replication-defective HSV vector and expresses the heterologous
antigens at higher levels. Therefore, “third generation” attenuated
replication-competent vaccine candidates are being developed to
provide a strong immunological response while reducing adverse
side-effects.

VACV encodes a number of proteins involved in inhibiting the
host anti-viral, immunological and inflammatory responses. Muta-
genesis or deletion of these genes often leads to viral constructs
which are replication-competent but with reduced pathogene-
sis. For example, the viral E3L gene is required for inhibition of
the host in IFN response. As discussed in this review, mutations
of this gene in VACVs resulted in several replication-competent
viruses with greatly reduced virulence in animals, which retained
the ability to protect against an orthopoxvirus challenge (Vijaysri
et al., 2008). Similarly, attenuated replication-competent vaccines
constructed by the addition of genes to the VACV genome, such
as IL-15 or IFN-y are known to effectively modulate the host
responses and improve immunogenicity (Legrand et al., 2005;
Perera et al., 2007). Finally, VACV having the E3L gene replaced
with the vIF2a, which allows for a single round of replication
in human cells, is not capable of dissemination but does acti-
vate immune response signal transduction pathways (Jancovich,
Langland, Talasela and Jacobs, unpublished observations). There-
fore, we are confident that continued efforts to genetically modify
poxvirus vectors will not only improve our understanding of
these viruses but also allow preservation of safety while taking
advantage of the immunogenic benefits of replication compe-
tence.
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