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1. INTRODUCTION

The use of a recombinant virus containing a heterologous gene of another microorganism as a
live vaccine was suggested more than 10 years ago (Mackett et al., 1982; Panicali and Paoletti,
1982). Vaccinia virus was considered for such a purpose because of its success as a smallpox
vaccine and ease and economy of production, distribution and administration (Fenner et al.,
1988). The extensive experimental use of recombinant vaccinia viruses was facilitated by the
construction of plasmid transfer vectors containing a vaccinia virus promoter, one or more
convenient restriction endonuclease sites for inserting a foreign gene, flanking DNA sequences
for homologous recombination into a non-essential site of the vaccinia virus genome and for
selection and/or screening of recombinant viruses (Chakrabarti et al., 1985; Mackett et al.,
1984). Humoral and cell mediated immune responses to an expressed foreign protein and
protection of experimental animals against challenge with the corresponding pathogen were
demonstated in a variety of animal model systems (Cox et al., 1992; Moss, 1991).

Initial testing of recombinant vaccinia viruses in humans has been reported. A first generation
recombinant vaccinia virus AIDS vaccine was considered to be immunogenic and safe (Cooney
etal., 1991). Nevertheless, the occurrence of rare adverse reactions to smallpox vaccination
and the increased susceptibility of immunodeficient individuals has made further attenuation
and improved safety a priority for new human vaccines based on vaccinia virus. Attenuation
can be achieved by deleting genes that contribute to virulence but are non-essential for
replication in tissue culture (Buller et al., 1988; Buller et al., 1985; Tartaglia el al., 1992) or
by insertion of lymphokine genes (Flexner et al., 1987; Ramshaw et al., 1987). An alternative
approach is to use one of several highly attenuated strains of vaccinia virus that were developed
but not extensively used during the smallpox eradication campaign. One of these, known as
modified vaccinia virus Ankara (MVA), is avirulent in normal or immunosuppressed animals
and elicited no adverse reactions in 120,000 humans, many of whom were at risk for the
conventional smallpox vaccine (Hochstein-Mintzel et al., 1972; Mayr and Danner, 1979; Mayr
etal., 1975; Mayr et al., 1978; Stickl et al., 1974; Werner et al., 1980).
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MVA was generated by over 500 passages of the parental strain in chicken embryo fibroblasts,
during which it became severely host restricted and unable to propagate efficiently in
mammalian cells. In this respect, MVA resembles Avipoxviruses which are also being
developed as safe vaccines (Taylor et al., 1992). Compared to the parental vaccinia virus, MVA
contains six major deletions of genomic DNA resulting in the loss of 30,000 base pairs (bp)
or 15% of its genetic information (Meyer et al., 1991). The block in replication of MVA in
human and other mammalian cells occurs at a step in virion assembly, allowing unimpaired
expression of early and late viral or recombinant genes (Sutter & Moss, 1992). Thus, MVA is
an efficient as well as a safe vector system. Here, we review examples of the use of recombinant
MVA to protectively immunize against influenza virus, simian immunodeficiency virus (SIV),
and neoplastic cells in animal model systems.

2. IMMUNIZATION WITH MVA

2.1. Immunization against Influenza Virus

Influenza virus infection of mice provides an experimental model for vaccination against a
respiratory disease. Previous studies demonstrated that recombinant vaccinia viruses
expressing the influenza virus hemagglutinin gene (ha) induced type-specific humoral and cell
mediated immune responses and protectively immunized mice against a lethal influenza virus
challenge (Andrew et al., 1986; Bennink et al., 1984). Recombinant vaccinia viruses expressing
the influenza virus nucleoprotein gene (np) induced a less protective but cross-reactive CTL
response (Andrew et al., 1986; Yewdell et al., 1985). To evaluate MVVA as a candidate vaccine,
both the ha and np regulated by vaccinia virus synthetic strong early/late promoters were
inserted into the MVA genome to form MVA-INFqa/np (Sutter et al., 1994). Preliminary
experiments verified that the genes were expressed and that the recombinant virus did not cause
aspreading infection or discernible cytopathathology in monolayers of mouse L929 cells. Mice
inoculated intramuscularly with MVA-INFpo/n, developed humoral and CTL immune
responses to influenza virus proteins in a dose-dependent manner. A single vaccination with
10* or more infectious units of MVA-INFpanpprotected mice against a challenge with 100
times the lethal dose of influenza virus (Table 1; Sutter etal., 1994). Surprisingly, all parameters
of immunity including protection were similar or better than those induced by standard
intradermal vaccination with equivalent doses of replication competent vaccinia virus strain
WR expressing influenza ha and np. (The lower dose of recombinant virus required for
protection than for detectable hemagglutinin inhibition probably reflects different sensitivities
of the in vivo and in vitro assays). Protection was also achieved by nasal vaccination, although
higher vaccine doses were required (Table 1).

2.2. Immunization against SIV

SIV and human immunodeficiency virus (HIV) are closely related viruses with similar genome
organizations and CD4 lymphocyte/macrophage tropism. Moreover, SIV causes an
immunodeficiency disease in macaques that has many of the features of AIDS. For these
reasons, SIV has been used as an HIV surrogate for vaccine studies. Good protection has been
obtained by vaccination with live attenuated SIV (Daniel et al., 1992). Varying degrees of
protection, perhaps partly due to differences in challenge strains, were observed with
recombinant vaccinia viruses alone or combined with other immunogens (Giavedoni et al.,
1993; Huetal., 1992; Israel etal., 1994). MV A could provide a safer alternative to conventional
vaccinia virus-based vaccines particularly in populations in which AIDS is prevalent.

A recombinant MVA (MVA-SIVenygagipolyVirus containing the complete envelope and gag-
polymerase coding regions of HIV-1 regulated by a strong synthetic vaccinia virus early/late
promoter and a moderate natural vaccinia virus early/late promoter, respectively, was

constructed (Hirsch et al., 1995). For comparative purposes, the same SIV genes were inserted
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into the Wyeth (WY) vaccine strain of vaccinia virus to generate WY -SIVeny/gag/pol- We
verified that the SIV genes were expressed by both recombinant viruses in monkey BS-C-1
cells. Twelve juvenile rhesus macaques, divided into four groups, were immunized four times
over a period of 28 weeks with MVA-SIVeny/gagipol (N = 4), WY-SIVenyigagipols (N = 4), MVA
control virus (n = 2) or WY control virus (n = 2). After 44 weeks, animals receiving either
recombinant virus were also vaccinated with 250 pg of whole SIV, inactivated with psoralen
and ultraviolet light (Johnson et al., 1992), in saline. No visible lesions were formed after the
intramuscular inoculations of 5 x 108 infectius units of MVA or MVA-SIVenvigagipol, Whereas
typical cutaneous lesions occured after the first intradermal injection of 108 infectious units of
WY viruses. MVA-SIVeny/gag/pol induced a sustained antibody response to both env and gag
proteins whereas WY -SIVeny/gag/pol induced detectable antibody only to the envelope protein.
In vitro neutralizing activity to SIV was transient, peaking after the second recombinant virus
administration, and was not enhanced by the inactivated whole SIV.

Four weeks after the final boost, all macaques were challenged by intravenous injection with
50 monkey infectious doses of cell-free, uncloned, homologous SIV (sm/E660) that had been
generated in macaque peripheral blood lymphocyte cultures (Goldstein etal., 1994). The results
of the SIV challenge are summarized (Table 2; Hirsch et al., 1995). All of the control animals,
immunized with non-recombinant MVVA or WY strains of vaccinia virus, were infected and
three had severe disease requiring them to be sacrificed at 14,22, and 54 weeks post challenge;
the fourth appears healthy with a low virus load and a normal CD4 count. In contrast to the
control animals, the macaques that had been vaccinated with recombinant viruses all displayed
arapid anamnestic antibody response to SIV. Although the vaccinated macaques were infected
with SIV, virus replication was restricted particularly in three of the four that received MVA-
SIVenvigag/pol IN the latter, plasma viremia was absent, the viral load in peripheral blood
mononuclear cells was reduced, lymph nodes contained 1 % or less of the virus from control
animals and the architecture was normal, the CD4 counts were maintained, and the animals
are still healthy after 62 weeks. The fourth MVA-S1Veny/gag/pol immunized macaque has
lymphadenopathy and a low CD4 count. The group vaccinated with WY -SIVeqy/gag/pol Was
less well protected than the group vaccinated with MVA-SIVeny/gagipol three of the four
macaques had to be sacrificed between 51 and 58 weeks because of secondary infections and
the fourth has lymphadenopathy and a low CD4 count. At this time, we cannot determine
whether inherent genetic differences between the vectors accounted for the better immunity
induced by recombinant MVVA compared to recombinant WY or whether differences in the
dose or route of inoculation were important. Further vaccine trials with MVA-SIVeny/gag/pol
are in progress.

2.3. Immunization against Neoplastic Cells

Tumor-associated antigens, that are recognized by CD8* CTL, are potential targets for cancer
immunotherapy. To evaluate MVA as a vector for tumor antigens, we used a murine model
system that was previously tested with recombinant vaccinia and fowlpox viruses (Bronte et
al., 1995; Wang et al., 1995). The BALB/c colon carcinoma cell line CT26.WT was stably
transfected with the Escherichia coli lacZ gene, which encodes ($-galactosidase, to generate
CT26.CL25. BALB/c mice, immunized intramuscularly with MV A expressing the lacZ model
tumor antigen (MVA-Bgal), were protected against intravenous challenge with a lethal number
of CT26.CL25 cells (Table 3). Pulmonary metastases and death occurred in control animals
vaccinated with MVVA-Bgal and challenged with CT26.WT or vaccinated with parental MVA
and challenged with CT26.CL25 (Table 3). Therefore, protection was specific for virus and
cell-lines expressing the model tumor antigen. In treatment experiments using mice bearing 3-
day established pulmonary tumors, either prolonged survival or a reduction in the number of
metastases was obtained by immunization with MV A-Bgal or by adoptive transfer of in vitro
stimulated splenocytes from normal mice vaccinated with MVVA-Bgal. Comparative studies
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suggested that MVA-Bgal might be more effective than WR-fgal (a replication-competent
vaccinia virus expressing p-galactosdiase) when used for treatment of established tumors.

3. SUMMARY

Three model sytems were used to demonstrate the immunogenicity of highly attenuated and
replication-defective recombinant MVA. (1) Intramuscular inoculation of MVA-IN-Fpa/np
induced humoral and cell-mediated immune responses in mice and protectively immunized
them against a lethal respiratory challenge with influenza virus. Intranasal vaccination was also
protective, although higher doses were needed. (2) In rhesus macaques, an immunization
scheme involving intramuscular injections of MVA-SIVeny/gag/pol greatly reduced the severity
of disease caused by an SIV challenge. (3) In amurine cancer model, immunization with MV A-
Bgal prevented the establishment of tumor metastases and even prolonged life in animals with
established tumors. These results, together with previous data on the safety of MVA in humans,
suggest the potential usefulness of recombinant MV A for prophylactic vaccination and
therapeutic treatment of infectious diseases and cancer.
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Inoculation site Vaccine Dose? Increased HI titerS Survivors?

Intramuscular MVA 8 0/8 0/8
WR 6 0/8 0/8
WR-INFi gy 4 0/8 5/8
5 1/8 8/8
6 4/8 8/8

MVA-INFha,,.Ip 4 0/16 14/16

5 3/16 16/16
6 7/8 8/8
Intranasal MVA 6 0/8 0/8
MVA-INFya/0p 4 0/8 0/8
5 0/8 0/8
6 0/8 6/8

1 . L
data from Sutter et al. (1994) with permission.

2 . . . -
log tissue culture infectious dosesQ or plaque forming unit/animal.

Number of animals with >4 fold increase in hemagglutinin (HI) titer/total animals for each group.

4Surviving animals/total animals challenged for each group: 100 LD5q Influenza A/PR/S challenge delivered to 10-week-old-mice. 4 weeks post

vaccination.
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Responses of vaccinated macaques to S1V challenge
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Parameter MVA or WY controls MVA-SIVenv/gag/pol WY-SIVenv/gag/pol
Anamnestic antibody No Yes Yes
PBMC viremia Persistent in 3 of 4 Transient in 3 of 4 Persistent in 4 of 4
Acute phase

Antigenemia 30f4 None lof4

Plasma viral RNA High Severely reduced Reduced

PBMC viral copies High Reduced Reduced
Lymph nodes

Morphology Hyperplastic Normal Hyperplastic

In situ Numerous positive Negative (3 of 4) Positive

Virus load High Low Moderate
CD4 lymphocytes Low (3 of 4) Low(l of 4) Low (4 of 4)
Survivors lof4 40f4 lof4
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Table 3
Protection against neoplastic cells
Vaccination intramuscular Dosel CT26.WT number of CT26.CL25 number of
metastases metastases

None 411 >500

MVA 108 >500 >500

MVA-Bgal 108 >500 0

MVA-Bgal 10° >500 2

1 . .
Infectious units.

2 .
Pulmonary nodules per lung, average of 5 animals.

Adv Exp Med Biol. Author manuscript; available in PMC 2008 October 6.



