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Murine Polyomavirus Virus-like Particles (VLPs)
as Vectors for Gene and Immune Therapy and
Vaccines against Viral Infections and Cancer

KARIN TEGERSTEDT!, ANDREA VLASTOS FRANZEN! KALLE ANDREASSON!,
JEANNA JONEBERG!, SHIRIN HEIDARI% TORBJORN RAMQVIST! and TINA DALIANIS!

IDepartment of Oncology-Pathology, Karolinska Institutet, Cancer Center Karolinska, RS: 01,
Karolinska University Hospital, 171 76 Stockholm;
°Department of Medicine, Center of Infectious Medicine, Karolinska Institutet,
Karolinska University Hospital, 141 86 Stockholm, Sweden

Abstract. This review describes the use of murine polyomavirus
"virus-like" particles (MPyV-VLPs), free from viral genes, as
vectors for gene and immune therapy and as vaccines. For large-
scale MPyV-VLP manufacture, VPI is produced in a
baculovirus insect cell system, E. coli or in yeast. MPyV-VLPs
bind eukaryotic DNA and introduce this DNA into various cell
types in vitro and in vivo. In normal and T-cell-deficient mice,
this results in the production of anti-MPyV-VLP (and MPyV)
antibodies. Furthermore, repeated MPyV-VLP vaccination has
been shown to prevent primary MPyV infection in normal and
T-cell-deficient mice, and the outgrowth of some MPyV-induced
tumours in normal mice. Moreover, when inoculated with gene
constructs encoding for HIV p24, MPyV-VLPs augment the
antibody response to p24. In addition, MPyV-VLPs, containing
fusion proteins between the VP2 or VP3 capsid protein and
selected antigens, can be used as vaccines. Notably, one
vaccination with MPyV-VLPs, containing a fusion protein
between VP2 and the extracellular and transmembrane parts of
the HER-2/neu oncogene, immunizes against outgrowth of a
HER-2/neu-expressing tumour in Balb/c mice and also against
the development of mammary carcinomas in BALB-neuT
transgenic mice. Finally, a second polyoma VLP-vector based
on murine pneumotropic virus (MPtV-VLP), which does not
cross-react serologically with MPyV-VLP (and MPyV), has been
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developed and can be used to conduct prime boost gene and
immune therapy and vaccination. In summary, MPyV-VLPs are
useful vectors for gene therapy, immune therapy and as vaccines
and, in combination with MPyV-VLPs, MPtV-VLPs are
potentially useful as prime-boost vectors.

The identification of mutations in genes leading to genetic
diseases and cancer has increased the number of therapeutic
options for specifically tailored treatments, such as gene and
immune therapy, as well as vaccines. To do so, several gene
transfer systems based on viral vectors have been developed,
of which the adeno- and retrovirus systems are the most
widely used to date (1, 2). However, these systems have the
drawback of retaining viral genes that may interact with host
genes in an undesirable way (3). Furthermore, the efficiency
of gene therapy, conducted through e.g. adenovirus vectors,
can be reduced by pre-existing immunity to the virus (4, 5).
To avoid some of these problems, other vehicles free of viral
genes have been studied for use in gene and immune
therapy. Some of the benefits of using one type of such
vehicles, i.e. virus-like particles (VLPs), composed of the
murine polyomavirus (MPyV) major capsid protein VP1,
are described here. Moreover, an additional murine vehicle
for prime-boost immune therapy is also presented.

Murine polyomavirus (MPyV)

Murine polyomavirus (MPyV) belongs to the polyomavirus
family and induces a variety of tumours, hence its name
"poly oma" from the Greek words "many tumours" [for
reviews see Allison, 1980, Dalianis, 1990, Cole, 1996, Berke
and Dalianis 2000 (6-9)]. MPyV infection causes tumour
development in newborn mice with an immature immune
system and in T-cell-deficient mice, but not in normal adult
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Figure 1. MPyV (A) and MPtV (B) virus-like particles by electron microscopy in two different magnifications.

mice, where the mice are also protected against a subsequent
challenge with a MPyV tumour (6, 7). T-cell immunity is
responsible for protection against MPyV tumour development
and tumour rejection, while antibodies (including maternal
antibodies) prevent virus infection (6). MPyV T-antigen-
derived peptides, presented by Major Histocompatibility
Complex (MHC) class I molecules on the tumour surface, are
the targets of the cellular immune system (7, 9-12).

The MPyV genome is enclosed in a complex with cellular
histones in a 45 nm virion. It consists of 5.3 kb double-
stranded super-coiled circular DNA and is functionally
divided into three regions (13). The non-coding region contains
the origin of replication and the enhancer and promoter
regions (13). The early region encodes three proteins named
according to size; large T antigen (LT) 100 kD, middle T
antigen (MT) 55 kD and small T antigen (ST) 22 kD, that
contribute to the transforming and immortalising function of
the virus (13). The late region encodes three capsid proteins,
VP1-VP3, generated from a common pre-mRNA by
alternative splicing (13). The major capsid protein VP1 (45
kD) accounts for 75% of the viral capsid proteins (13). Its
N-terminus binds to MPyV DNA (14). VP1 recognizes
sialyloligosaccharide residues on gangliosides on the cell
surface, binds to most mammalian cells (13) and is crucial for
viral uptake (15). VP2 (34 kD) contains the entire VP3
sequence and 115 additional N-terminal amino acids (a.a.)
and is suggested to be important for un-coating, viral assembly
and viral entry, while VP3 (23 kD) is probably active only in
viral assembly (16). The viral capsid consists of 360 copies of
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VP1 arranged in 72 pentamers on an icosahedral lattice (17).
Each pentamer associates with a copy of either VP2 or VP3
(16). The C-terminal "arms" of VP1 from each pentamer grasp
neighbouring pentamers, tying the shell together (18).
Calcium ions are required for virion stability (19). Elimination
of either VP2 or VP3 substantially decreases viral growth (20).
However, VP2 and VP3 are not necessary for the assembly of
VLPs in insect or yeast cells (21).

MPyV has been an excellent source of knowledge about
tumour development and immunity against tumours (6, 7)
and for examining mechanisms of DNA replication and
transcription, transformation and cell cycle regulation (13).
Recently, MPyV has been used as a vector for gene and
immune therapy and vaccines, as described below.

Murine pneumotropic virus — a second murine
polyomavirus

Murine pneumotropic virus (MPtV) was the second murine
polyomavirus to be identified, being isolated in 1953 by
Kilham and Murphy and originally called Kilham virus or
K-virus (22). MPtV causes interstitial pneumonia with high
fatality in newborn mice, but in older animals it induces an
unapparent but persistent infection (23). During primary
infection, MPtV replicates in the vascular endothelial cells of
the lung, spleen and liver, whereas later during the persistent
phase, infected cells are found mainly in the kidney (24). One
major difference between MPyV and MPtV is that inoculation
of newborn mice with MPtV does not result in tumour
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development (25). The genome of MPtV is a 4756 bp double-
stranded circular DNA molecule that encodes two early
proteins (LT and ST) and three late proteins (VP1-VP3) (26).
Analysis of cloned DNA has established that MPtV belongs
to the polyomavirus family, although it is not very closely
related to MPyV. The functional domain of MPtV LT
resembles the LT of Simian virus 40 (SV40) more than the LT
of MPyV, and its overall amino acid constitution demonstrates
a homology of 44% to SV40 and 36% to MPyV. Like SV40,
MPtV also lacks MT. MPtV VP1 major capsid protein has an
overall 45% homology (with some parts up to 80% homology)
with MPyV VP1 (26). Since MPtV is very difficult to culture
in vitro and is considered non-tumorigenic, this virus has not
been studied as extensively as MPyV.

MPyV-VLPs

As early as 1978, chromatographically separated and purified
MPyV VP1 was shown upon renaturation to form pentameric
subunits, that were morphologically and biophysically similar
to native virion capsomeres (27). Later, bacterially-expressed
recombinant VP1 capsomeres, as well as VP1 produced in a
baculovirus system and yeast, were demonstrated to form
virus-like particles, with a size and morphology similar to that
of native virions (Figure 1A) (28). It has been shown to self
assemble into empty virus-like particles (VLPs). Today VLPs
are usually expressed in a eukaryotic baculovirus insect cell
system or in yeast (29-33). MPtV-VLPs, like MPyV-VLPs,
are easily obtained after production of MPtV VPI in a
baculovirus system (Figure 1B), which will be discussed in
more detail below (34).

MPyV-VLPs as vehicles for gene transfer

MPyV VP1 not only binds to the viral genome, but also binds
indiscriminately to non-viral DNA (32). Hence, when purified
MPyV-VLPs are incubated together with naked DNA they
are able to form VLP/DNA complexes (29). Originally the
DNA in these complexes was believed to be mainly inside the
VLPs. However, later studies using electron microscopy
demonstrated that most of the DNA was situated on the
outside of the VLPs and that several VLPs can be associated
with the same DNA plasmid (32, 36). In addition, DNase
treatment of the VLP/DNA complexes showed that only
DNA fragments of around 3 kb or less were protected inside
the VLP (29). The ability of MPyV-VLPs to bind DNA of
different origins has since been utilized for the transfer of
exogenous DNA into different cells in vitro resulting in both
transient and stable gene expression (29, 31, 35).

These in vitro studies were later followed by trials in vivo,
where the efficiency and longevity of DNA delivered in
association with MPyV-VLPs was compared to the delivery
of naked DNA alone and to natural MPyV infection [for

Table 1. MPyV- but not MPtV-VLP immunization protects against MPyV’
infection in normal ACA mice.

ACA mice immunized with!:
MPyV-VLP MPtV-VLP  Non-immunized

Parotid 0L2 1 4
Lung 0 3 4
Bone 0 3 3
Heart 0 4 3
Spleen 0 2 3
Kidney 0 2 2
L.N. 0 4 4
Gonads 0 4 2
Total number of mice3 0/4 4/4 4/4

IMice were immunized with 20 ug of VLPs once per week three
consecutive times.

2Indicates number of mice with presence of MPyV DNA present in
specific tissues/total number of mice.

3There were 4 mice in each immunization or control group.

details see Heidari et al. (36)]. To evaluate the influence of
the humoral immune system on this process, experiments
were performed in parallel in B-cell-deficient (uMT), T-cell-
deficient (CD47°87) and normal C57BL/6 mice. An MPyV
plasmid dl1023-pBR322, (9kb), defective in replication, was
used as a reporter gene for later recognition by MPyV PCR.
Mice were observed for 3-6 months and DNA introduced by
MPyV-VLPs or MPyV was maintained throughout the whole
observation period, while most mice receiving naked DNA
alone cleared this DNA within a week.

To estimate relative DNA quantities introduced by MPyV-
VLPs, and by DNA alone, in comparison to MPyV infection,
two tissues where MPyV usually persists, heart and bone,
were further evaluated by quantification of MPyV DNA
using Q-PCR. Normal mice that received MPyV-VLPs/DNA
complexes had 10-50 times higher DNA copy numbers/cell
compared to mice receiving plasmid DNA alone, while in
immune-deficient mice, the corresponding difference was
50-100 times. DNA transfer by MPyV-VLPs and MPyV in
normal mice was similar, although there were variations in
individual mice. The difference in DNA transfer in normal
and T-cell-deficient mice may be due to the fact that the
MPyV plasmid induced T antigen expression, and hence a
T-cell response in normal mice, resulting in the elimination
of plasmid carrying cells in normal mice (10, 37). The
difference in DNA transfer in normal and B-cell-deficient
mice may be because more viral particles enter the tissues in
B-cell-deficient mice, since these mice are also devoid of
background antibody activity (38).

Notably, hemagglutination inhibition (HAI)-inducing
antibodies were detected in both normal and in T-cell-deficient
mice inoculated with MPyV (1:6000) and MPyV-VLP/DNA
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complexes (1:1600). Although 103-10° more VLPs than MPyV
virions were introduced into the mice, the antibody response
elicited by MPyV was significantly higher, which is probably
because MPyV replicates in vivo. Mice inoculated with naked
DNA did not develop any detectable antibodies and had
antibody titres comparable with non-infected controls.

Other studies have also demonstrated the ability of MPyV-
VLPs to act as carriers for the in vivo transduction of DNA to
various tissues, followed by the expression of the introduced
gene (35, 39). In one such study, the efficiency of using
different routes (subcutaneous, intravenous, intraperitoneal
or intranasal) for delivery of MPyV-VLP/DNA complexes
was compared (35). The efficiency of delivery by different
routes varied for different organs. In the same study, the
B-galactosidase gene introduced together with MPyV-VLPs
was still expressed 22 weeks after in vivo delivery. In another
study, the p-galactosidase gene introduced together with
MPyV-VLPs in vivo in mice gave rise to a T-cell response
directed against the p-galactosidase protein (39).

In summary, MPyV-VLPs are useful gene therapy vectors
and MPyV plasmid DNA was successfully transferred by
MPyV-VLPs into a variety of cells in vivo and remained there
for months, a longevity similar to that of natural MPyV
infection. However, a humoral immune response was
observed in both normal and T-cell immune-deficient mice
inoculated with VLPs.

Pneumotropic murine polyomavirus (MPtV) VLPs
as an additional vehicle for prime boost immune
therapy and repeated gene therapy

To obtain a vehicle, to which there is no pre-existing human
immunity, and which does not immune cross-react with MPyV,
another murine polyomavirus, the murine pneumotropic virus
(MPtV), was exploited [for further details see Tegerstedt et al.
(34)]. MPtV VP1 expressed in a recombinant baculovirus
system formed MPtV-VLPs readily and were shown to bind to
and enter different cells, including dendritic cells (DC) and,
moreover, internalization of MPtV-VLPs into cells was rapid.
MPtV-VLP binding was, however, in contrast to MPyV and
MPyV-VLP binding, neuroaminidase resistant and, unlike
SV40 binding, independent of MHC class I expression.
Furthermore, MPtV-VLPs did not immune cross-react
serologically with MPyV-VLPs, or vice versa (when tested by
ELISA) and immunization of mice with MPtV-VLPs did not
protect mice from MPyV infection (Table I). These results
suggested that MPtV-VLPs and MPyV-VLPs could potentially
be interchanged as carriers of DNA in repeated gene therapy
(34). Finally, MPtV-VLPs were shown to transduce foreign
DNA in vitro and in vivo. In conclusion, there are now two
murine polyomavirus vectors (MPyV-VLPs and MPtV-VLPs)
available for conducting prime-boost gene and immune
therapy (34).
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MPyV-VLPs immunize both normal and T-cell-
deficient mice against primary MPyV infection

The production of anti-MPyV-VLP antibodies, described
above, in normal and T-cell-deficient mice is not favourable
for repeated gene therapy. However, used appropriately, a
vaccine based on VLPs able to protect individuals with a
defective immune system against a persistent and potentially
dangerous virus infection, is highly desirable. Hence, MPyV-
VLPs were used to vaccinate against MPyV infection (40, 41).

MPyV-VLPs and, for comparison, modified MPyV-VLPs
(M17-VLPs), that lack 7 amino acids on the DE loop of VP1,
were used to immunise normal and T-cell-deficient (CD47-87)
C57BL/6 mice against MPyV infection [for further details see
Heidari et al. (40)]. Mice were immunized four times
intraperitoneally (i.p.) with either VLPs (1 pg), and then
together with non-immunized controls inoculated with
MPyV. MPyV-specific antibodies were observed in MPyV-
VLP-immunized mice (ELISA and HAI) and antibody titres
increased with each immunization. Sera from mice inoculated
with M17-VLPs did not induce HAI and, when using an
MPyV-VP1-specific ELISA, only low IgG titres were
detected even after repeated vaccination. Slightly reduced
antibody responses were generally observed in CD47-87" mice
in comparison to normal mice, which could be due to the fact
that, although IgG switching occurs in the absence of T-cells,
it is expected to be less effective (42).

Nonetheless, half of the MPyV-VLP- and M17-VLP-
immunized mice were protected against MPyV infection, as
judged by MPyV PCR, and the remaining mice exhibited
MPyV DNA only in a few organs, while non-immunized
mice showed a disseminated infection during the same time
period (40). Notably, when evaluating normal and CD47-87"
mice separately, M17-VLP immunization was significantly
less efficient than MPyV-VLP immunization for protection
of T-cell-deficient mice against persistent MPyV infection.
It was suggested that the DE-loop, absent in M17, is
important in stimulation of T-cell-independent antibody
responses.

To improve the immune response above, MPyV-VLPs
were inoculated four times subcutaneously (s.c.) alone or
with Freund’s adjuvant into CD47-87~ C57BL/6 mice (41).
For comparison, normal C57BL/6 mice were similarly
immunized with VLPs alone [for details see Vlastos et al.
(41)]. After completing immunization, immunized and
control mice were challenged with MPyV. Three weeks later,
all mice were sacrificed and tested for the presence of MPyV
DNA by PCR. MPyV DNA was detected in control, but not
in any of the immunized normal or CD47"87" mice. MPyV-
VLP-specific IgG antibodies (including IgG2a) were
detected by ELISA in immunized but not control mice. In
T-cell-deficient mice (CD4787") the best antibody titres
were obtained after immunization with VLPs together with
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Table I1. Specificity of MPyV-VLP immunity in ACA and CBA mice. Incidence of the MPyV-induced tumours SECA, SEBB, SEBA and the non-MPyV-
induced tumour S6C in mice immunized with MPyV-VLPs, MPtV-VLPs, GST-VP1, MPyV; or irradiated S6C cells, as well as in non-immunized control

mice. From Vlastos et al. (45), with permission from the publisher.

Tumour line Expno  Cell doses Whole Tumour takes in mice immunized with:
inoculated body
irradiation  Controls MPyV- MPtV- GST- S6C MPyV
(400 rad) VLPs VLPs VP1 Irradiated
prior to 10000rad
tumour
inoculation
SECA! 1 1x 104 ACA No 4/4 0/4 -4 - - 0/5°
2 1x 104 No 4/5 0/5 0/5 1/5 - 0/5°
3 5x 102 Yes 5/5 0/6 - - - -
S6C! 1 1x103 ACA No 5/5 3/56 5/56 - 0/5 -
2 1x 103 Yes 5/5 4/4 - 4/4 26/4 -
3 1x103 Yes 4/4 - 4/4 - 0/4 -
SEBB2 SEBB-TC? 1 1x 10 CBA No 3/5 4/56 - - - -
2 1x 103 Yes 6/6 5/60 - - - -
SEBA-TC3 1 5x 104 CBA Yes 4/4 4/4 - - - -

ISECA and S6C are of ACA origin.

2SEBB and SEBA are of CBA origin.

3TC denotes short-term tissue cultured cells.
4(-) Indicates not done.

SAll experiments where MPyV was used as immunogen were performed in non-irradiated mice, due to restrictions of the animal facilities.
6A delay in outgrowth, measured as mean tumour load, calculated by adding the individual tumour diameters and dividing the sum of the total
number of mice, with or without tumours within each group, as described (10).

Freund’s adjuvant and the lowest antibody titres were
obtained after immunization with MPyV-VLPs alone.
Normal mice immunized with MPyV-VLPs alone had similar
antibody titres to CD47°87" mice immunized with MPyV-
VLPs together with Freund’s adjuvant.

In addition, to study the importance of the VLP
conformation in the induction of immune protection against
MPyV infection, immunization with MPyV-VLPs and with
glutathione-S-transferase VP1 fusion protein was compared
(41). GST-VP1 produced in large quantities in an E-coli
system can self-assemble into dimers and pentamers but not
into VLPs. T-cell-deficient (CD47-87") and normal C57BL/6
mice were immunized repeatedly with either GST-VP1 or
MPyV-VLPs and then, with controls, challenged with
MPyV. All mice were sacrificed three weeks later and tested
for the presence of MPyV DNA by PCR. MPyV DNA was
detected in control and 40% of the GST-VP1-immunized
CD47-87 mice, but in no other immunized mice, indicating
that MPyV-VLPs are more efficient than GST-VP1 for
immunization against MPyV (41). It is likely that MPyV-
VLPs, with repetitive structures and folding, are more
potent as immunogens in comparison to the more linear
GST-VP1 proteins, for triggering innate as well as adaptive
immune responses.

As expected, both normal and CD47-87* mice immunized
with MPyV-VLPs exhibited specific antibody titres towards

MPyV-VLPs [for further details see Vlastos et al. (41)].
However, in contrast to normal mice, CD47°87 mice
immunized with GST-VP1 had no antibodies to MPyV-VLPs.
Furthermore, while GST-VP1-immunized normal mice readily
exhibited antibodies to GST-VP1, in CD47"8”7 mice the best
response to GST-VP1 was induced after MPyV-VLP
immunization. Hemagglutination of guinea pig erythrocytes
was induced by MPyV-VLPs as expected, but not by GST-VP1.
Hence, only immunization with MPyV-VLPs induced HAI in
both normal and CD47-87 mice. It has been suggested that the
symmetrical structure of the viral capsid, with a regular pattern
of exposed antigen epitopes, can induce a T-cell-independent
antibody response. This suggestion is confirmed by the results
of the present study. In conclusion, an efficient anti-MPyV-
VLP antibody response protects normal and T-cell-deficient
mice against viral infection and is best obtained by s.c. MPyV-
VLP vaccination (41).

MPyV-VLPs as vaccine against MPyV tumours

As described above, T-antigen-derived peptides are suggested
to be the most common targets for the T-cell responses that
prevent tumour development and mediate tumour rejection
(7, 10-12, 43). Viral capsids, mainly produced during lytic
infection, were not primarily anticipated as targets for tumour
immunity (7). However, a recent report (44) suggested that
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early region transcription and late region transcription may
occur in parallel, thus allowing the potential production of
viral capsid proteins also in MPyV-induced tumour cells. In
fact, the presence of the viral major capsid protein L1 is
occasionally observed in human tumours induced by human
papillomavirus, a virus related to MPyV (Hanna Dahlstrand,
personal communication). These reports, in parallel to the
observation of the very potent response against MPyV-VLPs
in a T-cell-deficient context, prompted us to analyse whether
MPyV-VLPs could, in fact, induce immunity against MPyV-
induced tumours [for further details see Franzén et al. (45)].

MPyV-VLPs, MPtV-VLPs and GST-VP1, the latter two
for comparison, were all used as immunogens to vaccinate
against three MPyV tumours SECA, SEBA and SEBB and
one tumour of non-polyoma origin, SC6 (45). ACA and CBA
mice were immunized repeatedly, i.p. and s.c. in parallel, with
MPyV-VLPs, MPtV-VLPs or GST-VP1 and, thereafter,
challenged with tumour cells and followed for tumour
outgrowth. = MPyV, MPyV-VLP and MPtV-VLP
immunization protected all and GST-VP1 immunization
protected most ACA mice from outgrowth of SECA, whereas
control mice developed tumours (Table II). Outgrowth of the
non-MPyV tumour SC6 was prevented by immunization with
irradiated SC6 cells, but was not prevented in VLP-
immunized ACA mice (Table II). In similar experiments, a
delay in outgrowth in MPyV-VLP-immunized mice was
observed of the SEBB, but not of the SEBA polyoma tumour
(Table 1I).

The fact that both MPyV-VLPs, as well as MPtV-VLPs,
conferred immunity to SECA suggests, since MPyV and
MPtV-VLPs do not cross-react serologically, that the induced
immune response is T-cell-mediated (45). Most likely the
immune response is directed against peptide antigens of VP1
presented by MHC class I molecules, and more specifically,
against regions not exposed on the viral capsid surface, since
it is there that the homology between MPyV and MPtV VP1
is the most pronounced (26). The fact that GST-VP1
immunization was not as efficient as MPyV-VLP
immunization further emphasizes the fact that the specific
structure of VLPs is of importance and may enhance both
humoral and cellular immune responses.

Surprisingly, the efficiency of MPyV-VLP immunization
was not correlated to VP1 expression, a high viral load or
viral production, since SEBA was shown to have more VP1
and a higher viral load compared to SECA [for details see
Franzén et al. (45)]. However, one must bear in mind that
the methods used for detection of VP1 proteins and genes
(Western and Southern blots) only measure the mean
content of VP1 protein or DNA/cell line. In a virus-
producing tumour, only a minority of the population of the
cells may be responsible for virus production. It is likely,
therefore, that a rejection response was directed towards the
majority of SECA tumour cells and only to a minority of
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SEBA virus-producing cells. The differences between the
MPyV tumours after VLP immunization cannot be
attributed to differences in immune sensitivity, since it has
previously been shown that all three tumours are rejected
upon MPyV immunization (46). In conclusion, MPyV-VLP
immunization may be useful in abrogating the outgrowth of
some MPyV tumours.

Genetic vaccination is augmented by MPyV-VLPs

The fact that MPyV-VLPs can be used to vaccinate against
MPyV infection in a T-cell-deficient context suggested that
they may have immune stimulatory qualities. They were,
therefore, utilized to stimulate DNA gene gun vaccination,
together with a plasmid encoding HIV p24 [for details see
Rollman et al. (47)]. T-cell (ELISPOT) and B-cell responses
(ELISA) were compared in individual mice, vaccinated with
20 ng HIV p24 DNA alone, or together with 2 ug, 20 ug or
100 pg of MPyV-VLPs. Using 20 ug of HIV p24 DNA for
vaccination generally gives a threshold effect. The addition of
2 ug MPyV-VLPs to DNA vaccination did not influence the
immune response. The addition of 20 ug or 100 pg MPyV-
VLPs to DNA vaccination did, however, result in enhanced
B-cell responses in a proportion of immunized mice
compared to immunization with HIV p24 DNA alone. The
results were suggested to be due to the fact that MPyV-VLPs
might have a DNA carrier or an adjuvant effect (47).

MPyV-VLPs as carrier vehicles for proteins — a novel
approach

The presence of viral DNA or any DNA in vectors for
vaccination poses the threat that this DNA may be potentially
dangerous (3). Adding viral DNA may lead to the integration
of oncogenic sequences into the host DNA, or the addition
of any DNA could be dangerous if inserted in sensitive
positions and thus creating mutations or activating genes that
should not be activated. To avoid the insertion of any DNA,
a novel vaccine approach, that incorporates part of a protein
into MPyV-VLPs, has also been tested (48).

Introduction of chimeric VP2 fusion proteins on the inside of
MPyV-VLPs. An alternative approach to the one described
above is to utilize the ability of the minor capsid proteins to
bind to the inside of VP1 pentamers in MPyV-VLPs [for
details see Tegerstedt et al. (48)]. These can theoretically
harbour approximately 30 VP2 and VP3 molecules. By
producing both VP1 and VP2 in the same baculovirus, it is
possible, during VLP assembly, to introduce a number of
VP2 molecules within these VLPs. In this way, a fusion
protein, between a foreign protein and VP2 or VP3, can be
produced, introduced into cells by VLPs and processed and
presented to the immune system, potentially eliciting an
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immune response against cells carrying the foreign protein.
This approach was tested using the HER-2/neu proto-
oncogene, which is frequently overexpressed in breast, gastric,
ovarian, lung and pancreatic cancer and which has been used
previously in vaccination studies as a target protein (49).

MPyV-VLPs, containing a fusion protein between MPyV
VP2 and the extracellular and transmembrane domain of
HER-2/neu (HER-2 443PyVLPs), were produced in a
baculovirus insect cell system. They retained their shape and
harboured approximately 3-4 HER2; 443 VP2 fusion proteins
per MPyV-VLP and were tested for their ability to vaccinate
against HER-2/neu-expressing tumours in two different in
vivo models. Protection was assessed both against a lethal
challenge with a BALB/c mammary carcinoma transfected
with human HER-2 (D2F2/E2) and against the outgrowth
of autochthonous mammary carcinomas in BALB-neuT
mice, transgenic for the activated rat HER-2/neu oncogene
(50). A single injection of HER-2 ¢gsPyVLPs prior to
tumour inoculation induced a complete rejection of
D2F2/E2 tumour cells in BALB/c mice. Similarly, a single
injection of HER-2_¢g3PyVLPs at six weeks of age protected
BALB-neuT mice with atypical hyperplasia from a later
outgrowth of mammary carcinomas, whereas all controls
developed palpable tumours in all mammary glands. VLPs
containing only VP1 and VP2 did not induce protection. The
protection elicited by HER-2;_443PyVLPs vaccination was
most probably due to a cellular immune response, since a
HER-2-specific response was demonstrated in an ELISPOT
assay, whereas antibodies against HER-2 were not detected
in any of the two models. The results demonstrate the
feasibility of using MPyV-VLPs carrying HER-2/neu fusion
proteins as safe and efficient vaccines against HER-2-
expressing tumours (49).

Conclusion

The possibility of using a vehicle that does not require viral
genes for gene therapy represents a great step forward in
that the potential danger of activating viral oncogenes is
avoided. Vehicles that can transduce DC can be very useful
for immune therapy and the possibility of repeating gene
and immune therapy is of importance, since one treatment
is not always sufficient. Obtaining knowledge of how MPyV-
VLPs can improve DNA vaccination and protect against
viral infection and some viral-induced tumours can be one
of the initial steps towards protection against viral infection
and cancer.
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