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bstract

Mouse cytomegalovirus (MCMV) has previously been used as a vaccine vector for viral vectored immunocontraception (VVIC). MCMV
xpressing murine zona pellucida 3 (mZP3) induces long term infertility in up to 100% of female BALB/c mice following a single inoculation.

hilst a large number of antigens have been investigated as potential immunocontraceptive vaccines, it has been difficult to compare these
ntigens as few studies have used identical approaches or even animal species. Here a range of protein and polyepitope antigens, all expressed
y MCMV, were tested for the ability to sterilise female mice. The antigens tested were bone morphogenic protein 15 (BMP15), oviduct
lycoprotein (OGP) and ubiquitin-tagged mZP3. In addition, four polyepitope constructs that contain rodent or mouse specific epitopes were
ested. This study found that when expressed by an MCMV vector, only full-length mZP3 or ubiquitin-tagged mZP3 induced infertility in
emale mice. BMP15 and OGP had no effect. Of the four polyepitopes tested, one had a partial effect on fertility. These data indicate that

hile MCMV is an effective vector for VVIC, the antigen used needs to be tested empirically. The partial infertility seen in mice infected with
ne of the polyepitope vaccines is a promising finding suggesting that it may be possible to combine a species specific virus with a species
pecific antigen for use as a disseminating mouse control agent.

2006 Elsevier Ltd. All rights reserved.

eywords: Cytomegalovirus; Zona pellucida; Polyepitope; Bone morphogenic protein 15; Oviduct glycoprotein
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. Introduction

A wide range of viruses have been identified as poten-
ial vaccine vectors, including poliovirus [1,2], vaccinia virus
3], canarypox [4,5], rabies virus [6], adenovirus [7] and
erpesviruses [8,9]. Viral vectors have been used to vacci-

ate against infectious agents [6,7], malignancies [2,5] and
nduce immunocontraception [10–13]. Viral vectors deliver
he antigen directly into host cells, allowing high-level intra-
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ellular expression. In addition, because the immune system
as evolved a sophisticated array of mechanisms to detect and
espond to the antigens of invading viruses they may serve as
n adjuvant for the expressed antigen.

We have previously used the herpesvirus, murine
ytomegalovirus (MCMV) as a vaccine vector and have
eported its use as a viral vectored immunocontraceptive
VVIC) [11,12]. CMVs are members of the �-herpesvirinae
f the Herpesviridae and contain a large double stranded DNA
enome of approximately 230 Kb [14]. CMVs are found
n a broad range of mammalian species but exhibit strict

pecies specificity [15]. They cause asymptomatic infections
n immunocompetent animals and persist in a latent state for
he lifetime of the host. Their properties of latency, large DNA
ize and strict species specificity make CMVs useful vac-
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ine vectors. CMVs induce strong and long-lived cytotoxic
lymphocyte (CTL) responses [16,17], as well as long-lived

ntibody responses [18]. It is likely that the persistence and
eactivation of MCMV contributes to the long-lived immune
esponses to MCMV. The ability to clone herpesviruses
19,20], including cytomegaloviruses, as bacterial artificial
hromosomes has added to their vaccine potential [12,21].

The success of any vaccination process is dependent not
nly on the delivery system, in this case the viral vector,
ut also on the antigen that is delivered. For immunocon-
raception, the choice of antigen is of particular relevance
s the aim of this immunization protocol is to break self-
olerance. This may be easier with some self-antigens than
thers, as autoantigens are generally restricted to a limited
ange of proteins [22]. However, breaking self-tolerance may
ot be sufficient for immunocontraception, as autoimmune
esponses are not necessarily linked to altered physiology
22]. Consequently, for immunocontraception it is necessary
o break tolerance, and for the response to be sufficient in
uantity or quality to result in infertility. This could be in
he production of an inflammatory response that inhibits nor-
al function in an important organ, such as the ovary or

ould be due to complete or partial loss of an antigen that
s essential for reproduction [23,24], such as zona pellucida
(ZP3). Given these complexities it is not possible to deter-
ine, except empirically, which antigens will make a suitable

arget for immunocontraception. Consequently, we chose to
est a range of antigens associated with female reproductive
rocesses to determine if immune responses to one or more
ere capable of sterilising female mice.
Full-length protein antigens were tested as alternatives or

mprovements on the previously successful mZP3 antigen
11,12]. Possible alternative proteins tested were BMP15
nd OGP, both of which are expressed within the repro-
uctive system of female mice [25–27]. The mZP3 antigen
as N-terminal ubiquitinated and tested as an improvement
n mZ3 alone. Ubiquitination has been shown to improve
D8+ T cell responses and MHC class I antigen process-

ng by targeting proteins to the proteosome [28,29]. Finally,
olyepitope antigens were tested in the MCMV vector for
he capacity to sterilise female mice. These polyepitope anti-
ens have been previously assessed as immunocontraceptive
accines when co-administered with adjuvant [30,31] and
ere included in this study as they contain mouse or rodent

pecific epitopes. The expression of these polyepitopes by
CMV may enhance the safety of VVIC for widespread use

32] by combining a species specific vector, MCMV, with a
pecies specific antigen.

To allow comparison between the antigens tested, the
ame MCMV vector, K181, was used for each antigen with
he same insertion site, the non-essential ie2 gene [33]. The
xpression of each antigen was driven by the HCMV ie1

UL123) gene promoter. All infection conditions were identi-
al. We find that the capacity to induce infertility is dependent
n the antigen chosen, and that of those tested, only those
xpressing mZP3, a ubiquitin-tagged mZP3 or the polyepi-
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ope B affected the fertility of female BALB/c mice. No
emonstrable effect on the fertility of female mice was seen
ith the viruses expressing mRNA for BMP15, OGP or the
olyepitopes A, C or Z.

. Materials and methods

.1. Virus and cells

The origins of the K181 strain of MCMV have been
escribed previously [34]. The virus RM427+ was kindly
rovided by Professor E. Mocarski (Stanford University,
tanford, USA). Virus stocks were propagated in mouse
mbryonic fibroblasts (MEF) as previously described [35].
iral titres were determined in duplicate by plaque assay in
EF [11].

.2. Animals

Specific pathogen-free BALB/c mice were obtained from
he Animal Resource Centre (Murdoch, Western Australia)
nd housed under minimal disease conditions. Mouse care
as based on the Australian Code of Practice and was

pproved by the University of Western Australia Animal
xperimentation and Ethics Committee. Sentinel animals
ere found to be free of a suite of murine pathogens including
CMV following routine testing.

.3. RNA purification and PCR conditions

Total RNA was prepared as previously described [36] from
ouse testes, ovaries or oviducts and polyadenylated RNA
as isolated using a PolyAttract System III kit (Promega,
adison, Wisconsin, USA) and reverse transcribed into

DNA using a TimeSaver cDNA Synthesis Kit (Pharmacia
iotech, Uppsala, Sweden) with either the pd(T12–18) and
d(N6) primers provided in the kit or gene specific primers.
CR was conducted in 50–100 �l total volumes containing
–5 ng of DNA, 1–2 �M of each primer, 200 �M of dNTPs,
nd either 1 unit of Pfu (Stratagene, La Jolla, CA) or 2.5
nits of Taq (Promega) DNA polymerase added “hot start” in
he reaction buffers provided by the manufacturers. Nested
CRs were conducted using 1 �l of the first PCR reaction as

emplate.

.4. Cloning of mouse BMP15 and OGP

Mouse BMP15 (GenBank accession number AF082348)
as obtained by nested PCR on BALB/c ovary cDNA reverse

ranscribed with pd(T12–18) primers. Primers B15F1,
15R1 and B15F2, B15R2 (Table 1) were used for the first

nd second nested PCRs, respectively. The resulting 1220 bp
CR product was cloned into pGEM-T-easy (Promega, Madi-
on, Wisconsin, USA) to produce plasmid pCMH264. Mouse
GP (GenBank accession number AY521455) was obtained
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Table 1
Oligonucleotides used for PCR and direct annealing

Oligonucleotide DNA sequence (5′–3′)a DNA sequence locationb

B15F1 GACTTGGTTAGGAATCTGCTG 316–336 (NM 009757)
B15F2 gccaccATGGCCCTTCTCACAATTC 358–376 (NM 009757)
B15R1 TCACTGCCAGCTTTAACACAG 1613–1593 (NM 009757)
B15R2 TATAGCTTCTTGGGAAACCTG 1577–1557 (NM 009757)
hTFRF3 ttgagctcCATCGGGTGGCGGCTCG 38–53 (M11507)
hTFRR4 tcggatccGAAGTCCTCTCCTGGCTC 443–426 (M11507)
RLF3 tgtctagaGACGTGGACCCAGCGCTA 234–251 (S82815)
RLF4 tgactagtACTGCGGCGCTGGCGCT 296–280 (S82815)
mTFR1 tggtcgacATGATGGATCAAGCCAG 50–66 (NM 011638)
mTFR2 tgggatccCTCTGTTTCCATGGTTTC 397–380 (NM 011638)
MUBF gccaccATGCAGATCTTCGTGAAG 105–122 (X51703)
MUBR ggatccggcACCTCTCAGGCGAAG 329–315 (X51703)
Ovi1 ccgtcgacAATAGAGCTGGAAGACC 2201–2185 (D32137)
Ovi2 cactcGAGATGGGGAGGCTGCT 12–28 (D32137)
Ovi3 tgactagtCATTGTGGCTGTGGTC 1961–1945 (D32137)
PLGA ctagaAGGAGTAGAAACTCACAGACTGAGGAACCCCACCCGtaag 756–791 (X96793)
PLGB tcgacttaCGGGTGGGGTTCCTCAGTCTGTGAGTTTCTACTCCTt 791–756 (X96793)
Ovi4 tgctcgagATGAGCACACTGGACTT 1449–1465 (D32137)
LK1 P-GCGGCCGCTCTGGCGGT
LK2 P-CCGCCAGAGCGGCCGC
OGP F TCCTTCCTGAGAATACATGG 390–409 (D32137)
OGP R GCGCATCATAAGACGTATGG 609–590 (D32137)
bmp15 F CCTGGACTTTTCCTCTAGCAT 699–718 (AF82348)
BMP15 R GAAGAACACTCCGTCCCTTG 961–942 (AF82348)
Univ TRF F CATATACCCGGTTCAGCCTG 151–170 (M11507)
Uni AgA-C R GCCCAAGTAGCCAATCATAA 356–337 (M11507)
TFR anchor F GATGAAACTGGCTGCAGATG 160–179 (NM 011638)
AgZ R ACATCTAGACCTGCGGTTTC Plasmid pCMH450
ZP3-380F ACCCTCGCCCTGTGAGTGGCC 382–402 (M20026)
ZP3-1021R AATTACTACAGTTGCCATGGC 1021–1000 (M20026)
Im2AF CATTAAAAACTATTGGTTCTA 184196–184216 (NC 004065)
Im2AR CCCATAGCCGAGCCCAATGCA 184375–184355 (NC 004065)

Primers and linkers used in the construction of plasmids and analysis of recombinant viruses.
ed in ol

s
g for th

b
o
r
S
K

2

fi
n
(
A
p
l
w
p
m
1
i
o

B
D
p
s
w
p

2

r
(
h
[
b
u
m

a Lower case text indicates restriction enzyme sites or modifications includ
top signals.
b DNA sequence locations are given according to the nucleotide numberin

y PCR using primers Ovi1, Ovi2 (Table 1) on BALB/c
viduct cDNA reverse transcribed with pd(N6) primers. The
esulting 2161 bp PCR product was digested with XhoI and
alI and cloned between the XhoI and SalI sites of pBluescript
S− to produce pCMH113.

.5. Cloning of mouse ZP3 fused to ubiquitin

The plasmid pCMH316 was produced by PCR ampli-
cation of mouse ubiquitin monomer (GenBank accession
umber X51703, ref. [37]) with primers MUBF and MUBR
Table 1) designed to include a KOZAC consensus sequence.

G26 to A26 amino acid substitution was included to
roduce a fusion protein according to Rodriguez and col-
eagues [29] with mZP3. The 240 bp ubiquitin PCR product
as produced from BALB/c genomic DNA and cloned into
GEM-T-easy to produce the plasmid pCMH307. The plas-

id pZP3 containing mZP3 cDNA has been described [10]. A

308 bp BamH1/Xho1 fragment containing the mZP3 cDNA
nsert in pZP3 was transferred into the BamH1/Xho1 sites
f the pFastbac HTb baculovirus expression vector (Gibco

f
l
R
B

igonucleotides to facilitate sequential cloning or to introduce transcriptional

e designated GenBank accession numbers.

RL) to produce pCMH119. The 1318 bp BamHI/SphI
NA fragment containing the mZP3 coding sequence from
CMH119 was inserted between BamHI/SphI of pCMH307
uch that the mZP3 coding sequence was fused in frame
ith the ubiquitin monomer of pCMH307 to produce
CMH312.

.6. Cloning of polyepitope antigen DNA sequences

The DNA sequence coding for the human transfer-
in receptor transmembrane signal and anchor domains
hTfR) was produced by PCR using the primer pair
TFRF3/hTFRR4 (Table 1) from plasmid pSVT7-Ova/TfR
38]. The DNA sequence coding for the mouse transmem-
rane signal and anchor domains [39] was obtained by PCR
sing the primer pair mTFR1/mTFR2 (Table 1) from Swiss
ouse oviduct cDNA. The mouse specific DNA sequences
or the relaxin like factor (RLF), also known as leydig insulin-
ike protein, were obtained by PCR using the primer pairs
LF3/RLF4 and Ovi3/Ovi4, respectively (Table 1) from
ALB/c mouse genomic DNA. The mouse specific region
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Table 2
Mouse or rodent specific peptide component and arrangement in the polyepitopes in rK181-AgA, -AgB, -AgC and -AgZ

Polyepitope Components Accession #

Antigen A hTfR, BRN-T, SP56, PLF, HA-T, ZP3-T, ZP3-B, PRL, GM-CSF AY521451
Antigen B hTfR, BRN-T, SP56, PLF, HA-T, ZP3-T, ZP3-B, ZP1 AY521452
Antigen C hTfR, BRNT, OGP, HA-T, ZP3-T, ZP3-B, RLF, PLG AY521453
Antigen Z mTfR, furin, ZP3-T, ZP3-B (three repeats), ZP1 AY521454

Abbreviations: hTfR, human transferin receptor; mTfr, mouse transferin receptor; BRN-T, immunodominant T helper epitope from bovine ribonuclease; SP56,
s a virus
e ope; ZP
f furin cl
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perm protein 56; HA-T, immunodominant T helper epitope from influenz
pitope; GM-CSF, granulocyte macrophage colony stimulating factor epit
actor; PLG, placental growth factor; PLF, proliferin; PRL, prolactin; furin,

f PLG was produced by annealing oligonucleotides PLGA
nd PLGB (Table 1).

The DNA constructs for polyepitope antigens AgA, AgB
nd AgZ have been described previously [30,31] and the pep-
ide components are given in Table 2. AgC was assembled by
equential cloning of annealed oligomeric primers and PCR
roducts into pGEM-T-easy and pBluescript SK− (Strata-
ene, La Jolla, CA, USA) cloning vectors. AgA (GenBank
ccession number AY521451), AgB (AY521452) and AgC
AY521453) were fused in frame after the hTfR sequence.
gZ was produced by fusing the polyepitope AgZ (GenBank

ccession number AY521454, ref. [30]) to the mTfR anchor
equence. Cloned inserts were confirmed by sequence anal-
sis.

.7. Construction of expression vectors

In all cases the antigen constructs described above
ere cloned into one of five expression vectors pMV11

[11], pCMH148 (GenBank accession number AY122059),
CMH149 (AY122060), pCMH285 (GenBank accession
umber AF525778) or pCMH411 (GenBank accession num-
er AY122058) (see Table 3). This cloning strategy resulted
n expression cassettes that were flanked by NotI restriction
nzyme sites for ease of cloning into the recombination plas-
ids.
.8. Construction of recombination plasmids

The recombination plasmid pH3LN [11] contains the
ntire HindIII L fragment of MCMV, strain K181, inserted

t
M
n

able 3
ecombination plasmids used in the construction of recombinant viruses

irus Gene/polyepitope Expression plasmid

K181-ZP3 mZP3 pMV11
K181-UbZP3a mZP3 pCMH285
K181-BMP15a BMP15 pCMH148
K181-OGPa OGP PCMH148
K181-AgAa AgA PCMH148
K181-AgBa AgB PCMH148
K181-AgCa AgC PCMH149
K181-AgZa AgZ PCMH411

ll plasmids were linearised with ScaI and co-transfected with RM427+ DNA usin
a Antigens cloned as NotI gene cassettes in the expression plasmids pMV11, pCM
ere subsequently transferred into the NotI site of the recombination plasmid pH3L
haemagglutinin; ZP3-T, mZP3 CD8+ T cell epitope; ZP3-B, mZP3 B cell
1, mouse zona pellucida 1; OGP, oviduct glycoprotein; RLF, relaxin like
eavage site.

nto plasmid pUC9 with the 79 bp HpaI fragment replaced by
NotI linker (LK1/LK2 Table 1). All antigen expression cas-

ettes were cloned into the recombination plasmid pH3LN
sing NotI restriction enzyme within the non-essential ie2
ene such that transgene expression was in the same direc-
ion as the non-essential ie2 gene (Table 3).

.9. Generation of recombinant viruses in cell culture

Recombinant viruses were produced as previously
escribed [11]. Briefly, 10–50 �g of RM427+ DNA was co-
ransfected with 2–5 �g of the appropriate SacI linearised
lasmid (see Table 3) into 90% confluent MEF cultures by
alcium phosphate precipitation (CellPhect) according to the
anufactures instructions (Amersham Pharmacia Biotech-

ology UK Ltd., Buckinghamshire, UK). Cells were screened
or the development of plaques and then stained for the
xpression of �-galactosidase by the addition of X-gal.

hite, non-staining, plaques were picked and purified by
hree sequential rounds of plaque purification. Recombinant
iruses were screened by RFLP and the insertion site and anti-
en confirmed by sequencing across the insertion site using
rimers Im2AF and Im2AR (Table 1). Viral stocks were made
or experimentation on MEF.

.10. Viral transgene mRNA expression
All viruses were tested for transgene expression by reverse
ranscription (RT)-PCR. MEF were infected with virus at an

OI of 0.5 and allowed to replicate until 100% CPE was
oted. Total RNA was extracted from virus infected cells

Promoter Terminator Recombination plasmid

HCMV ie1 HCMV ie1 pK181-H3L-MV11-ZP3
HCMV ie1 HCMV ie1 pCMH316
HCMV ie1 SV40 pCMH275
HCMV ie1 SV40 pCMH117
HCMV ie1 SV40 PCMH245
HCMV ie1 SV40 pCMH246
HCMV ie1 SV40 pCMH262
HCMV ie1 SV40 pCMH450

g a calcium phosphate precipitation method.
H148, pCMH149, pCMH285 and pCMH411. Antigen expression cassettes
N.
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sing Trizol according to manufacture’s instructions (Invitro-
en, Carlsbad, CA). Viral mRNA was treated with RQ1 RNA
ree DNase (Promega) and reverse transcribed with AMV
everse transcriptase (Promega) with the addition of RNasin
Promega). Control samples were treated identically with-
ut the addition of AMV reverse transcriptase. Samples were
ubjected to PCR using the primers described in Table 1 for
he viruses rK181-BMP15 (BMP15 F and BMP15 R), rK181-
GP (OGP F and OGP R), rK181-UbZP3 (mZP3/380F and
ZP3/1021R), rK181-AgA, B, C (Uni AgA-C R and TFR
) and rK181-AgZ (TFR anchor F and AgZ R).

.11. mZP3 ELISA

Sera from infected mice were tested by ELISA for the
resence of antibody to mZP3. ELISA conditions were as pre-
iously detailed [11]. Briefly, seroconversion was assessed
y adding serum from infected mice to ELISA plates coated
ith mZP3 antigen, with stepwise addition of biotinylated rat

nti-mouse IgG1 or IgG2a (Southern Biotech Association,
nc., Birmingham, AL), streptavidin alkaline phosphatase
Amersham Biosciences, Piscataway, NJ) and p-nitrophenyl
hosphate (Sigma, St. Louis, MO). Since MCMV induces a
olyclonal B cell response [40,41]. The highest anti-mZP3
ntibody titre found in the control K181 virus infected mice
as chosen as the cut-off point for assessing the specific anti-
ZP3 antibody responses in vaccine infected mice. Each

late contained a positive control of rK181-ZP3 hyperim-
une serum and negative control, RM427+, hyperimmune

erum generated from mice inoculated three times with the
ppropriate virus.

.12. Breeding trials

Female BALB/c mice were inoculated i.p. with 2 × 104

laque forming units (PFU) of tissue culture derived rMCMV
onstructs. In each experiment a positive control, consist-
ng of mice inoculated with rK181-ZP3, was included [11].
egative control mice were inoculated with either parental
181 virus or diluent alone. The minimum number of females

noculated in any one treatment was five. Each female was
aired with a single male immediately after inoculation. This
ethodology typically results in mice having a first litter and

onfirms the initial fertility of the female mouse. Males were
otated between females within a treatment group weekly to
ontrol for differences in male fertility. The breeding output
the number of pups born) over 100 days was recorded for
ach female mouse.

.13. Statistics

In all cases only female mice that were proven fertile

y having a first litter were included in further analyses.
n addition, because the first litter was included as a con-
rol for fertility the breeding data in the text is expressed
s the mean ± S.E.M. of the cumulative number of pups per

s
R

25 (2007) 698–708

emale, excluding this first litter control. To account for dif-
erences in mouse numbers in each data set, the breeding
uccess was expressed as cumulative mean number of pups
er female. For ease of presentation the breeding data from
he controls of all the individual experiments have been com-
ined and is presented together in table or graph format.
here were no significant differences between the replicates
f any treatment, including controls, allowing compilation.
ne-way ANOVA, with Tukey’s honestly significant post hoc

est (SPSS), was used to compare experimental and control
reatment results.

. Results

.1. Virus construction

A series of MCMV constructs expressing fertility anti-
ens were produced and tested for their efficacy in ster-
lising female BALB/c mice. The protein antigens tested
ere; murine bone morphogenic protein 15 (BMP15), murine
viduct glycoprotein (OGP) and an N-terminal ubiquitin-
agged murine zona pellucida 3 (UbZP3). The polytopes that
ere tested contained epitopes of important immunological

argets such as ZP1, ZP3, OGP and sperm protein SP56.
ther peptide epitopes included; reproductive hormones such

s relaxin like factor, placental growth factor (PLG), prolif-
rin, prolactin and the immunostimulatory molecule gran-
locyte macrophage colony-stimulating factor (GM-CSF).
hese were included in various combinations into, AgA,
gB, AgC and AgZ (Table 2).
Fig. 1A demonstrates the cloning strategy adopted to pro-

uce the recombinant MCMV vectors. Shown is the parental
181 virus and the intermediate virus, RM427+ (kindly pro-
ided by Prof. E. Mocarski), containing a LacZ cassette. For
llustration purposes the fertility antigen shown in Fig. 1A
s AgB, however all recombinant viruses were made in a
imilar manner. All recombinant viruses were screened by
FLP analysis (Fig. 1B and data not shown) and the correct

nsertion was confirmed by sequencing across the insertion
ite (data not shown). Fig. 1B demonstrates an RFLP of the
ecombinant MCMV (rMCMV) expressing AgB. In all cases
ecombinant viruses exhibited alterations to the size of the
indIII L fragment consistent with the insertion of the appro-
riate expression cassette.

Transgene expression from all virus constructs was ver-
fied by RT-PCR for the appropriate cDNA or polyepitope
sing insert specific primes (Table 1). All rMCMVs expressed
RNA for the appropriate cDNA (Fig. 1C and data not

hown).

.2. In vitro replication of recombinant viruses
All recombinant viruses displayed replication kinetics
imilar to both the parental strain of virus, K181 and to
M427+ (Fig. 2). Given their normal in vitro growth charac-
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Fig. 1. Production of the recombinant vaccine strains of virus: (A) cloning strategy, rMCMV strains were produced by cloning the gene construct into the ie2
gene. The intermediate RM427+ virus expressing the LacZ cassette allows for selection of “white” non-staining rMCMV plaques. The ie2 gene is located within
the HindIII L fragment. (B) RFLP analysis, RM427+ has an additional HindIII site (H), present with in the LacZ cassette compared to parental K181 strain
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CMV. The 7161 bp HindIII L fragment in parental K181 is replaced by
irus has an additional HindIII within the AgB polyepitope, HindIII diges
K181-AgB virus expressed mRNA for the inserted construct shown as by t
hown).

eristics the recombinant viruses were tested in vivo for their
apacity to sterilise female mice.

.3. Breeding studies

A total of five experiments were performed in testing
he various recombinant viruses. Consequently there were

total of five independent breeding studies with the posi-

ive control virus, rK181-ZP3. Since there was no significant
ifference between the five sets of data, these data were
ooled for presentation reasons. Similarly, negative control
ata sets for the diluent only or parental K181 were pooled

T
s
p
s

ig. 2. Recombinant viruses demonstrated normal in vitro replication. All the rMC
eplication in cell culture. Parental K181 and rMCMVs were added to MEF at an
ntigens had similar replication kinetics to control RM427+ and parental K181 v
olyepitope antigens with all displaying normal replication kinetics in vitro when co
f the assay. Shown is the mean ± S.E.M. of virus titre.
and 7326 bp HindIII fragment in RM427 (grey arrows). The rK181-AgB
duces two novel fragments of 4178 and 5055 bp (black arrows). (C), The
p RT-PCR product. Similar data was seen for the other rMCMVs (data not

hen shown not to be significantly different from replicates
5 and 4 experiments, respectively). The majority of K181-
nfected or diluent-only treated mice remained fully fertile
Table 4).

Within the groups of mice infected with rMCMV express-
ng whole protein antigens, only those which received the
ontrol antigen, mZP3 (rK181-ZP3), or ubiquitin-tagged
ZP3 (rK181-UbZP3) showed reduced fertility (Fig. 3A and

able 4). The rK181-ZP3 data is consistent with previous
tudies and is cumulative data from 28 mice in five inde-
endent experiments (Table 4). In this instance, rK181-ZP3
terilised all the recipient female mice in 2/5 experiments (a

MVs produced and used in this study were assessed for their capacity for
MOI of 0.05 in a multi-step growth assay. (A) Viruses expressing protein
irus. (B) Similar data was seen with the recombinant viruses expressing
mpared to control viruses. The dotted line represents the limit of detection
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Fig. 3. Recombinant viruses differed in their ability to sterilise female BALB/c mice. Female BALB/c mice were inoculated i.p. with 2 × 104 PFU of tissue
culture derived rMCMV constructs. In each experiment a positive control, consisting of mice inoculated with rK181-ZP3, was included. Negative control mice
were inoculated with either parental K181 virus or diluent alone. The minimum number of females inoculated in any one treatment was five. Each female
was paired with a single male immediately after inoculation. Shown in (A) rMCMVs expressing protein antigens and (B) rMCMVs expressing polyepitope
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ntigens. Control data are the combination of all the individual studies. Dat
single study each. Data for rK181-AgC and rK181-AgB are compiled fro
ice that did not have a first litter, and were therefore not proven fertile at t

ifference (<0.05) between test virus and negative control mice.

otal of 12 female mice). Most mice in the other three exper-
ments had less than 2 litters, with only 3 out of a total of
6 remaining mice having more than three litters. Exclud-
ng the first litter, female mice infected with rK181-ZP3 had
n average of 2.1 ± 0.7 pups over the 100-day period. This
as significantly less than that seen in either negative con-

rol group. Diluent control treated mice had 14.3 ± 1.3 pups
er female and K181 infected mice had 13.8 ± 1.3 pups per
emale mouse (Table 4).

Female BALB/c mice infected with rK181-UbZP3 had no
itters after the first round of breeding and were completely
nfertile for the duration of the 100-day experiment (Fig. 3A
nd Table 4). All female and male mice in the rK181-UbZP3

reatment group were initially fully fertile, as all females had
first litter. This was significant reduction in breeding com-
ared to the K181 infected or diluent treated mice (Fig. 3A
nd Table 4).

b
T
t
m

able 4
ompilation of data from all breeding trials

irus inoculum Total number
inoculated

No. with first litter
(%)

No. with >1
litter (%)

Mean
per fem

iluent 24 23 (95.8)a 22 (95.6) 3.2 ±
181 19 18 (94.7)a 17 (94.4) 3.3 ±

K181-ZP3 28 24 (85.7)a 9 (37.5) 1.6 ±
K181-BMP15 5 5 (100) 5 (100) 3.4 ±
K181-UbZP3 5 5 (100) 0 (0) 1.0 ±
K181-OGP 6 6 (100) 6 (100) 3.7 ±
K181-AgA 6 6 (100) 6 (100) 3.8 ±
K181-AgB 11 11 (100) 11 (100) 2.7 ±
K181-AgC 16 16 (100) 16 (100) 3.5 ±
K181-AgD 5 5 (100) 5 (100) 3.8 ±
hown in a compilation of the data from all the breeding trials. Data from AgA
181-ZP3 is from 5 independent experiments and negative control data from K181
sterisks denote significant difference from K181 and diluent treated mice. Poole
onestly significant post hoc test.
a Female mice that were not confirmed fertile, by having a first litter, were exclud
rK181-BMP15, rK181-OGP, rK181-AgA and K181-AgZ were taken from
o independent experiments with n = 16 and 11 mice, respectively. Female

of the study, were excluded from this analysis. Asterisks denote significant

There was no demonstrable effect on the breeding success
f female mice infected with rK181-BMP15 or rK181-OGP
Fig. 3A and Table 4). All mice in these groups were fer-
ile for the full course of the experiment. Over the 100-day
xperiment, female mice infected with rK181-BMP15 had
n average of 16.2 ± 1.6 pups per female mouse. Similar
ata was seen in female mice infected with rK181-OGP
14.8 ± 0.6 pups per female).

Variable results were obtained with the rMCMVs express-
ng epitope antigens (Fig. 3B and Table 4). Of those tested,
nly rK181-AgB demonstrated an effect on the fertility of
emale mice. Because sub-fertility was not seen in previ-
us studies and because this data represented a decrease in

reeding rather than infertility, this experiment was repeated.
he rK181-AgB data in Fig. 3B and Table 4 are compila-

ion of the data from two independent experiments. For 11
ice vaccinated with rK181-AgB there was an average of

no. of litters
ale

Mean no. of pups
per female

Mean no. of pups
per female post
first litter

Mean litter size
after first litter

0.2 18.0 ± 1.0 14.3 ± 1.3 6.2 ± 0.4
0.2 19.7 ± 1.3 13.8 ± 1.3 6.1 ± 0.4
0.2* 7.2 ± 0.9* 2.1 ± 0.7* 3.6 ± 0.7*

0.4 20.0 ± 1.0 16.2 ± 1.6 6.8 ± 1.1
0* 4.4 ± 0.5* 0* n/a
0.2 21.2 ± 1.2 14.8 ± 0.6 5.9 ± 0.7
0.2 19.3 ± 2.1 15.7 ± 1.5 5.5 ± 1.0
0.3 10.6 ± 1.4* 6.9 ± 1.3* 4.4 ± 0.6
0.2 18.9 ± 1.7 14.6 ± 1.7 5.8 ± 0.4
0.2 20.6 ± 2.0 15.0 ± 1.4 5.4 ± 1.1

and AgB are the compilation of two independent experiments. Data from
and diluent control treated mice from n = 5 and 4 experiments, respectively.
d data was analysed for significance by a one-way ANOVA with Tukey’s

ed from subsequent analyses.
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.9 ± 1.3 pups per female. This contrasts with the fully fer-
ile controls (14.3 ± 1.3) (Table 4). This led to a significant
eduction in the number of pups born to rK181-AgB infected
ice compared to negative control mice (Fig. 3B). However,

he number of litters produced by rK181-AgB infected mice
as not significantly different to K181 infected mice, there-

ore the reduced number of pups per female was a result of
educed litter size rather than a reduction in the number of fer-
ile animals (Table 4). These data indicate sub-fertility rather
han infertility.

The other polyepitopes expressing viruses, rK181-AgA,
K181-AgC and rK181-AgZ had no effect on the fertility
f female mice. The average number of pups per female
or rK181-AgA (n = 6), rK181-AgC (n = 16) and rK181-
gZ (n = 5) infected mice for the 100-day experiment was
5.7 ± 1.5, 14.6 ± 1.7 and 15.0 ± 1.4, respectively, and was
ot significantly different to the negative control mice
Table 4). The results for the rK181-AgC virus are a com-
ilation of two independent experiments.

.4. Seroconversion
Although it was demonstrated that mRNA for all viral
ransgenes was expressed, it was not possible to assess sero-
onversion to all of the encoded antigens, as suitable antigen

t
d
c

ig. 4. Production of antibody to mZP3 in mice infected with recombinant viruses.
tudy and the presence of anti-mZP3 antibody was assessed by ELISA. (A) mZP3
ZP3 IgG2a titre, (D) percentage of mice positive for Ig2a mZP3 antibodies.
25 (2007) 698–708 705

as not available. However, the mZP3 ELISA was used to test
era from all infected mice at the end of the 100-day study.
oth the percentage of mice producing antibody to mZP3
nd the average titre of antibody in the serum of these mice
as assessed and are shown for IgG1 and IgG2a (Fig. 4).
ice infected with the rK181-UbZP3 virus demonstrated
seroconversion rate of 100% by the end of the 100-day

xperiment. This was seen with both IgG1 and IgG2a iso-
ypes (Fig. 4C and D). In contrast only 57% of female mice
nfected with rK181-ZP3 were mZP3 seropositive after 100
ays. However, the titre of the mZP3 antibodies in the sera of
K181-ZP3 and rK181-UbZP3 infected mice that were ZP3
eropositive was similar (Fig. 4A and B). The serum from the
K181-ZP3 infected mice was taken from two independent
xperiments (n = 7 mice).

As expected, female BALB/c mice were seronegative
or mZP3 antibody when inoculated with rK181-BMP15 or
K181-OGP. This was seen for both IgG2a and IgG1 iso-
ypes, although two female mice infected with rK181-OGP
roduced low titre cross-reactive IgG1 antibody to the mZP3
LISA antigen (Fig. 4C and D).
The mZP3 seropositivity was variable with the polyepi-
ope expressing viruses. There was a trend to increased pro-
uction of mZP3 antibody in the rK181-AgB infected mice
ompared to mice infected with AgA, AgC or AgZ expressing

Serum was collected from female mice at the end of each 100-day breeding
IgG1 titre, (C) percentage of mice positive for IgG1 mZP3 antibodies. (B)
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iruses. However, the mZP3 antibody titres were low in mice
nfected with rMCMV-polyepitope viruses (Fig. 4A–D).

. Discussion

We have screened a range of self-protein antigens and syn-
hetic polyepitope antigens for potential use in an immuno-
ontraceptive vaccine using the MCMV vector. In female
ALB/c mice, only those viruses expressing mZP3 antigens
ad any effect on fertility. The full-length mZP3 (in 2/5 exper-
ments) and full-length ubiquitin-tagged mZP3 induced com-
lete infertility in 100% of infected mice. Of those viruses
xpressing polyepitope antigens only the virus expressing
gB had any effect on female mouse fertility. The rK181-
gB virus induced sub-fertility rather than infertility. AgB

ontains the contraceptive epitopes SP56, ZP3-T, ZP3-B and
P1 and the helper epitopes BRN-T, HA-T. Viruses express-

ng BMP15 or OGP had no effect on the fertility of mice, nor
id viruses expressing the polyepitope antigens A, C or Z.

Sterilisation of female BALB/c mice by rK181-ZP3 was
nticipated as we have shown the efficacy of this approach in
revious studies [11,12]. Accordingly, this vaccine was used
n this study as a positive control. The N-terminal ubiquitin-
agged mZP3 has not previously been assessed. Ubiquitina-
ion targets proteins for degradation via the 26S proteosome,
nd increases antigen presentation via the MHC class I path-
ay [42]. In vaccine studies, ubiquitination has been shown

o enhance both the degradation of tagged antigens in the
roteosome and the CD8 cytotoxic T cell response, whilst
educing antibody responses [28,29,43]. Ubiquitinated anti-
ens have been shown to enhance protective responses to
xpressed antigens in several model systems [29,43–46].

The use of ubiquitin-tagged antigens has been predomi-
antly studied with DNA vaccines. We report here the use
f a virally expressed, ubiquitin-tagged immunocontracep-
ive and report that it is equally as successful as the non-
agged mZP3 protein. In this study the mZP3 protein was
-terminally tagged with the ubiquitin monomer as has been
escribed for other antigens [29]. This construct was designed
ith a G26 to A26 amino acid substitution to prevent cleavage

nd allow for polyubiqitination [29].
In this study the MHC class I restricted CD8 T cell

esponse was not assessed. However, contrary to expec-
ations the antibody response to mZP3 was raised. This
as reflected by the fact that at 100 days post infection
00% of mice infected with rK181-UbZP3 remained mZP3
eropositive. This contrasts with 57% seropositivity in mice
nfected with the non-ubiquitin-tagged mZP3 expressing
irus (rK181-ZP3). This was seen with both IgG1 and IgG2a
sotypes. However, of those seropositive, the antibody titres
ere similar for rK181-ZP3 and rK181-UbZP3 infected
emale BALB/c mice. The low antibody levels seen in other
biquitin-tagged antigen studies could be due to the different
ystems used. Early studies using DNA vaccines postulated
hat the lack of an antibody response was due to rapid degra-

s
s
w
t

25 (2007) 698–708

ation of the antigen [29]. The levels of antigen expressed by
DNA vaccine compared to those produced by a virus are

ikely to be considerably less. This increased antigen expres-
ion may allow sufficient protein expression for both CTL
nd antibody responses. In addition, the use of a virus, rather
han a plasmid, to express the antigen is likely to stimulate

ore host immune response pathways.
The research reported here indicates that rK181-UbZP3

ay be more efficient than rK181-ZP3 in the induction
f reproductive sterility. However, as the rK181-ZP3 itself
nduces infertility at a rate approaching 100%, and in two
f five experiments did reach 100%, any increase in vaccine
fficacy is difficult to measure. Future studies will focus on
he CD8+ T cell responses to the ubiquitin-tagged mZP3 and
he potential for this vaccine to be used in inbred strains of

ice which are refractory to the induction of infertility by
K181-ZP3.

Both BMP15 and OGP when expressed by MCMV failed
o induce infertility in female mice. BMP15, otherwise known
s GDF9b, is a member of the transforming growth factor-�
TGF�) superfamily. BMP15 is expressed almost exclusively
n the oocyte and is first evident at the primary follicle stage,
xpression continues through to ovulation [25]. BMP15 has
range of functions that could be expected to affect female
ouse fertility (reviewed in ref. [26]). OGP is mostly asso-

iated with the zona pellucida or perivitelline space in mam-
alian oviductal oocytes and early cleavage stage embryos

27]. This suggests it may have a role in fertilisation or
arly embryonic development [27,47–49], making it a can-
idate for an immunocontraceptive vaccine. However, both
K181-BMP15 and rK181-OGP viruses failed to affect the
ertility of female mice. It is noteworthy that the protein anti-
en, mZP3, that sterilises mice in this system is essential for
emale mouse fertility [23,24]. In contrast, both BMP15 and
GP knockout mice remain fertile [50,51]. It should be noted
owever, that whilst mRNA for both BMP15 and OGP could
e detected in cells infected with rK181-BMP15 and rK181-
GP viruses, the translation of protein from these transcripts
as not assessed. Hence, it remains possible that rK181-
MP15 and rK181-OGP viruses failed to sterilise mice due to
lack of protein translation or due to low protein production.

Only rK181-AgB, of the polyepitope vaccines, affected
he breeding of female mice. Whilst this was seen only as

reduction in fertility, or sub-fertility, the effect was long
asting. These results have considerable importance for the
ltimate aim of these studies, which is to produce a fully
isseminating viral vectored immunocontraceptive that will
ontrol the fertility of wild mice in plague prone regions in
ustralia. The requirement for such a vaccine would be two-

old. The virus should sterilise or significantly reduce the
ertility of most mice and the effect must be species specific
32]. MCMV was selected as the vaccine vector for these

tudies as it is a natural pathogen of mice and is strictly species
pecific. However, the inclusion of a mouse specific antigen
ould enhance the safety of this approach. In this regard,

he individual epitopes used in each synthetic polyepitope
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ere chosen for their putative mouse or rodent specific nature
30,31]. Hence, this study has demonstrated that it is possi-
le to use a mouse specific virus to deliver mouse specific
pitopes and induce prolonged sub-fertility in recipient ani-
als. Further studies will focus on enhancing the efficacy of
gB, such as the inclusion of an ubiquitin tag, or other mouse

pecific polyepitopes.
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