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Abstract 
This thesis describes the production and characterisation of a recombinant 

immunocontraceptive vaccine that has been developed to control rapidly increasing 

mouse populations as a supplement to current mouse control strategies.  It was 

hypothesised that a live virus engineered to express a fertility antigen could be used 

to induce an immunocontraceptive response and would be naturally transmitted 

through the free-living population.  The recombinant vaccine was generated by the 

insertion of a gene expressing the murine ovarian glycoprotein, zona pellucida 3 

(ZP3), into the K181 strain of a mouse-specific betaherpesvirus, murine 

cytomegalovirus.  The resultant recombinant virus, designated rK181-mZP3, 

displayed normal growth kinetics in vitro but demonstrated significantly impaired 

replication in vivo.  Despite this, a single inoculation of 2x104 plaque forming units of 

rK181-mZP3 induced long-lasting infertility (>250 days) in BALB/c mice.  The 

efficacy of immunocontraception was dependent on the viral dose and the route of 

inoculation utilised.  Infected mice produced ZP3-specific antibodies that were 

detected bound to the follicular zona pellucida.  Ovarian-bound antibody was 

detected from 14 days post inoculation, and this timing correlated with the initiation 

of the immunocontraceptive effect in inoculated mice. Immunocontraception was 

complete in BALB/c mice by 21 days post inoculation.  Follicular damage was 

apparent from 7 days post inoculation and a significant reduction in mature follicles 

was detected by 21 days post inoculation.   By 100 days post inoculation the damage 

culminated in an overall reduction in follicles of all stages and an altered ovarian 

architecture.   

 

Alternatively, when rK181-mZP3 was inoculated in C57BL/6 or CBA inbred mouse 

strains, a 10-fold higher dose of virus was required to elicit significant infertility.  

Using congenic mouse strains, the impaired immunocontraceptive response of 

C57BL/6 mice was found to be associated with the presence of the Cmv1r resistance 

locus. This encodes Ly49H, an activation receptor found on natural killer cells that 

acts to control virus growth at early times post inoculation.  However, in CBA mice, 

the effect of the resistant H-2k haplotype on vaccine success was not obvious. An 

outbred mouse strain derived from Australian wild Mus domesticus demonstrated 

similar susceptibility to that observed in BALB/c mice.  These results suggested that 

the resistance mechanisms identified in the congenic mice were not necessarily 



 

 xx

relevant to the target population for which the immunocontraceptive vaccine was 

developed.   

 

The contribution of T cells to the immunocontraceptive response was explored and 

somewhat surprisingly was related to a diffuse ovarian inflammatory infiltrate that 

was detected at early times post inoculation.  Finally, the importance of antibody to 

the immunocontraceptive response was unequivocally confirmed.  Antibody-deficient 

mice maintained fertility after inoculation with the recombinant virus, and the passive 

transfer of ZP3-specific antibody significantly delayed the time between the addition 

of male mice and the birth of the first litter.  Therefore, antibody-mediated 

mechanisms play a vital role in virally vectored immunocontraception.
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1.1 Immunocontraception 
1.1.1 Vertebrate pest control  

The introduction of alien animal species into Australia has largely been disastrous.  

The house mouse (Mus musculus domesticus) and the black and brown rat (Rattus 

rattus and Rattus norvegicus) were probably inadvertently introduced in shipping 

cargo, possibly with the first fleet in 1788 (Watts 1991).  In the mid 1800s the red 

fox, (Vulpes vulpes), and the European rabbit, (Oryctolagus cuniculus), were released 

to provide sport and/or food.  The cat (Felis catus), the pig (Sus scrofa) and the goat 

(Capra hircus) are domestic escapees (McLeod 2004).  The cane toad (Bufo marinus) 

was introduced as a biological control agent for the sugar cane beetle in Northern 

Queensland in 1935, and has now spread across the Northern Territory and is rapidly 

advancing towards Western Australia (Catling et al. 1999; Sutherst et al. 1996).   

These diverse species have readily adapted to Australian environmental conditions 

and they have all formed secure populations despite ongoing efforts to control or 

eradicate them.    

 
Vertebrate pest control is the reduction and maintenance of pest animal populations at 

a level that is acceptable to agriculture and is ecologically responsible.   Population 

control is attempted by the use of toxic chemicals or by more physical methods such 

as trapping and shooting.  In some circumstances biological methods of control have 

been evaluated.  This review will discuss the control of the introduced vertebrate pest, 

the house mouse, Mus musculus domesticus (Mus domesticus).  

 
1.1.2 Impact of mouse plagues in Australia 

When climatic conditions are favourable and adequate food sources are available, 

Mus musculus populations within Australia can erupt.  A mouse plague is defined as 

a density of greater than 500 mice per hectare (Mutze 1991).  Mouse plagues are 

confined to Australia and the north west plateau of China (Singleton et al. 2005).  In 

Australia, mouse plagues are difficult to predict as data collected for one plague-

prone area do not accurately model the plague risk for another area (Singleton et al. 

2005).  Large numbers of mice invade farms during a mouse plague, spoiling crops 

and damaging farm equipment.  The invasion of mice into human dwellings causes 

significant physical and psychological trauma as household items are destroyed and 

the environment is fouled by mouse refuse (Caughley et al. 1994).  In 2004, mouse 
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plagues were estimated to cost Australia in excess of $35 million dollars per annum 

(McLeod 2004).  In addition to affecting agriculture, changes in mouse population 

density affect native fauna (Chapman 1981).  A population of Mus domesticus 

inadvertently released as a result of mining activity on Thevenard Island, situated off 

the coast of Western Australia, fluctuated dramatically over several years of density 

monitoring (Moro et al. 1999).  When poison-baited with stations placed every 10m, 

an 83% decline in Mus domesticus numbers corresponded with an increase in 

abundance of the only mammal endemic to Thevenard Island, the short-tailed mouse, 

Leggadina lakedownensis (Moro 2001).  This research illustrated both the burden of 

unchecked mouse populations on indigenous fauna and the practical difficulties in 

controlling Mus domesticus populations, as baiting is both labour intensive and 

expensive  (estimated cost Aus$1000 per hectare).   

 

1.1.3 Conventional population control strategies 

Strategies that are used to control mouse populations are generally non-specific.  

Strychnine, a non-specific poison, was used to control a severe mouse plague in south 

eastern Australia in 1993 (Mutze 1998). Strychnine successfully reduced mouse 

numbers within growing crops but was less successful as perimeter bait.  Additionally 

the risk to non target species was high (Brown and Lundie-Jenkins 1999).  The use of 

strychnine by Australian grain farmers is now completely prohibited due to trade 

restrictions that target the risk of inadvertent strychnine contamination of grain for 

export (Walsh et al. 2005).  Baiting with zinc phosphide is currently approved for the 

in-crop control of mouse populations (Brown et al. 2002). Bromadialone, an 

anticoagulant, is currently approved for use in perimeter baiting around sheds and 

feed grain storage facilities.  The cost of such protection is prohibitive and the risk of 

toxicity to species that predate on mice such as raptors and kookaburras is relatively 

high (Twigg et al. 1991; Brown and Singleton Grant 1998).   

 

Given the paucity of approved chemical treatments, the Grain industry in 

collaboration with CSIRO and various Australian universities investigated other 

methods of mouse population control.  As will be discussed later, the development of 

a live viral vaccine that induces an immunocontraceptive response in mice is the 

major focus of this thesis. 
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1.1.4 Immunocontraception   

Immunocontraception is the control of fertility by the initiation of an autoimmune 

response to a reproductive protein.  The consequence of this targeted autoimmunity is 

a reduction or cessation in fertility.  The protein antigen is usually inoculated with an 

adjuvant.  This strategy has successfully reduced the fertility of a wide range of 

mammalian species.  Generally, the formation of antibodies that are specific for the 

inoculated antigen and the subsequent obstruction of fertilization are credited for 

reducing fertility (Shivers et al. 1972; O'Rand and Lea 1997; Barber and Fayrer-

Hosken 2000).  Contraception is usually transient, and the resumption of fertility 

corresponds with antibody titres dropping below a critical threshold (Tung et al. 

1996; Miller et al. 2000; Primakoff et al. 1997; Garrott et al. 1998; Talwar et al. 1994; 

Liu et al. 1989).  

 

Early experiments utilized antigens that were extracted from ovarian or sperm 

components. However, there were practical difficulties with the extraction of 

sufficient pure antigen from natural sources (O'Rand and Lea 1997).  Recombinant 

proteins generated by bacterial or viral expression systems can be routinely and 

reproducibly extracted. However, the effectiveness of such proteins as 

immunocontraceptive antigens is not consistent (Walter et al. 2002; Miller et al. 

2000; Martinez and Harris 2000; Hardy et al. 2004; Hardy et al. 2003).  The variation 

in efficacy has been attributed to alterations in post-translational glycosylation (Hardy 

et al. 2003; Hardy et al. 2004) 

 

1.1.5 The process of fertilization 

Ovulation is a hormonally regulated process (Albertini et al. 2001).  In mice, 

ovulation results in the liberation of a cohort of meiotically mature oocytes (a single, 

dominant oocyte is produced in humans) that are surrounded by a mass of cumulus 

cells that are remnants of the ruptured follicle.  Fertilization involves the attachment 

and incorporation of a single sperm into an individual oocyte to provide a full 

chromosomal complement that will enable embryonic development to proceed 

(Figure 1.1A (Wassarman, 1999).  The sperm and oocyte receptors that mediate 

gamete binding have been the focus of much research as they are obvious 

immunocontraceptive antigenic targets. 
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The ovulated oocyte is surrounded by the zona pellucida (ZP).  In mice, the ZP is 

comprised of three highly glycosylated glycoproteins, zona pellucida 1 (ZP1), zona 

pellucida 2 (ZP2) and zona pellucida 3 (ZP3, Wassarman 1988).  The ZP component 

glycoproteins vary in different mammalian species, and this is discussed further in 

Chapter 1.3.3.  In the mouse, alternating units of ZP2 and ZP3 form long filaments 

that are cross linked and stabilised by the ZP1 glycoprotein dimers (Wassarman et al. 

2004), Figure 1.1B).  The ZP3 glycoprotein is the primary sperm receptor (Bleil and 

Wassarman 1980; Bleil and Wassarman 1986). However, it has proven difficult to 

identify the reciprocal receptor on the sperm surface that initiates binding with ZP3 

(Foster et al. 1997).  

 

Sperm undergo a biochemical and physical maturation process known as capacitation 

in the genital tract prior to ZP binding (Hunter and Rodriguez-Martinez 2004).  This 

conformational change may expose a ZP-binding receptor complex (Asquith et al. 

2004).  Capacitated sperm loosely adhere to the ZP3 and then bind tightly to the ZP2 

glycoprotein (Takasaki et al. 1999).  This binding induces the acrosome reaction in 

sperm in which the outer acrosomal membrane fuses to the sperm plasma membrane.  

The fused membranes retract and expose the inner acrosomal membrane enhancing 

binding to the ZP while the acrosomal contents digest a channel through which a 

sperm can pass (Wassarman 1999). The sperm enters the perivitelline space (between 

the zona pellucida layer and the oocyte) and finally the acrosomal membrane fuses 

with plasmalemma of the oocyte.  After fusion, the cortical granules present in the 

oocyte rupture onto its surface.   The granule contents induce proteolytic cleavage of 

the ZP2 glycoprotein that prevents other sperm from penetrating the oocyte 

(Hoodbhoy and Dean 2004).    

 

The ZP acts as a protective coat around the developing conceptus until the embryo 

“hatches” immediately prior to implantation in the uterus (Sinowatz et al. 2001; 

Herrler and Beier 2000).                   
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1.1.6 Fertility antigens suitable for immunocontraception 

Many proteins and immunogenic peptides associated with reproduction have been 

evaluated for their efficacy as immunocontraceptive antigens and a brief discussion 

of these follows. 

 

Oocyte

Figure 1.1 The process of fertilization and the 
structure of the zona pellucida.   
1A. Capacitated sperm bind to the zona pellucida and 

are induced to undergo the acrosome reaction.  Sperm 

penetrate the ZP layer and enter the perivitelline space. 

The cortical granule contents are released and this 

leads to a conformational change to the zona pellucida 

that renders the oocyte inpenetrable to binding with 

other sperm.  

1B. The predicted structural function of the ZP showing 

alternating subunits of ZP2 and ZP3 that are cross-

linked by ZP1 dimers. From (Wassarman et al. 2004) 

Binding 

Modified from (Takasaki 
et al. 1999) 

1B 
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1.1.6.1 Egg antigens 

The inoculation of murine ovary homogenates into mice resulted in a reduction in 

pregnancies and litter sizes. This was attributed to a failure in fertilization because of 

alterations in zona pellucida (Tsunoda and Chang 1976).   Whole porcine zona 

pellucida extract was used to successfully reduce the fertility of many different 

mammalian species including elephants (Fayrer-Hosken et al. 2000; Fayrer-Hosken et 

al. 1999), dogs (Mahi-Brown et al. 1985), horses (Kirkpatrick et al. 1991), elk 

(Garrott et al. 1998), sheep (Stoops et al. 2006), bears and sea lions (Frank et al. 

2005) and white tailed deer (Miller et al. 2000).  Porcine ZP is obviously extremely 

cross-reactive with the ZP of several other mammalian species and accordingly, can 

overcome the immunological tolerance of these animals to their native ZP.   

 

However, porcine ZP is not an effective immunocontraceptive antigen in all 

mammalian species.  Porcine ZP plus adjuvant was ineffective as an 

immunocontraceptive agent in domestic cats (Jewgenow et al. 2000; Gorman et al. 

2002) and zoo-based large cats (Harrenstien et al. 2004), despite evidence of cross-

reactivity between anti-porcine ZP antibodies and cat ZP in fixed ovarian sections 

(Barber et al. 2001).  The ability of porcine ZP to induce infertility in mice is unclear, 

with contrasting results being published (Li et al. 2002; Sacco et al. 1981; Sacco et al. 

1981).   

 

Successful immunocontraception induced by the inoculation of ovarian antigens is 

often accompanied by ovarian tissue damage.  Ovarian damage can be associated 

with alterations in hormone levels and may disrupt the normal breeding behaviour of 

some animals.  Disrupted mating was demonstrated in rabbits that were surgically 

sterilised.  Females with hormonal imbalances were rejected by fertile males, in 

favour of unsterilized female control rabbits.  This preference virtually abrogated 

effective immunocontraception (Twigg and Williams 1999).   

 

In mice however, alterations in hormone levels did not appear to change mating 

behaviour.  Mice were surgically sterilised by tubal ligation (ovaries were still intact, 

so hormone levels were normal) or by ovariectomy (ovaries were removed hence 

hormone levels were abnormal).                                           
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 A field experiment with these mice demonstrated that ovariectomy did not lead to an 

increase in compensatory breeding (Chambers et al. 1999).  This suggested an 

immunocontraceptive antigen that impaired ovarian function may be acceptable in 

mice.   

 
1.1.6.2 Sperm antigens 

The presence of antibodies against sperm and their contribution to unsuccessful 

fertilization in humans has long been recognised (Shulman et al. 1975).  In 

retrospective investigation of human in vitro fertilization programs, failure was often 

related to abnormalities in sperm-ZP interactions (Barratt and Publicover 2001). In 

clinically infertile humans (both male and female), the incidence of anti-sperm 

antibodies contributing to infertility ranged from 9-36% depending on the reporting 

centre (Naz 2004).    This indicates that a sperm antigen may be a successful 

immunocontraceptive antigen.  However, inconsistent results have made the 

development of a reliable sperm antigen extremely difficult.  This is probably related 

to the considerable changes to the surface antigens that occur during capacitation and 

the acrosome reaction (Figure 1.1A,). 

 

Mouse sperm protein 56 (sp56) was originally identified as a candidate sperm 

receptor for ZP3 (Bleil and Wassarman 1990).  Five inoculations of recombinant 

sp56 in adjuvant were required to reduce mouse fertility (Hardy and Mobbs 1999).  

This suggests that sp56 requires a substantial antigenic load for immunocontraception 

to be successful, reducing the potential utility of this antigen.  Additionally, sp56 has 

been localized in mature mouse sperm within the acrosome, situated below the 

plasma membrane (Foster et al. 1997).  This suggests that sp56 is unlikely to have a 

primary receptor function; however it may be of significance once the acrosomal 

reaction has occurred. 

 

 The hyaluronidase activity of another sperm antigen, PH-20, is thought to facilitate 

the progress of sperm through the layer of cumulus cells surrounding the ovulated 

egg (Tung et al. 1997).  Native PH20 induces a reversible infertility in guinea pigs 

(Primakoff et al. 1997; Primakoff et al. 1988).  However recombinant PH-20 was 

ineffective as an immunocontraceptive antigen in rabbits (Pomering et al. 2002) and 

mice (Hardy et al. 2004).  Additionally, mice with a disruptive mutation of the PH-20 

gene were fully fertile, suggesting that other hyaluronidases may compensate for the 
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loss of PH-20 (Baba et al. 2002).  Other antigens with hyaluronidase activity are 

being investigated (Kim et al. 2005).  

 

Currently, various sperm antigens are being investigated for their potential as human 

immunocontraceptives.  A conformational 40 amino acid peptide of the sperm surface 

antigen, lactate dehydrogenase C4 isoenzyme, reduced the fertility of mice, rabbits 

and baboons (Kaumaya et al. 1992) but was unable to induce contraception in 

Cynmolgus macaques (Tollner et al. 2002). Newly recognised sperm-specific 

proteins such as testis-specific antigen-1 and fertilization antigen-1 have been isolated 

by screening cDNA libraries constructed from human and mouse testis respectively 

and have shown promise as immunocontraceptive antigens (Trivedi and Naz 2002; 

Naz and Zhu 1998; Zhu and Naz 1997).  Antibodies to fertilization antigen-1 are 

naturally present in a percentage of infertile males with anti-sperm antibodies and this 

antigen may be useful as a tool for the diagnosis of infertility (Naz 2002). 

 

1.1.6.3 Reproductive hormones 

One of the most successful antigens to be evaluated for incorporation into an 

immunocontraceptive vaccine for humans use is chorionic gonadotrophin (Talwar et 

al. 1994; Aitken 2002).  Human chorionic gonadotrophin (hCG) is produced by the 

peri-implantation embryo and plays a critical role in the establishment and 

maintenance of early pregnancy.  Antibodies specific for hCG neutralise the natural 

hormone leading to pregnancy failure (Talwar et al. 1994).  Although clinical trials 

established that the β-subunit of human chorionic gonadotrophin linked with various 

immunogens was successful as an immunocontraceptive vaccine in preventing 

pregnancy, a small number of vaccine recipients failed to mount a protective antibody 

response (Gupta et al. 2001; Mandokhot et al. 2000).  Additionally, the epitopes 

recognised by the majority of hCG-specific antibodies cross-react with luteinizing 

hormone epitopes, and may eventually lead to aberrant menstrual cycles in vaccine 

recipients (Gadkari et al. 2005). 
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Gonadotrophin releasing hormone (GnRH) is produced by the hypothalamus and is 

responsible for the release of follicle stimulating hormone and luteinising hormone 

from the pituitary gland.  The 10 amino acid GnRH peptide coupled to keyhole 

limpet haemocyanin induced infertility in Rattus norvegicus by binding circulating 

GnRH, halting disrupting hormone production and inducing gonadal atrophy. No 

gross behavioural changes were noted (Miller et al. 1997).  GnRH based vaccines 

have also successfully been tested in cats (Robbins et al. 2004) horses (Turkstra et al. 

2005), and exotic carnivores (Jewgenow et al. 2006). 

 

Other hormones, such as oestradiol (a major form of oestrogen) and luteinizing 

hormone releasing hormone, a peptide hormone that initiates a cascade of endocrine 

events important for successful reproduction, have also been investigated for their 

effects on fertility with some success (Middleton et al. 2003; Ghosh and Jackson 

1999; Ulker et al. 2005).  However, oestradiol implants were blamed for aberrant 

behaviour in immunized female elephants (Fayrer-Hosken et al. 2000). 

 

1.1.7 Virally vectored immunocontraception  

Protein-in-adjuvant based vaccine regimes require several vaccinations to stimulate 

sufficient acquired immunity to generate a contraceptive effect.  Furthermore, an 

annual vaccination is required to maintain infertility (Kirkpatrick et al. 1991).  This 

approach is labour intensive when dealing with large mammals but presents 

substantial practical difficulties when attempting to control populations of small 

mammals that are widely dispersed.  For this reason the novel strategy of using a 

disseminating viral vector to deliver a fertility antigen was considered (Tyndale-

Biscoe 1991). 

 

Virally vectored immunocontraception is the delivery of an immunocontraceptive 

antigen to a free-living population by a recombinant virus.  A recombinant virus 

expressing a fertility-related protein has the potential to efficiently induce strong cell-

mediated and humoral immunity, because infected cells will process both viral 

peptides and epitopes from the incorporated protein (Ramsay et al. 1999).  Other 

sequelae arising from the host-virus interaction such as the induction of 

immunomodulatory cytokines and chemokines may also be an advantage in inducing 

an effective immunocontraceptive response (Suhrbier 1997). 
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  There are a number of properties that are essential for a successful viral vector in 

both a practical and regulatory sense.   These include species-specificity, presence in 

indigenous Australian pest populations (to avoid the additional regulatory difficulties 

involved with releasing a foreign infectious agent), the ability to re-infect or co-infect 

a single host species, and genomic stability to reduce the possibility of gene deletion 

and of adventitious recombination with other viruses that may enable the species 

barrier to be breached.   

 

Mousepox (ectromelia virus), mouse adenovirus, mouse rotavirus, mouse hepatitis 

virus and murine cytomegalovirus (MCMV) have all been considered as potential 

immunocontraceptive vectors (Moffatt et al. 2000; Jackson et al. 1998; Shellam 

1994).  The specific properties of each virus result in fundamental advantages and 

disadvantages (Table 1.1). 

 
Table 1.1: Properties of pathogens common to wild-caught mice in Australia. 

Infectious Agent 
(Family) 

Type of 
Infection 

Species 
Specificity 

Ability to 
express 
Foreign 
Genes 

Endemic in 
Australia 

Mode of 
Trans- 

mission 
 

MCMV 
(Herpesviridae) 

Usually not 
lethal Yes Yes Yes 

Sexual, close 
contact 

(grooming) 
Ectromelia 

(Poxviridae) Lethal No Yes No Fecal/ 
Oral 

Mouse hepatitis 
virus 

(Coronaviridae) 

Usually not 
lethal Yes Unknown Yes Fecal/ 

Oral 

Mouse Rotavirus 
(Reoviridae) 

Usually not 
lethal Unknown Unknown Yes Fecal/ 

Oral 
Mouse Adenovirus 

(Adenoiridae) 
Lethal to 
C57BL/6 No Yes Yes Fecal/ 

Oral 
 

Data modified from (Shellam 1994; Nguyen et al. 1999; Shanley and Wu 2005). 

 

MCMV best fulfils the required characteristics of a recombinant viral vector and was 

therefore utilised in the manufacture of an immunocontraceptive virus.  Chapter 1.2 

will describe the infection and immunological activity of MCMV. 
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1.2. Murine cytomegalovirus (MCMV) 

1.2.1 Classification 

MCMV is a member of the Betaherpesvirinae subfamily of the family Herpesviridae 

and is a member of the genus Muromegalovirus.   Murine cytomegalovirus is also 

known as Murid herpesvirus 1 (Roizman and Pellett 2001). The Herpesviridae are 

distinguished by their large genomes and the ability to establish latency and to 

reactivate during episodes of immunosuppression (Mocarski and Courcelle 2001).  

The cytomegaloviruses are named for lesions containing large, rounded, 

“cytomegalic” cells observed in infected tissues.  Cytomegaloviruses are 

distinguished phenotypically from other Herpesviridae by their salivary gland 

tropism, species-specificity and relatively slow growth in permissive cells (Mocarski 

and Courcelle 2001).  Cytomegaloviruses have been isolated from animals as 

divergent as rats (Bruggeman et al. 1982; Beisser et al. 1998), pigs (Yoon et al. 1996) 

and baboons (Michaels et al. 2001).  There is evidence that these viruses have co-

evolved with their mammalian hosts, a factor that may contribute to their species-

specificity (McGeoch et al. 1995).   

 

Primary human cytomegalovirus (HCMV) infection and reactivation from latency in 

immunocompromised individuals such as transplant recipients, patients with acquired 

immunodeficiency syndrome, fetuses in utero and neonates causes considerable 

morbidity and mortality (Sissons and Carmichael 2002; Sia and Patel 2000; Revello 

and Gerna 2004).  The establishment of relevant in vivo models for the study of 

human disease has been hampered by the species specificity exhibited by HCMV.  

For this reason, MCMV infection of mice has been developed as a mouse model for 

HCMV-related human disease.  The tissue tropism and growth characteristics of both 

viruses are similar, although MCMV does not readily cross the placenta and affect 

fetal development (Chantler et al. 1979; Fitzgerald and Shellam 1991).   Both MCMV 

and HCMV exhibit latency and reactivation following immunosuppression 

(Reddehase et al. 2002) and have a degree of sequence similarity and proposed and 

functional gene homologs (Rawlinson et al. 1996).  

1.2.2 Virion structure 

MCMV is a large double stranded DNA virus with a genome of 230,278 base pairs 

and more than 175 predicted genes (Rawlinson et al. 1996; Kattenhorn et al. 2004).  
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The Smith strain of MCMV has been completely sequenced (Rawlinson et al. 1996).  

The genome consists of one unique region with short direct repeats at both termini 

(Ebeling et al. 1983).  The MCMV virion has a diameter of around 200 nm, and can 

be readily observed in infected tissues by electron microscopy (Mercer et al. 1988; 

Baskar et al. 1983; Baskar and Huang 1981).  The linear DNA genome is enclosed in 

an icosahedral nucleocapsid comprised of 162 capsomeres, and this is surrounded by 

a proteinaceous tegument (Figure 1.2).   

 

The tegument is enclosed by a lipid bilayer envelope derived from host cell lipids, 

from which virally encoded glycoproteins protrude.  The glycoproteins are active in 

viral attachment, entry, membrane fusion, cell-to-cell spread, and the release of 

mature virions from the infected cell. 
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1.2.3 Viral replication 

MCMV has three categories of temporally regulated genes that are named according 

to the time of expression: immediate early (IE), delayed early (E) and late genes.  The 

genes operate in a cascade; the immediate early gene products induce early gene 

expression, early gene products induce late gene expression. Late gene expression 

occurs after viral DNA replication has begun.  A description of the IE genes (Chapter 

1.2.3.1) is followed by a general description of MCMV genes with assigned functions 

(Chapter 1.2.3.2) 

 

Double stranded 

DNA genome 

D≈100 nm 

D=200nm 

Tegument 

Lipid bilayer 

envelope 

Glycoprotein 

surface projections 

Figure 1.2: Murine cytomegalovirus virion. The double stranded linear genome is 

enclosed in an icosahedral nucleocapsid, surrounded by a proteinaceous tegument and is 

encased inside a lipid bilayer envelope from which virally encoded glycoproteins protrude.  

MCMV is approximately 200 nm in diameter. 

Icosahedral 

nucleocapsid 
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1.2.3.1 MCMV immediate early (IE) region 

Upon cellular entry, viral DNA enters the nucleus through the nuclear pores.  The 

replication proteins DNA polymerase (M54) and polymerase accessory protein (M44) 

are associated with the virion ensuring that both the translation of immediate-early 

gene products and DNA copying can begin immediately post-viral entry (Kattenhorn 

et al. 2004).  Host repressive proteins such as histone deacetylase-2, Daxx and 

promyelocytic leukemia protein are inactivated by IE1 (Tang and Maul 2003).  Viral 

gene transcription utilises the host nuclear RNA polymerase II.   

 

Transcription of the IE genes is regulated by a complex viral regulatory sequence, the 

major IE enhancer (Dorsch-Hasler et al. 1985).  The five exons of the major 

immediate-early transcription unit are encoded downstream of the enhancer promoter.  

Exons 1-4 are spliced and generate the ie1 transcript that encodes an 89 kDa non-

structural phosphoprotein (pp89), the most abundantly expressed immediate early 

protein.  Exons 1-3 are differentially spliced to exon 5 to generate the ie3 transcript 

encoding the 88 kDa IE3 protein (Keil et al. 1987). Transcription of the ie2 gene is 

also under the control of the enhancer but it possesses its own promoter and is 

transcribed in the opposite direction to ie1/3 (Keil et al. 1987).  

 

The effect of the absence of individual immediate early genes on viral growth varies 

greatly.  IE1 is required for optimal viral growth in vitro and in vivo, however, the 

virus is still able to replicate to some extent in the absence of IE1 (Ghazal et al. 

2005).  MCMV ie2 deletion mutants have completely normal in vivo growth kinetics 

(Cardin et al. 1995; van Dommelen 2000).  In contrast, MCMV ie3 deletion mutants 

are completely replication defective (Angulo et al. 2000).  The absence of the 

enhancer also substantially reduces the pathogenicity of MCMV (Ghazal et al. 2003; 

Angulo et al. 1998).  Mice with Severe Combined Immunodeficieny (SCID) that lack 

B and T lymphocytes succumb to intact MCMV, but survived infection with an 

enhancer-less virus.  Restoration of the enhancer restored the lethal phenotype in 

these mice (Ghazal et al. 2003).  

 

 The products of IE1 and IE3 both transactivate early gene expression, initiating the 

gene cascade (Angulo et al. 2000). Interestingly, the IE3 protein can also repress 

immediate-early gene transcription (Messerle et al. 1992).  



Chapter 1 – Literature Review 

  16

 This repressor activity is regulated by splice proteins from the M112/113 

transcription unit that bind to IE3 and enable IE1 expression to continue and 

complete virus replication to occur (Tang et al. 2005).   

 

1.2.3.2 Gene function 

The sequencing of the entire genome of the MCMV Smith strain has allowed 

potential open reading frames to be identified (Rawlinson et al. 1996).  Comparison 

with both human cytomegalovirus and rat cytomegalovirus sequences has helped to 

predict the function of many MCMV genes (Rawlinson et al. 1996; Vink et al. 2000).  

Open reading frames with an HCMV homologue are designated with a capital “M”, 

and those with no known HCMV homologue are designated with a lower case “m” 

(Rawlinson et al. 1996). 

 

Genes encoding structural elements of the virion have been characterised.  Matrix 

phosphoproteins pp71 (M82) and pp105 (M83) (Cranmer et al. 1996; Zhan et al. 

2000), various tegument proteins (M25, M47, M48, M51, M94, possibly M99 (Wu et 

al. 1999; Kattenhorn et al. 2004) and membrane glycoproteins (m158-m167 and 

membrane glycoprotein family m145 members m145, m146, m150-m153, m155, 

m157, m158 (Rawlinson et al. 1996) have been identified by protein analysis and 

recognition by various MCMV-specific antibodies.  Some glycoproteins are 

conserved between different members of the betaherpesviridae, and in MCMV, these 

are encoded by M55 (glycoprotein B (Xu et al. 1996), M75 (glycoprotein H (Xu et al. 

1992), M100 (glycoprotein M (Scalzo et al. 1995) and M115 (glycoprotein L (Xu et 

al. 1994).   

   

The construction of MCMV genetic mutants has contributed to the understanding of 

individual gene function.  Mutation of the MCMV genome has resulted from 

spontaneous mutation during manipulation (eg sgg1 mutation during homologous 

recombination, m132 exon 2, m133 exon 1 and m135 (Lagenaur et al. 1994), targeted 

gene deletion by reporter gene insertion (Davis-Poynter et al. 1997; Fleming et al. 

1999; Oliveira and Shank 2001) or by gene inactivation by transposon insertion 

(Zhan et al. 2000; Lee et al. 2002). Using in vitro and in vivo growth kinetics, genes 

that are essential for viral replication can be defined.  
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 Some genes that control elements of virus entry, replication and egress are essential 

for virus growth.   The immediate early-3 gene (M112 exon 5, m123 exon 3 and exon 

2) that induces the early and late gene cascade and M50 that encodes p35, part of the 

nuclear egress complex (Bubeck et al. 2004) are both essential genes.  Virulence 

factors M27 (Abenes et al. 2001), M35 (Tam et al. 2003) and possibly M37 (Lee et 

al. 2000), M87 (Zhan et al. 2000), m155 (Abenes et al. 2004) and m166 (Zhu et al. 

2003) have been identified by reduced in vivo growth kinetics or improved outcomes 

for immunologically-deficient mice.  Other genes such as m09 and ie2 have been 

shown to have no effect on the in vivo growth kinetics of mutant viruses (Zhan et al. 

2000; Cardin et al. 1995). 

 

MCMV has many genes that contribute to subversion of the host immune system.  

m06 and m152 (gp48 and gp 40 respectively) downregulate the major 

histocompatability complex (MHC) class I restricted expression of viral peptides at 

early times post infection, protecting infected cells from lysis by cytotoxic 

lymphocytes (Reusch et al. 1999; Ziegler et al. 2000).  m04 (gp 34) was also thought 

to contribute to MCMV defence by complexing with surface MHC class I to prevent 

expression of MCMV epitopes (Kavanagh et al. 2001).  However, recently it has been 

suggested that m04 may enhance antigen expression in some circumstances 

(Holtappels et al. 2006).  An m131/129 spliced chemokine receptor homolog subverts 

the early inflammatory response to primary MCMV infection (Fleming et al. 1999; 

Saederup et al. 2001).  G-protein-coupled receptor homologues M33 and M78 have 

also been described (reviewed in (van Cleef et al. 2006).  In macrophage cultures, 

reduced growth kinetics were associated with deletions in m139, m140 and m141 

(Menard et al. 2003; Karabekian et al. 2005). M36 (Menard et al. 2003) and m41 

(Brune et al. 2003) are thought to restrict apoptosis in macrophages thus optimising 

the survival of MCMV in these cells. 

 

The recognition and lysis of virus-infected cells by Natural Killer (NK) cells is 

important for innate immune defence from virus infection.  m144 encodes a MHC 

Class I homologue (Farrell et al. 1997; Cretney et al. 1999) and may act as a decoy to 

reduce NK cell killing of virally infected cells (Chapman and Bjorkman 1998).  m145 

downregulates the surface expression of an NKG2D NK cell activation receptor, 

MULT-1 thus reducing NK cell activation (Krmpotic et al. 2005).   
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A glycoprotein encoded by m157 interacts with the NK cell activating receptor, 

Ly49H, in mouse strains possessing the Cmv1r allele (Bubic et al. 2004).  This NK-

cell mediated mechanism of MCMV resistance is discussed further in Chapter 

1.2.4.1.2.  

 

1.2.3.3 Host range  

The species-specific nature of MCMV means that productive in vitro growth is 

generally restricted to mouse-derived cells.  The cells that are most commonly used 

for MCMV propagation are mouse embryo fibroblasts (primary cell culture) and 

transformed embryo fibroblasts such as NIH-3T3 cells.  MCMV also replicates on 

murine bone marrow stromal cells (M210B4,(Lutarewych et al. 1997) and 

transformed murine peritoneal macrophages (Oliveira and Shank 2001).   

 

Cell lines derived from other animals have also been shown to support viable virus 

growth.  MCMV replication was detected on primary rabbit kidney and baby hamster 

kidney cells, with the characteristic cytopathic effect.  No growth was seen in cells 

with a human origin (Kim and Carp 1971). More recent work demonstrated normal 

replication of a recombinant MCMV on rat embryo fibroblasts, albeit with reduced 

cell to cell spread (Smith et al. 2005).  Additionally, MCMV-induced pathology and 

mortality was demonstrated in juvenile rats (1 day old – 6 weeks old) but not in older 

rats that were inoculated with a high titre of salivary gland virus (Smith et al. 1986).   

 

The inoculation of salivary gland-derived MCMV in adult Leggadina lakedownensis 

resulted in a single plaque being recovered from one of three spleens taken three days 

post-inoculation (Moro et al. 1999).  This was attributed to residual inoculum.  Serum 

from wild-caught Leggadina did not contain antibodies to MCMV even though high 

antibody titres were detected from serum obtained from Mus domesticus trapped on 

Thevenard Island (Moro et al. 1999).  This suggests that transmission of this Mus-

specific virus did not occur naturally.  MCMV antibodies were detected in the serum 

from wild grey squirrels in Wales (Greenwood and Sanchez 2002).   However, 

serological studies alone are not appropriate to determine the presence of MCMV in 

other species.  It is possible that a native squirrel CMV was present in these animals, 

and the antibodies tested were merely cross-reactive to structural glycoproteins 

conserved between members of the betaherpesviridae (Chapter 1.2.3.2).   
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 The fact that IE gene transcription commences shortly after virion entry suggests that 

where abortive infection occurs, transgenes incorporated into the IE region may 

produce an immunogenic gene product inducing an immune response.  A 

recombinant MCMV expressing enhanced green fluorescent protein (EGFP) 

abortively infected human monocyte derived dendritic cells.  Replication was limited 

to the IE compartment, transgene expression was pronounced and no viral particles 

were seen by electron microscopy (Wang et al. 2003).  MCMV expressing EGFP was 

also used to infect brain slices or cell cultures from 11 different animal species. 

Reporter gene expression was seen in the brain slices of mammalian species (mouse, 

human, rat, hamster, gerbil), turtle and chicken and no reporter gene expression was 

seen in frog cells, aplysia (sea slug) cells, drosophila culture or fungal cells.  

 

 The formation of syncytia or giant cells in non-target species suggests that some 

tissue damage occurs in the absence of complete viral replication and may be related 

to transgene expression (Van Den Pol et al. 2000). 
 

1.2.4 In vivo growth kinetics of MCMV 

The most common route of experimental infection with MCMV is via intraperitoneal 

inoculation.  Phagocytic peritoneal exudate cells, residing in or attracted to the 

peritoneal cavity, engulf MCMV virions (Pollock et al. 1997).  These cells return to 

the circulation to disseminate MCMV infection to the liver and spleen (Hanson et al. 

1999; Stoddart et al. 1994).   MCMV grows in the endothelial cells and the 

sinusoidal-lining cells within the red pulp of the spleen (Mercer et al. 1988), and can 

induce severe splenic necrosis in some mouse strains (Mims and Gould 1978).  NK 

cells are activated in the liver by the chemokine macrophage inflammatory protein 1-

alpha, and foci of inflammation are formed (Salazar-Mather et al. 1998).  The 

inflammatory foci are essential for the effective delivery of innate immunity (Salazar-

Mather and Hokeness 2003).   

 

A secondary viremia occurs at 5-7 days post infection at which time the salivary 

gland is infected (Collins et al. 1994).  The cytoplasmic vacuoles within serous acinar 

epithelial cells are filled with single capsid virions (Mims and Gould 1978).  

Individual vacuoles have been estimated to contain 1000 virions, equating to a titre of 

104 virions per cell (Lagenaur et al. 1994; Jonjic et al. 1989).                  

Accordingly, MCMV stocks generated by serial salivary gland passage are high titre 
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and very pathogenic.  The salivary gland titre peaks at approximately 15-17 days 

post-inoculation and viral replication has been detected at 12-26 months post 

infection by plaque assay (Mims and Gould 1978).   

 

Altering the route of inoculation has enabled specific HCMV-induced human disease 

to be modelled.  Brain injury is a severe consequence of neonatal HCMV disease 

(Revello and Gerna 2004), and this can be modelled by inoculating MCMV intra-

cerebrally into neonatal mice.  Glia and neurons support viral growth in vivo (van 

Den Pol et al. 1999) and the resulting impairment of synaptic plasticity may lead to a 

functional disturbances resulting in cognitive loss.  Infected neurons appear to be 

more resistant to cell death (Kosugi et al. 2005). 

 

HCMV-induced pneumonia is a severe complication for solid organ and bone 

marrow transplant recipients, particularly for those experiencing primary HCMV 

infection post-transplantation whilst undergoing immunosuppressive therapy (Sia and 

Patel 2000).  The inoculation of immunocompetent mice via the intranasal route 

induces viral replication in lung tissue but does not generally cause overt disease.   

However, pneumonitis can be induced by immunosuppression with 

cyclophosphamide (Shanley and Pesanti 1985), or total-body gamma-irradiation 

(Reddehase et al. 1985).  T cell deficient athymic nude mice have also been used as a 

model for CMV-induced pneumonia (Shanley et al. 1997).  These mouse models 

have demonstrated that mortality is reduced by controlling virus growth with antiviral 

drugs or passively transferred MCMV-specific antibody.   

 

MCMV has also been used to study less obvious manifestations of HCMV disease 

such as the formation of atherosclerotic plaques (Hsich et al. 2001; Vliegen et al. 

2004) and the induction of immune-mediated extrahepatic bile duct disorders (Hsu et 

al. 2001).  The chronic infection of the salivary glands with MCMV has been used to 

model Sjögren’s syndrome, an autoimmune disease of humans in which chronic 

inflammation of the salivary glands can lead to tissue destruction (Fleck et al. 2001; 

Ohyama et al. 2006). 
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1.2.5 Immune responses to MCMV 

1.2.5.1 Innate immune response 

Innate immunity provides the first line of defence against MCMV and is generated by 

natural killer cells and scavenger cells such as macrophages and neutrophils.  In 

addition, genetic resistance to MCMV that is mediated by major histocompatibility 

complex-related mechanisms contributes to the innate immune response in some 

mouse strains. 

1.2.5.1.1 H-2 linked resistance to MCMV 

The major histocompatibility complex (MHC) is comprised of a tightly linked cluster 

of genes that encode two classes of proteins that present peptides to the immune 

system.  MHC Class I proteins are found on most nucleated cells and present peptides 

derived from endogenous sources; e.g. viral peptides presented after virus infection of 

the cell to CD8+ T cells.  MHC Class II proteins are present on professional antigen 

presenting cells (APC) and present peptides derived from exogenous sources to CD4+ 

T cells.  In outbred populations, MHC haplotypes reassort during gametogenesis 

resulting in considerable heterogeneity within an outbred population.  In mice the 

MHC is defined by the H-2 haplotype.   The generation of inbred mouse strains and 

H-2 congenic mice has enabled MHC haplotypes to be carefully defined (Klein et al. 

1983).  

 

 Susceptibility to the lethal effects of MCMV is generally attributed to the H-2a and 

H-2d haplotypes.  The H-2k and H-2b haplotypes confer resistance to MCMV (Table 

1.2, (Chalmer et al. 1977; Grundy et al. 1981; Allan and Shellam 1984). The 

susceptibility of congenic mice to MCMV is clearly mediated by the MHC haplotype.  

For example, BALB/c mice (H-2d) have a relative LD50 of 1.  When the H-2 

haplotype of BALB/c mice is changed to H-2k (BALB.K mice), the relative LD50 is 

increased to 10.  Conversely, the relative LD50 of B10.BR (H-2k) mice is 30.  The 

relative LD50 reduces to 4-5 when the MHC haplotype changes to H-2d (B10.D2 

mice), and is further reduced to 2-4 in B10.A mice (H-2a haplotype). 
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 The protective effect of the H-2k haplotype was demonstrated in neonatal mice after 

maternal inoculation during pregnancy and after direct fetal inoculation (Fitzgerald 

and Shellam 1991).  In vitro studies suggested that the correct folding of MHC class I 

molecules was a contributing factor to H-2 mediated resistance to MCMV (Price et 

al. 1995).  However β2-microglobulin knock-out mice that do not express tertiary 

MHC class I complexes did not demonstrate an increase in susceptibility to MCMV 

(Polic et al. 1996). 

 
Table 1.2: H-2 alleles present in commonly used laboratory mouse strains. 

Mouse 
Strain 

K I D L H-2 Haplotype LD50

BALB/c d d d d H-2d 1* 

BALB.K k k k k H-2k 10 

B10.BR k k k k H-2k 30 

B10.D2 d d d d H-2d 4-5 

B10.A a a a a H-2a 2-4 

CBA k k k k H-2k 20 

A/J k k d d H-2a 0.5 

C57BL/6JBy b b b b H-2b 3-4 

 

* The LD50 value is compared with that of BALB/c mice, which is assigned a value of 1 (data 

obtained from (Grundy et al. 1981; Allan and Shellam 1984; Farrell and Shellam 1989). 

 

1.2.5.1.2 The NK cell response to infection with MCMV 

Natural killer (NK) cells are T cell receptor-negative lymphocytes that are derived 

from the bone marrow and play an important role in cellular surveillance protecting 

against tumour cells and viral pathogens, particularly herpesviruses (Yokoyama et al. 

2004).  In humans, an NK cell deficiency in the absence of any other immune 

disorder was clinically associated with a marked susceptibility to herpesviruses 

(Biron et al. 1989).   The experimental infection of different inbred mouse strains 

with MCMV showed an association between virus susceptibility and a deficiency in 

NK cell activation (Bancroft et al. 1981).  
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Additionally, beige mice that are deficient in NK cells were highly susceptible to 

MCMV (Shellam et al. 1981).  Later work confirmed that NK cell-mediated 

resistance to MCMV was important for the control of viral growth in some laboratory 

mouse strains (Scalzo et al. 1992). 

 

NK cells express both inhibitory and activating receptors that interact with MHC 

class I molecules expressed on the surface of most nucleated cells (see (McQueen and 

Parham 2002) for a review).  The interaction of MHC-bound peptide with inhibitory 

receptors on the surface of NK cells (eg Ly49A), prevents NK cell activation.  

Interaction of MHC-bound peptide with activating receptors on NK cells (eg Ly49H 

and NKG2D), induces NK cell activation.  The Ly49H activating receptor interacts 

with MHC restricted-viral peptide and initiates the transduction of an activation 

signal into the NK cell via the immunoreceptor tyrosine-based activating motif-

containing adaptor molecule, DAP12 (Sjolin et al. 2002).  Following activation, NK 

cells lyse target cells via perforin and granzyme-mediated lysis and release cytokines 

such as interferon-gamma (IFN-γ), Tumour necrosis factor alpha and granulocyte-

macrophage colony stimulating factor (Loh et al. 2005; Tay and Welsh 1997; 

Yokoyama et al. 2004). The cytotoxic function and IFN-γ production are induced 

independently in NK cells (Orange and Biron 1996).   

 

In some mouse strains, innate resistance to MCMV is controlled by a single dominant 

locus, Cmv1 (Scalzo et al. 1990; Scalzo et al. 1992).  Inbred mouse strains such as 

C57BL/6 and C57BL/10 are resistant (Cmv1r) while BALB/c and A/J are susceptible 

(Cmv1s).  Cmv1s mice have populations of NK cells that lack Ly antigens.  Cmv1 is 

located within the natural killer complex, (Forbes et al. 1997) at the distal region of 

mouse chromosome 6 (Scalzo et al. 1999).  The Cmv1r allele encodes the NK cell 

activating receptor, Ly49H (Daniels et al. 2001; Lee et al. 2001).  In C57BL/6 mice, 

Ly49H on NK cells interacts with the product of the m157 gene of MCMV which is 

an MHC-like viral protein expressed on the surface of MCMV-infected cells.  This 

interaction activates NK cells resulting in resistance to MCMV in these mice 

(Tripathy et al. 2006).  
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Another NK cell activating receptor found in both mice and in humans is NKG2D 

whose ability to activate NK cells via DAP12 signal transduction is regulated by the 

product of m152, gp40 (Krmpotic et al. 2002).  Glycoprotein 40 was shown to down-

regulate the expression of five retinoic acid inducible genes that are otherwise 

upregulated by MCMV infection.  Additionally, the production of IFN-γ by activated 

NK cells was restricted by gp40 (Lodoen et al. 2003). 

 

NK cell recruitment in response to MCMV infection begins 1.5 days after infection 

(Robbins et al. 2004).  A significant increase in the number of NK cells was observed 

in the spleen by 2 days post-inoculation in Cvm1r mice compared with splenic titres 

in Cmv1s mice. Although there was a delayed NK cell response in Cmv1s mice, there 

was no deficit in the number of NK cells eventually recruited to splenic tissue 

(Andrews et al. 2001).  Ly49H+ NK cells were specifically activated by MCMV at 

later stages of infection compared with early infection where non-specific activation 

of NK cells was seen (Dokun et al. 2001).  Activated NK cells undergo selective 

death from 7 days post inoculation (Robbins et al. 2004).    

 

Most research into NK cell activity during MCMV infection has utilised two 

laboratory strains, K181 and Smith.  MCMV strains isolated from Australian wild-

caught mice (Booth et al. 1993) showed sequence variation at the m157 gene and the 

resultant gene product did not interact with Ly49H (Voigt et al. 2003).  Mutations in 

m157 were generated in response to serial salivary gland passage of K181 in 

Cmvr/Ly49H+ mice. This suggests that virus mutation can rapidly evade Ly49H 

(Voigt et al. 2003).  Moreover, m157 mutation was demonstrated after a primary 

MCMV infection in B6-SCID mice.   At 3 days post inoculation, K181 was 

controlled by Ly49H.  However, by 28 days post-inoculation, splenic titres had 

increased.  This was attributed to the presence of m157 escape mutants (French et al. 

2004).  The escape mutants were resistant to further NK cell control by Ly49H, 

emphasising the potential for the rapid escape from Ly49H-mediated virus control 

(French et al. 2005).  Investigation of natural allelic variation at the natural killer 

complex in wild mouse populations showed extensive heterogeneity and high splenic 

MCMV titres after infection with K181.  This suggests that the Cmv1r allele is not 

common in free-living wild mice (Scalzo et al. 2005).  
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Recently, analysis of MCMV resistance in the mouse strain, MA/My, has lead to the 

detection of an NK cell activating receptor, Ly49P.  This receptor is dependent on the 

presence of the H-2Dk MHC class I molecule.  This suggests that NK cell-mediated 

immunity can act in a highly specific manner that involves the recognition of specific 

viral peptides (Desrosiers et al. 2005).  Additionally, mice of the strain PWK which 

was derived from wild Mus musculus, controlled MCMV growth via a major 

dominant locus linked to the natural killer complex.  This is likely to encode another 

NK cell activating receptor (Adam et al. 2006).  These data demonstrate that NK cell-

mediated resistance to MCMV has not yet been completely defined.  Indeed, a recent 

analysis has suggested that approximately 240 genes may regulate innate resistance to 

MCMV (Beutler et al. 2005). 

 

A subset of T cells that express some NK cell markers including NK1.1 and have a 

restricted T cell receptor repertoire are known as NKT cells (Kronenberg 2005).  

Although activation of NKT cells by therapy with the α-galactosylceramide ligand 

that binds specifically to the invariant T cell receptor reduced MCMV titres in 

infected mice, this reduction was mediated by NK cells (van Dommelen et al. 2003).   

 

1.2.5.1.3 The role of macrophages in early infection with MCMV  

The role of macrophages in surveillance of peripheral tissues and antigen presentation 

is well established (Roitt 1997).  Macrophages present both MHC class I and MHC 

class II-restricted peptides and play a contradictory role in MCMV infection by 

simultaneously restricting MCMV infection and supporting viral dissemination and 

latency (Pollock et al. 1997). 

 

Macrophages are important in the primary immune response to MCMV.  The absence 

of macrophages increases murine susceptibility to MCMV infection (Hanson et al. 

1999).  Macrophages produce IFN-γ, tumour necrosis factor-alpha and nitric oxide as 

antiviral effectors (Noda et al. 2001).  Bone marrow macrophages that were treated 

with IFN-γ prior to infection with MCMV, exhibited a dose-dependent decline in 

viral growth (Presti et al. 2001).   
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 The infection of macrophages with MCMV restricted the expression of IFN-γ-

responsive genes, improving MCMV growth and reducing MHC class II presentation 

of viral peptides (Heise et al. 1998).  Remarkably, the restriction of gene expression 

occurred without simultaneous restriction of cellular transcription components, which 

are required for MCMV replication (Popkin et al. 2003).  Similarly, MCMV infection 

of primary macrophages inhibited TNF-α induced gene expression and reduced the 

expression of tumour necrosis factor receptors.  This may delay macrophage 

activation (Popkin and Virgin 2003).   

  

Macrophages act as a site of MCMV replication and latency and have been 

implicated in the dissemination of MCMV in vivo during early infection (Pollock et 

al. 1997; Koffron et al. 1998; Hanson et al. 1999; Roback et al. 2006).   

 

1.2.5.2 The acquired immune response to MCMV 

The acquired immune response to MCMV first has an effect on viral replication at 

about 5 days post-inoculation.  CD4+ and CD8+ T cells (Jonjic et al. 1989) and 

antibody production (Jonjic et al. 1994) contribute to control MCMV infection.  

Dendritic cells also play a critical role in the immune response to MCMV.  However, 

MCMV interferes with the antigen presentation function of dendritic cells. 

1.2.5.2.1 The T cell response to viral infection. 

The infection of athymic mice with MCMV is associated with higher viral titres and 

increased pathogenicity (Grundy and Melief 1982; Shanley et al. 1997).  Both CD4+ 

and CD8+ T cells play important roles in host defence against CMV infection.  An 

appropriate CD8+ T cell response was critical for the control of virus growth in 

visceral organs during acute infection with MCMV (Polic et al. 1998).  Additionally, 

CD8+ T cells were able to restrict MCMV growth to the salivary glands (Jonjic et al. 

1989).  However, CD4+ T cells were required for salivary gland clearance of MCMV 

(Lucin et al. 1992).   

Interestingly, although functionally active CD8+ T cells were detected in salivary 

glands during early infection, an increase in the ratio of infiltrating CD4+:CD8+ T 

cells was associated with a reduction in the viral titre of the salivary gland 

(Cavanaugh et al. 2003). This demonstrates the importance of CD4+ T cells in the 

immune control of MCMV.  The antiviral function of CD4+ T cells in the salivary 
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gland is mediated by the cytokines, IFN-γ and tumour necrosis factor-α (Pavic et al. 

1993). 

The immunodominant T cell epitope presented to CD8+ T cells during MCMV 

infection is derived from pp89, the product of ie1 (Chapter 1.2.3.1 of this literature 

review, Koszinowski et al. 1987).  CD8+ T cell responses to diverse viral peptides 

have been described (Munks et al. 2006; Sierro et al. 2005).  CD8+ T cells have been 

detected in the lung, liver, adrenal gland, ovary and salivary gland following acute 

MCMV infection (Sierro et al. 2005).  

 After MCMV infection, CTLs undergo continuous activation and proliferation 

leading to an accumulation of CTL, presumably as a result of viral persistence and 

continual immune priming (Karrer et al. 2003; Khan et al. 2002; Karrer et al. 2004).  

In latently infected mice, pp89 epitope-specific CTLs dominated the CTL repertoire 

(Karrer et al. 2003).  CTLs that were detected late in MCMV infection had a mature 

effector phenotype, and were not memory cells as might be expected (Sierro et al. 

2005).  CTLs were detected in the liver and lungs of latently infected mice (Sierro et 

al. 2005).  The lung, in particular, is a common site of viral reactivation, suggesting 

that CTLs may act to prevent reactivation of latent MCMV.  Latent infections of 

MCMV are discussed further in Chapter 1.2.6 of this literature review.   

 

The dominance of certain MCMV-specific CTL epitopes does not necessarily reflect 

the superiority of the effector response that they can generate.  T cell lines responding 

to M83 and M84 epitopes were effective at protecting inoculated mice from lethal 

virus challenge even though these CTLs are not immunodominant (Holtappels et al. 

2001; Ye et al. 2004). 

 

Despite the effectiveness of T cells in controlling MCMV infection, the virus has 

developed means of evading these responses.  Three MCMV genes m04, m06 and 

m152 encode glycoproteins that interfere with peptide presentation on MHC class I 

(Krmpotic et al. 1999, reviewed in (Mocarski 2004).  Glycoprotein 34 (m04) binds to 

folded MHC class I and escorts it via the golgi apparatus to the cell surface as a 

complex reducing peptide presentation to CD8+ T cells (Kavanagh et al. 2001).  

Glycoprotein 48 (m06) binds to peptide-loaded MHC class I in the endoplasmic 

reticulum and reroutes it to the lysosome for degradation (Reusch et al. 1999).  
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Glycoprotein 40 (m152) impairs virus recognition by the immune system in two 

ways.  Firstly, it catalyses the retention of peptide-loaded MHC class I complexes in a 

cis-Golgi compartment thus subverting CD8+ T cell activation, and secondly, it   

reduces NK cell activation by the downregulation of an NK cell activating receptor, 

NKG2D (Krmpotic et al. 2002).  Using bacterial artificial chromosome technology, a 

panel of viruses were constructed deleting different combinations of MHC class I 

genes.  These three genes act synergistically, and in some combinations 

antagonistically, to regulate MHC class I expression (Wagner et al. 2002).  A 

recombinant virus that had the m04, m06 and m152 genes deleted was predicted to 

have impaired growth, as MHC class I presentation of peptides would be improved.  

However, the growth of this deletion mutant virus in mice was not impaired (Gold et 

al. 2004).   Recently the role of m04 in enhancement of viral peptide presentation has 

been reported (Holtappels et al. 2006).  The in vivo function of these genes is 

therefore not completely understood and CD8+ T cell function is part of a more 

complex immunoevasion strategy. 

 

Immunoprophylaxis with MCMV-specific CTLs was investigated as a therapy to 

protect from primary infection.  Protection was achieved; however, latent MCMV 

was detected and could reactivate in some individuals (Steffens et al. 1998).  

Surprisingly, distinct CTL clones with the same epitope specificity have different 

protective ability.  This suggests that careful assessment of the cytotoxic efficacy of 

individual clones intended for clinical prophylaxis must be undertaken (Fernandez et 

al. 1999).  A trial of pre-emptive immunotherapy with CD8+ T cell clones in human 

recipients of bone marrow transplants was successful, although it is unclear to what 

extent HCMV disease would have affected these individuals without prophylactic 

therapy (Walter et al. 1995).  However, there is evidence that in vitro CTL killing of 

virus-infected cells does not eliminate intracellular MCMV (Dix and Cousins 2005).  

This suggests that infectious virus may be liberated by CTL-mediated cellular 

destruction and indicates that T cell therapy and the use of antiviral drugs may need 

to occur simultaneously.   

 

1.2.5.2.2 The humoral response to MCMV 

B cells are activated after interaction of the membrane bound immunoglobulin with 

soluble antigen and contact with antigen-specific CD4+ T cells in secondary 
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lymphoid organs.  Foci are formed within the lymph nodes and B cells differentiate 

into plasma cells that secrete IgM and IgG antibody.   Primary and secondary follicles 

may then form in the lymph node, leading to a sustained antibody response and 

affinity maturation of the resultant antibody (Roitt 1997). 

 

MCMV-specific IgM is first detected from 3-5 days post inoculation with the IgG 

isotype appearing from 5-7 days post inoculation, peaking at 20 days post inoculation 

(Lawson et al. 1988).  However, despite the presence of an antibody response towards 

MCMV, the role of antibody in host protection appears to be relatively modest.  

MCMV-specific antibody was unable to influence the growth kinetics, the time taken 

to resolve an infection, or the establishment of latency after primary infection with 

MCMV (MacDonald et al. 1998; Jonjic et al. 1994).  An increased anti-MCMV 

antibody titre did not correlate with the clearance of virus from the salivary gland 

(Lucin et al. 1992).  Likewise, the presence of MCMV-specific antibodies was not 

predictive of the presence of MCMV or the quantity of MCMV present in the salivary 

glands of mice collected from the wild (Booth et al. 1993).  The presence of a high 

titre of MCMV-specific antibody did not protect against a second infection with 

MCMV (MacDonald et al. 1998; Jonjic et al. 1994) and did not prevent reactivation 

from latency (Reddehase et al. 1994).  .   Nonetheless, passively transferred antibody 

was protective from mortality in mice experimentally infected with a lethal dose of 

MCMV (Farrell and Shellam 1991).  This may be due to the ability of antibody to 

experimentally limit hematogenic dissemination of CMV (Reddehase et al. 1994; 

Jonjic et al. 1994).    

 

After MCMV infection the antibody response expands to react with an increasing 

number of virally expressed proteins over the course of an infection (Selgrade et al. 

1983; Farrell and Shellam 1989; Bartholomaeus et al. 1988).  Autologous IgG 

autoantibodies with reactivity towards a variety of organs and tissues have also been 

demonstrated.  Antibodies that reacted with a broad spectrum of conventional 

(ovalbumin), self (DNA, myosin and actin) and unrelated (HIV-1 gp) viral antigens 

have been described (Karupiah et al. 1998; Lawson et al. 1992; Price et al. 1993).  

Polyclonal B cell activation was independent of CD40/CD40L interaction and CD4+ 

T cells (Karupiah et al. 1998).     
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1.2.5.2.3 The dendritic cell response to MCMV 

Dendritic cells (DC) are professional antigen presenting cells that present peptide on 

MHC class II to T cells.  Many subsets of DCs have now been described.  Upon 

uptake of antigen by infection or phagocytosis, DCs move into secondary lymphoid 

organs.  There, DCs upregulate surface MHC and co-stimulatory molecule 

expression, release proinflammatory cytokines and present processed peptides to 

antigen-specific T cells and other cells (Heath and Carbone 2001).  DCs also play a 

role in innate immunity (Degli-Esposti and Smyth 2005).   

 

DCs are a critical component of the early anti-viral response to MCMV as they 

contribute to NK cell activation via the production of pro-inflammatory cytokines 

such as IFN-α (Andoniou et al. 2005).  NK cell activation was also induced by 

interaction between the NK activating receptor NKG2D and the NKG2D ligand on 

the DC surface (Andoniou et al. 2005).  DCs were the major cell type recruited to the 

salivary gland tissue of MCMV-infected BALB/c mice, where they were thought to 

regulate T cell responses (Cavanaugh et al. 2003).   DCs activate T cells in early 

infection with MCMV and restrict T cell activation in later infection (Mathys et al. 

2003).   

 

Similar to macrophages, DCs may also contribute to the dissemination of MCMV 

during primary infection and be a reservoir of latent virus.  DC cell lines showed 

evidence of fully replicative viral infection with MCMV, however, in mature DCs, 

only immediate early and early gene expression was detectable (Mathys et al. 2003).  

MCMV infection of DCs reduces the incidence of apoptosis in these cells by 

impairing the function of a checkpoint in the Bcl-2 regulation of caspase activity 

(Andrews et al. 2001; Andoniou et al. 2004).   

 

1.2.6 Latency and reactivation  

Latency is a long-term survival mechanism employed by herpesviruses.  The latent 

state is one in which the viral genome is persistently present in a cellular niche, 

reactivating in response to immunosuppression to produce infectious virus (Flint et al. 

2000).  Cytomegalovirus reactivation from latency causes significant human 

morbidity and mortality in severely immunocompromised patients (Sissons and 

Carmichael 2002).    
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Experimentally, MCMV is considered to be latent at around 6 months post-acute 

infection (Jordan et al. 1977; Polic et al. 1998), however, latency probably occurs 

much earlier than this.  MCMV latency is characterised by limited gene transcription 

and viral replication does not occur (Kurz et al. 1997; Henry and Hamilton 1993).  

Accordingly, a latently infected animal has no infectious virus present in organ 

homogenates but has genome detectable by reverse transcriptase polymerase chain 

reaction or by co-cultivation (Pollock and Virgin 1995). 

 

The lung is an important reservoir of latency.  Immunocompetent mice latently 

infected with MCMV expressed ie1 and ie2 transcripts as independent entities even 

though these genes have a common enhancer element (Grzimek et al. 2001).  Latent 

gene transcription was detected randomly throughout lung tissue (Kurz et al. 1997; 

Kurz et al. 1999).   

 

Although ie3 initiates early gene expression and subsequent infectious genome 

formation in primary infection, an experimentally induced increase in ie1/3 

transcription activation did not induce early gene expression or increase the 

likelihood of reactivation events occurring (Simon et al. 2005).  This suggests that the 

maintenance of latency may be controlled by any single essential gene in the viral 

gene expression program (Simon et al. 2005).  Recently, pp89 peptide presentation on 

Ld was related to ie1 transcription in the lung tissue of latently infected mice (Simon 

et al. 2006).  This research suggests that ie1 transcription is generally sufficient to 

induce a protective CTL response that will maintain latency. 

 

When reactivation from latency is artificially induced by cyclophosphamide or 

transfusion, the incidence of reactivation does not increase with the age of the 

infected animal (Schmader et al. 1992).  However, the age at which the animal was 

infected can have a profound impact on the rate of recurrence. Mice infected 

neonatally exhibited a 57% higher incidence of reactivation compared to mice 

infected as adults and a greater number of organs supported viral growth.  
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 This was attributed to enhanced viral growth kinetics during the primary infection 

due to immaturity of the neonatal immune system (Reddehase et al. 1994).  Tissue 

damage as a result of surgery or burns reactivated latent cytomegalovirus infections 

in otherwise immunocompetent hosts (Cook et al. 2002; Kobayashi et al. 2001; Cook 

et al. 2006).  Reactivation from latency has also been reported in pregnant mice 

(Gould and Mims 1980). 

 

1.2.6.1 Tissue localization of latency 

Latent infection has been demonstrated in the spleen (Pomeroy et al. 1991; Pollock 

and Virgin 1995), kidney (Pollock and Virgin 1995), salivary gland (Cheung and 

Lang 1977; Polic et al. 1998), lung (Kurz et al. 1997; Kurz et al. 1999; Simon et al. 

2005), liver (Koffron et al. 1998), brain (Tsutsui et al. 2002), heart (Wilson et al. 

1985; Lenzo et al. 2002) and bone marrow (Koffron et al. 1998; Mori et al. 1999).   

After experimental immunosuppression, the salivary gland was the site from which 

virus was most rapidly shed, followed by the lungs and eventually the spleen (Polic et 

al. 1998).   Table 1.3 lists the cell types that have been identified as containing latent 

MCMV genomes. 

 
Table 1.3: Cellular locations of MCMV latency. 

Tissue Cell Detection Method Reference 

kidney Peritubular endothelial cell In situ PCR (Koffron et al. 1998). 

spleen 
Endothelial cell 

Sinusoidal lining cell 

In situ PCR 

Electron microscopy 

(Pomeroy et al. 1991; 

Mercer et al. 1988) 

lung 
Macrophages in lung 

alveolar septum 
In situ PCR (Koffron et al. 1998). 

brain Neural progenitor cells 

Beta-galactosidase 

expression in brain 

slices 

(Tsutsui et al. 2002). 

bone 

marrow 

Monocyte/macrophage 

 

 

Adherent stromal cell 

Co-culture of sorted 

cells, nested PCR 

 

PCR 

(Koffron et al. 1998; 

Pollock et al. 1997; Mori 

et al. 1999). 

liver Endothelial cell In situ PCR (Koffron et al. 1998). 

heart Endothelial cell In situ PCR (Koffron et al. 1998). 
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1.2.7 Natural MCMV transmission  

MCMV can be transmitted by a number of different routes.  Sexual transmission and 

vertical transmission are discussed further in Chapter 1.2.8.1 and 1.2.8.2 respectively.  

As the salivary gland is a reservoir of infection, natural transmission through the 

saliva can occur through behaviour such as grooming and biting. This is mimicked by 

inoculating the virus via the footpad or intramuscular route rather than via the 

intraperitoneal route (Saederup et al. 2001).  Additionally, MCMV has been detected 

from the urine of mice inoculated on day 15 of gestation or early post partum (day 2 

or day 11 of life; Tsutsui et al. 1995).   

 

1.2.7.1 Sexual transmission 

The experimental infection of male mice with MCMV and the subsequent detection 

of virions in reproductive tissues and secretions from these mice suggest that sexual 

activity is likely to be an important route of transmission.  MCMV replicates in the 

male reproductive tissues after neonatal infection (Brautigam and Oldstone 1980) and 

was detected in the Leydig cells of the testes after intraperitoneal or intratesticular 

inoculation of adult mice (Baskar et al. 1983).  Adult male mice inoculated 

intraperitoneally with MCMV had infectious virus present in the epididymal sperm 

and seminal vesicles, and virus was isolated from the ejaculate collected from the 

uteruses of mated female mice (Neighbour and Fraser 1978).   MCMV was detected 

in the salivary glands of female mice that had been artificially inseminated with a 

mixture of sperm and MCMV.  These results confirm that sexual contact provides a 

viable mode of natural MCMV transmission (Young et al. 1977).   

 

Although MCMV DNA has been shown to associate with spermatocytes and mature 

sperm (Baskar et al. 1986), MCMV did not directly infect spermatogenic cells after 

the intratesticular infection of immunocompetent mice with 5x105 pfu of MCMV 

(Tebourbi et al. 2001; Tebourbi et al. 2002).  However, the infection of spermatocytes 

was reported after acute infection in athymic mice, probably reflecting overall 

perturbations in the growth of MCMV in these mice (Dutko and Oldstone 1979).  

 

The microinjection of fertilized ova with MCMV DNA prior to implantation resulted 

in abnormal fetal development and the detection of viral genome by PCR analysis of 

DNA extracted from malformed fetuses (Baskar et al. 1993).  This suggests that 

infection present at fertilization could contribute to fetal morbidity. 
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1.2.7.2 Vertical transmission 

It has proven difficult to characterise the vertical transmission of MCMV.  The 

experimental infection of pregnant mothers with MCMV at various times during 

pregnancy did not induce fetal MCMV infection, even when maternal salivary gland 

titres were high (Medearis et al. 1964).  However, vertical transmission was 

demonstrated in two early experiments, involving the artificial insemination of 

female mice (Young et al. 1977) and latent maternal MCMV infection (Chantler et al. 

1979).  In both cases fetal infection was detected by serial passage of primary cell 

cultures generated from individual fetuses.  However, the numbers of embryos 

involved were small.  More recently MCMV DNA was detected in fetuses from 

latently infected mothers by cocultivation of fetal and placental tissue on MEF 

(Baskar et al. 1985).   

 

The effect of MCMV in the fetus relates to both the severity and time frame of 

maternal disease.  The pregnancy rate of mice inoculated intraperitoneally 7 days 

prior to mating or 1 day after mating was reduced (Neighbour 1976).   This was 

attributed to infection during the critical ovulation and implantation phases.  Fetal 

wastage was recorded after intraperitoneal or intramuscular maternal inoculation on 

the eighth day of pregnancy and was attributed to maternal disease (Lansdown and 

Brown 1978).  Other groups have also associated the extent of maternal disease with 

fetal outcome and have not detected MCMV infection in fetuses (Lansdown and 

Brown 1978; Fitzgerald and Shellam 1991; Huang et al. 1986).   

 

However, evidence of both fetal infection and maternal infection were detected in 

mice inoculated with MCMV directly into the uterus at the time of embryonic 

implantation (Baskar et al. 1983).  Intrauterine infection elicited severe 

developmental abnormalities in some fetuses and was attributed to MCMV infection 

rather than maternal disease (Baskar et al. 1987).  The induction of severe disease in 

the fetus was also demonstrated in mice inoculated intraplacentally with MCMV, and 

the presence of disease was correlated with placental infection (Li and Tsutsui 2000). 

 

In early experiments characterising the growth of MCMV, virions were detected in 

the murine ovary.  However, virus was only detected when inoculation was 

intravenous (Medearis et al. 1964).  Foci of infection were seen in the corpora lutea, 
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and not in the oocyte suggesting that embryonic infection was unlikely to be 

transmitted by ovulated oocytes (Mims and Gould 1978, Professor John 

Papadimitriou, personal communication, Figure 1.3).    

 

The difficulty in inducing vertical transmission in the MCMV mouse model differs 

substantially from the reported vertical transmission of HCMV (Revello and Gerna 

2004).  The discrepancy is likely to be due to physical differences in the placental 

structure of these species.  The murine placenta has three trophoblastic layers 

compared to the single trophoblastic layer in human placentas (Rossant and Cross 

2001).  The guinea pig has a similar placental structure to humans, and vertical 

transmission of guinea pig CMV has been demonstrated (Griffith et al. 1985).   
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1.2.8 MCMV in Australian wild mouse populations 

MCMV has been detected in every population of house mice tested to date (Singleton 

et al. 1993; Smith et al. 1993; Moro et al. 1999; Singleton et al. 2000; Moro et al. 

2003; Jacob and Sutherland 2004).  The prevalence of MCMV antibodies in a wild 

mouse population was density-dependent and required a minimum of 41 mice per 

hectare (Singleton et al. 2000).  The proportion of seropositive mice increased as the 

mice aged, and 100% seropositivity was reported for mice aged greater than 5 months 

(Jacob and Sutherland 2004).    

 

Multiple strains of MCMV have been detected in wild caught mice (Booth et al. 

1993; Gorman et al. 2006; Smith et al. 2006).  Viruses were confirmed by restriction 

 

Figure 1.3: MCMV virions in electron micrograph of a theca 

lutein cell in ovarian tissue.  Arrow = virion. 

Magnification x31,350 
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fragment length polymorphism to be different strains, and exhibited varying in vivo 

growth characteristics (Booth et al. 1993).  This suggests that different strains of 

MCMV may be transmitted through wild populations with different frequency 

(Farroway et al. 2002).  Correspondingly, multiple HCMV isolates have been 

detected from patients (Baldanti et al. 1998). 

 

Analysis of MCMV strains derived from wild mice has demonstrated that 

polymorphisms are naturally present in a variety of genes that aid in immune-evasion.  

This suggests that the commonly used laboratory strains of MCMV, Smith and K181, 

are not necessarily representative of natural infection with wild virus (Smith et al. 

2006).  Different virus strains with widely varying gene polymorphisms were isolated 

from the same wild-trapped Mus domesticus.  The genetic differences present were 

not due to variation of a progenitor virus but rather were more consistent with 

multiple infection events (Smith et al. 2006).  Similarly, clinical isolates of HCMV 

exhibited gene polymorphisms related to disease manifestations (reviewed in 

(Pignatelli et al. 2004).   This suggests that the laboratory-passaged HCMV strains 

are not representative of clinical isolates causing disease (Cha et al. 1996). 

 
Evidence of complementation of the growth of one MCMV strain by another MCMV 

stain has been provided experimentally by the creation of MCMV mutants containing 

the Cre or lox cassettes (Cicin-Sain et al. 2005).  These experiments demonstrated 

that the growth of less-fit viruses can be complemented by other viral strains, and that 

fully replication-competent viruses can complement the growth of each other.  These 

experiments also provided evidence that the coinfection of host cells by different 

viruses was not a random event (Cicin-Sain et al. 2005).   

 
1.2.9 The development of MCMV vaccines  

Given the burden of CMV disease in immunocompromised humans, the formulation 

of a protective vaccine has been of interest.  HCMV-related disease occurs in 

individuals that contract a primary infection during a period of immunosuppression, 

although morbidity can also result from viral reactivation (Sia and Patel 2000).  The 

risk of viral reactivation is difficult to quantify making the inoculation of healthy 

individuals with a live virus ethically and medically problematic.                       
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Primary HCMV infection still occurred after immunisation with the Towne live 

attenuated vaccine, however the incidence of severe disease was markedly reduced 

(Plotkin et al. 1994).  MCMV is a useful model for the production, testing and virus 

challenge of CMV vaccines.   

 

The use of naturally attenuated MCMV isolates can provide information useful in 

vaccine formulation.  Some temperature sensitive mutants of MCMV have very 

different growth phenotypes when compared with the laboratory strains of MCMV , 

and may therefore be potential vaccine candidates (Sammons and Sweet 1989; 

MacDonald et al. 1998; Akel and Sweet 1993).   Several temperature sensitive mutant 

viruses demonstrated attenuated in vivo growth, but afforded protection from a lethal 

dose of salivary gland virus administered via a number of routes (MacDonald et al. 

1998; Gill et al. 2000).  Although temperature sensitive HCMV mutants have been 

described (Dion and Hamelin 1987), the difficulty with adequately characterising the 

growth characteristics in human isolates makes this approach impractical.  However, 

the characterisation of temperature sensitive strains of MCMV may allow genes that 

govern the differing growth phenotypes to be identified (Gill et al. 2000). 

 

Immunoprophylaxis by the adoptive transfer of CMV-specific CTLs is another 

vaccination strategy that has had some success in humans (Walter et al. 1995). The 

adoptive transfer of IE1 peptide-specific CTL clones was unable to reduce the titre of 

MCMV in the lung (Chen et al. 2000) whereas the adoptive transfer of polyclonal 

CD8+ T cells controlled lung titres (Reddehase et al. 1985).  This suggests that CTLs 

with different epitopes may have diverse roles in different tissues.  Although such a 

vaccination strategy shows promise, it is important to choose a CTL clone with a high 

avidity (Derby et al. 2001) and to consider the likely efficacy of a specific CTL clone 

in controlling viral disease caused by different strains. Using laboratory and wild 

mouse-derived strains of MCMV, five variant sequences for the CTL epitope pp89 

were generated.  The CTL generated by one variant group were not always cross-

reactive for infection with viruses from the other groups (Lyons et al. 1996).  

Protection from lethal MCMV challenge can be achieved experimentally by 

vaccination with a recombinant vaccinia virus expressing pp89.  The protection 

afforded by this vaccination was entirely mediated by CD8+ T cells (Del Val et al. 

1988).  Experiments utilising gamma-herpesvirus in antibody-deficient mice 
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suggested that memory CD4+ and CD8+ T cells can limit subsequent infection but do 

not provide protection from a high dose viral challenge (Andreansky et al. 2004).   

 

Recombinant viruses may be useful vaccine candidates.  A vaccine comprising of an 

adenovirus expressing the MCMV envelope glycoprotein gH restricted MCMV 

growth in the lungs and salivary glands upon viral challenge, but was unable to 

completely suppress reinfection.  A reinoculation boosted the antibody response with 

no significant reduction in MCMV growth (Shanley and Wu 2005).  The inability of 

MCMV to replicate in human tissues has been exploited to provide a non-replicative 

virus that produces large amounts of the transgene from the immediate early region.   

Recombinant MCMV expressing human immunodeficiency virus type I gp120 

envelope glycoprotein or the G protein of vesicular stomatitis virus were both shown 

to induce an abortive infection in human cell lines.  There was a high induction of 

recombinant gene expression that was not associated with viral replication, 

suggesting that this strategy may be useful for gene therapy (Wang et al. 2003; 

Manning et al. 1998).   

 

The research reported in this thesis describes the manufacture and characterisation of 

a recombinant MCMV with a mouse ZP3 gene cloned into the ie2 region of the 

genome.  The following section describes the properties of the ZP and the 

contribution of the ZP to autoimmunity within the ovary. 
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1.3. Zona Pellucida 

1.3.1 Murine ovarian structure and function 

This Chapter will further describe the significance of the zona pellucida (ZP) within 

the ovarian follicles.  

 

1.3.1.1 Ovary development in the mouse 

The sex determination of mice occurs at a relatively late stage of embryogenesis.  At 

embryonic day 7.5, germ stem cells can first be detected migrating to the genital 

ridge.  These stem cells rapidly multiply and the hormonal environment of the genital 

ridge dictates whether they will become oogonia or spermatogonia.  At 14.5 days 

after fertilization the embryonic ovary is punctuated by cells that form primordial 

follicles around discrete oogonia while impaired oogonia are destroyed by apoptosis 

(Pepling and Spradling 2001).  At birth, the oocytes enter meiosis which is 

interrupted at the second diplotene stage (dictyate).  From this point primordial 

follicles remain essentially dormant in the ovarian stroma until cohorts are induced to 

continue their development during each oestrus cycle (Picton 2001).   Although the 

follicle repertoire of mammals has long been described as being “fixed” at birth 

(Zuckerman 1951), recent work has suggested that some degree of follicle 

replenishment by stem cells takes place (Johnson et al. 2004; Johnson et al. 2005).  

However, the concept of follicular renewal is controversial (Telfer et al. 2005; Eggan 

et al. 2006; Greenfeld and Flaws 2004).  The end of reproductive life (menopause in 

humans) is related to the depletion of the ovarian follicle repertoire (Gosden and 

Faddy 1998; Faddy et al. 1992).  There is no natural mouse equivalent of menopause 

(Thung et al. 1956) although different mouse strains deplete their follicle repertoires 

at different rates (Faddy et al. 1983).   

 

1.3.1.2 Follicle development 

A primordial follicle consists of an oocyte surrounded by a layer of flattened 

granulosa cells (Figure 1.4A).  When activated and maintained in the appropriate 

hormonal and cytochemical conditions, the oocyte within the follicle can develop to 

form the female gamete.  Many factors act together to initiate and regulate follicle 

development and the appropriate expression of these factors together with receptivity 

to hormonal influence is vital for follicular and oocyte health (Picton 2001; Picton et 
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al. 1998).  Primary follicles are distinguished by a single layer of cuboid granulosa 

cells and a ZP matrix that is visible histologically (Figure 1.4A).  The granulosa cells 

acquire the ability to proliferate, and two to four levels of cuboidal granulosa cells are 

seen in secondary follicles (Figure 1.4B).  The zona pellucida layer grows in 

thickness during development of the secondary follicle (Table 1.4).  ZP thickness is 

maximal in the early antral follicle (Table 1.4).  The oocyte gravitates to one pole of 

the growing follicle and a fluid-filled antrum begins to form at the other pole (Early 

antral follicle, 1.4C).  The antrum grows significantly before a pre-ovulatory follicle 

is formed (Figure 1.4D, (Myers et al. 2004).  
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Figure 1.4. Mouse ovarian follicles at different stages of 

development.  A. Primordial follicle with squamous granulosa 

(arrow), o=oocyte, primordial follicle on left with cuboid granulosa 

(arrowhead). Bar=20μm B. Secondary follicle with 2 layers of 

cuboid granulosa cells. Bar=50μm C. Early antral follicle 

(arrow=antrum) Bar=100μm D. Antral follicle. Arrowhead shows 

cumulus oophorus.  Bar=200μm From (Myers et al. 2004) 
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During folliculogenesis the oocyte volume increases more than 100-fold (Epifano and 

Dean 1994).  This volume increase is possible because meiosis is not completed until 

the oocyte has reached the maximal size, ensuring that there is no cytoplasmic 

cleavage. Table 1.4 describes the increase in the size of the follicle, the oocyte and 

the ZP matrix during the normal follicular development in the mouse.  

 
Table 1.4: Follicular size and oocyte growth in the mouse (from (Epifano and Dean 1994) 

Stage Size (μm) Oocyte (μm) Zona (μm)

Primordial 17 12 - 

Primary 28 20 - 

Secondary 100 56 3 

Pre-antral 150 60 4 

Early antral 200 80 7 

Pre-ovulatory 400-500 80 7 

 

When the oocyte reaches full size it becomes competent to undergo germinal vesicle 

breakdown, and meiosis resumes during the 12 hours prior to ovulation (Picton et al. 

1998).  When ovulated, the oocyte (now referred to as the ovum) is surrounded by the 

ZP and a mass of cumulus cells. 

 

The biological properties of the ZP change during folliculogenesis increasing the 

resistance to proteases and enhancing the sperm binding ability of the ZP.  This may 

be due to changes in glycoprotein prevalence as the ZP layer thickens (Aviles et al. 

2000).   

 

The in vivo culture of follicles has demonstrated the importance of cellular 

communication between the oocyte and surrounding granulosa cells.  The rate of 

oocyte growth in vivo is directly correlated to the number of granulosa cells 

surrounding it (reviewed by (Senbon et al. 2003).  Although communication 

competent somatic cells maintained oocyte survival, granulosa cells were vital for 

follicle maturation to proceed in culture (Cecconi and Colonna 1996).  Conversely, 

the importance of the oocyte in the maintenance of granulosa cell proliferation and 

overall follicular health has been confirmed (Matzuk et al. 2002; Eppig 2001; Eppig 

et al. 2002) .   
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The vital two-way communication occurring between granulosa cells and oocytes is 

carried out through cytoplasmic processes extending through the ZP, and forming gap 

junctions with adjoining granulosa cells (Ackert et al. 2001).  These specialised 

functions consist of hexamers of connexin proteins and form intercellular membrane 

channels that enable small metabolites, inorganic ions and second messengers to be 

transported between the oocyte and the granulosa cells (Gittens et al. 2005).  

    

1.3.2 Murine ZP structure and function 

Murine ZP has long been utilized as a model for mammalian ZP structure and 

function.  However, the recent identification of a fourth ZP protein in human ZP 

(Lefievre et al. 2004), rat ZP and chicken ZP (Smith et al. 2005), reviewed in (Conner 

et al. 2005) suggests that this paradigm may need to be revised.  Interestingly, a 

fourth mouse ZP gene was detected bioinformatically by comparing murine genome 

sequences with those of the human and rat ZP4 genes.  The mouse ZP4 gene 

possessed many deletions and is effectively a pseudogene (Lefievre et al. 2004).  This 

evidence was confirmed by high resolution electrospray mass spectrometry of native 

zona pellucida that detected only three glycoproteins within the matrix (Boja et al. 

2003). 

 

Murine ZP is synthesized in the oocyte (Epifano et al. 1995; Ringuette et al. 1986).  

ZP proteins have a signal peptide directing them into a secretory pathway and 

cleaving them from the mature polypeptide chain and a carboxyl terminal 

transmembrane domain about 40 amino acids downstream of a furin cleavage site 

(Epifano et al. 1995).  Secreted ZP1, ZP2 and ZP3 glycoproteins are incorporated into 

the innermost layer of the ZP (Qi et al. 2002).  The transcripts for all three murine 

zona subunits accumulate in a coordinate fashion (Epifano et al. 1995) and may be 

regulated by the transcription factor, Factor In the Germline alpha or FIGalpha (Liang 

et al. 1997).    

 

The single copy genes that encode the three ZP glycoproteins are located on different 

mouse chromosomes.  Table 1.5 summarises of the properties of the individual ZP 

glycoproteins.     
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Table 1.5: Characteristics of glycoprotein subunits of murine ZP 

 ZP1 ZP2 ZP3 

Molecular weight 
(kDa) 

200 120 83 

Predicted 
Molecular weight 

(no 
glycosylation) 

69 80 46 

Number of exons 12 18 8 

Chromosome 19 7 5 

Proposed 
function 

- Crosslinks 

ZP1 and ZP2 

- Role in 

stability 

- Secondary binding to 

inner acrosome 

membrane (Easton et 

al. 2000; Bleil and 

Wassarman 1986) 

- Chemically modified 

Post fertilization, block 

to polyspermy (Bleil et 

al. 1981; Hoodbhoy 

and Dean 2004) 

 

-  Sperm Receptor Activity 

(Bleil and Wassarman 1980) 

-  Induction of acrosome      

reaction (Bleil and 

Wassarman 1986) 

Rat monoclonal 
antibody 

- 

IE1, IE2, IE3, (East et 

al. 1984; East and 

Dean 1984) 

IE10 (East et al. 1985) 

Effect of 
monoclonal 

antibody 
- 

Long-term inhibition of 

fertilization (East et al. 

1984), Maintenance of 

sperm binding inhibited 

(Bleil et al. 1988) 

Greater antibody 

concentrations needed to 

inhibit in vitro fertilization 

(East et al. 1985). Long-term 

inhibition of fertilization 

(Greenhouse et al. 1999) 

Effect of gene 
deletion 

Thin zona, 

reduced 

fertility. 

(Rankin et al. 

1999) 

Thin ZP in early 

follicles only, no two 

cell embryos 

recovered.  (Rankin et 

al. 2001) 

No ZP produced.  Females 

are infertile. (Liu et al. 1996; 

Rankin et al. 1996) 
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1.3.2.1 Murine ZP1  

Of the three murine ZP glycoproteins, ZP1 is the least conserved when compared 

with human ZP, having 83 fewer amino acids and only 43% amino acid homology 

(Hughes and Barratt 1999).  The ZP1 cDNA was the most recent of the mouse ZP 

subunits to be isolated (Epifano et al. 1995).  Although ZP1 null mice produce a zona 

pellucida in the developing follicles, their fertility is reduced.  This was attributed to 

lack of stability within the ZP and subsequent premature “hatching” of fertilized 

embryos (Rankin et al. 1999).  

 

1.3.2.2 Murine ZP2    

Monoclonal antibodies specific to the ZP2 have been characterised (East et al. 1984).  

The passive transfer of ZP2 monoclonal antibody interrupted sperm binding (Bleil et 

al. 1988).   After passive transfer, fertility was delayed for an average of 80 days and 

the resumption of fertility was correlated with a decrease in the antibody titre (East et 

al. 1984; East and Dean 1984).  No effect was seen if the immunization was delivered 

after mating, demonstrating that the contraceptive effect was occurring prior to or 

during fertilization.  ZP2 null mice produce a thin ZP matrix comprised of ZP3 and 

ZP1 glycoproteins in early follicles.  There is no ZP matrix present in antral follicles 

and very few oocytes survive ovulation.  These mice are infertile (Rankin et al. 

2001). 

 

1.3.2.3 Murine ZP3   

The ZP3 glycoprotein is present in mice from the day of birth.  Ovarian ZP3 protein 

is processed and presented to proinflammatory CD4+ T cells by antigen presenting 

cells in the mouse ovary within the first 2-3 days of life (Garza et al. 2000).  The 

concentration of ZP3 transcripts is maximal in 9-day-old mice ovaries where it 

represents roughly 0.03% of ovarian poly(A+)mRNA.  In individual oocytes, the 

expression of ZP3 transcripts is developmentally regulated; resting oocytes have no 

detectable transcripts and accumulation is first detected in the early growth phase 

(~20μm).  This accumulation persists in oocytes up to 50 μm diameter and then 

declines in the largest oocytes (Philpott et al. 1987; Roller et al. 1989).  Transcripts 

can still be detected in ovulated eggs, but no protein synthesis occurs (Philpott et al. 

1987).   
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ZP3 is an important component of fertilization.  ZP3 purified from the ZP of 

unfertilised eggs reduced sperm-egg binding to a similar extent to whole solubilized 

ZP.  However, the ZP3 purified from 2 cell embryos was unable to reduce sperm 

binding indicating that a significant change in structure had occurred after 

fertilization (Bleil and Wassarman 1980).  This effect was not seen with purified ZP2 

or ZP1.  Importantly, ZP3 binds preferentially to acrosome intact sperm (Bleil and 

Wassarman 1986). 

 

Experimentally, the absence of ZP3 protein in vivo underscores its importance in 

normal oocyte maturation and fertility.  ZP3 null mice generated by a neomycin 

insertion within the ZP3 locus (ZP3-/-) did not form a ZP and were infertile (Rankin 

et al. 1996; Liu et al. 1996).   Female mice that were heterozygous for this mutation 

(ZP3+/-) produced a thin ZP matrix but were fertile.  This suggests that the deposition 

of  approximately half the amount of both the ZP2 and the ZP3 glycoprotein was 

responsible for the reduction in the width of the matrix, and confirmed the generally 

accepted model for ZP molecular structure (Figure1B) (Wassarman et al. 1997). 

 

ZP3-/- mice mated with mice expressing a human ZP3 transgene produced a chimeric 

ZP comprising mouse ZP1 and ZP2, and human ZP3.  The apparent molecular mass 

of the human ZP3 was 64kD, and could not be distinguished from native human ZP3 

by Western blot.  The parental mice expressing the human transgene also expressed 

mouse ZP3, albeit at a significantly reduced amount.  This suggests that mouse ZP3 

and human ZP3 can compete for the same sites in a zona matrix that has a fixed 

stoichiometry of glycoprotein components. Human sperm were unable to bind to the 

chimeric ZP, however mouse sperm could bind ovulated eggs in vitro and restore 

fertility in vivo (Rankin et al. 1998).  The passive transfer of monoclonal antibody 

generated against human ZP3 but not against mouse ZP3 suppressed the fertility of 

the chimeric mice (Greenhouse et al. 1999) suggesting that post translational 

glycosylation of human ZP3 within the mouse is similar to that naturally occurring in 

humans (Dell et al. 1999).    

 

The importance to fertilization of ZP carbohydrates that are incorporated post-

translationally has been confirmed.  However defining the precise role of specific 

oligosaccharides has been difficult (discussed in (Takasaki et al. 1999; Benoff 1997).  

It is clear that N- and O-linked oligosaccharides play a role in sperm adhesion to ZP3 
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(Bleil and Wassarman 1980), however, the absence of two O-linked serine residues, 

thought to be essential for sperm binding (Chen et al. 1998), did not restrict the 

fertility of knockout mice (Williams et al. 2003).  

 

1.3.3 Species variation in zona pellucida structure and cross-reactivity   

The primary amino acid structure of the ZP proteins is similar amongst eutherian 

mammals (Harris et al. 1994).  Figure 1.3 shows a phylogenetic tree of ZP 

glycoprotein sequences from higher vertebrates.  Divergence occurs after post-

translational modification of the glycoproteins by glycosylation and sulphation 

(McCartney and Mate 1999).   Lectins have been used to characterise the 

carbohydrate structures present on ZP proteins and these have shown increasing 

diversity in relation to evolutionary distance (Shalgi and Raz 1997).   

 

Antibodies generated towards the ZP of one species can cross-react with the zona 

protein of another species.  For example, antibodies that cross-reacted with human ZP 

were detected in 10/15 women diagnosed with premature ovarian failure.  These 

antibodies were cross-reactive with the native ZP in pig, marmoset, sheep and mouse 

ovarian sections (Kelkar et al. 2005).    Many other studies have demonstrated similar 

inter-species ZP cross-reactivity (Barber et al. 2001; Maresh and Dunbar 1987; 

Eberspaecher et al. 2001; Grootenhuis et al. 1996).  Such cross-reactivity has even 

occurred where monoclonal antibodies have been generated against a specific 

immunodominant epitope (Maresh and Dunbar 1987; East et al. 1985) 
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However, the relevance of such observations to reproductive outcomes is not always 

evident. Although cross-reactivity between porcine polyclonal antibody and cat ZP 

was demonstrated histologically (Maresh and Dunbar 1987; Barber et al. 2001), 

antibodies raised in rabbits or lions against porcine ZP were unable to inhibit in vitro 

sperm binding between cat oocytes and cat sperm (Jewgenow et al. 2000).  This result 

was confirmed by the maintenance of fertility in domestic cats after inoculation with 

porcine ZP antigens (Gorman et al. 2002).   

 

The disparity in results may be due to differences in antigenic preparation that may 

restrict or remove important glycosylation sites (eg recombinant protein expressed by 

permissive cell lines may exhibit altered glycosylation or native protein prepared by 

Figure 1.5: Phylogenetic tree of zona pellucida protein sequences obtained 

from published sequences.  ZP1 and ZP4 are paralogues and are structurally 

more closely related than the other ZP proteins.  From (Conner et al. 2005) 
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heat solubilization may lose carbohydrates during extraction processes) or may 

simply reflect a discrepancy between the detection of cross-reactive antibodies and 

genuine impairment of fertilization. 

  

1.3.4 Immune tolerance to the zona pellucida  

Immunological tolerance to the ZP is maintained during follicle development and 

ovulation, and is clearly vital for normal reproductive function.  Inoculation of a ZP3 

peptide in adjuvant generates autoimmune inflammation (oophoritis) in the ovaries of 

some mouse strains (Rhim et al. 1992; Tung et al. 2002).  Immune tolerance to ZP3 

develops in female mice at around 5 days of age (Garza et al. 1997) and is well 

developed in adulthood (Garza et al. 2000).  The continual presence of endogenous 

antigen (i.e. functional ovaries) throughout adulthood is essential for tolerance, as 

oophoritis in ovarian grafts was related to the time between ovariectomy and insertion 

of the graft, rather than the age at which the procedure was performed (Garza et al. 

2000).   

 

Autoimmune disease in the ovary occurs in humans and may lead to various 

syndromes including autoimmune oophoritis and premature ovarian failure (Tung et 

al. 2001; Forges et al. 2004).  Two models of autoimmune disease in the mouse ovary 

have been well studied.  These are: i) the induction of autoimmune oophoritis by 

inoculation of a ZP3 peptide in adjuvant (Rhim et al. 1992; Millar et al. 1989); and ii) 

autoimmune oophoritis induced by thymectomy on day 3 of life (Nishizuka and 

Sakakura 1969; Sui-Payer et al. 1999; Tung et al. 2001).  These models have allowed 

valuable insight into the complex immune regulation of ZP tolerance in the female.    

 

1.3.5 Immunocontraception delivered by a recombinant murine cytomegalovirus 

expressing murine zona pellucida 3 

The results presented in this thesis were predicated by the need for the development 

of new methods of mouse population control in Australia.  MCMV was considered to 

be the best candidate virus for the production of a disseminating murine 

immunocontraceptive vaccine.  Characteristics such as species-specificity, relative 

genetic stability, presence within Australian mouse populations and the well-

described immune relationship with the murine host that have been discussed in this 

literature review, lead to the hypothesis that this approach could be successful. 
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It was thought that a recombinant MCMV would naturally be transmitted through 

free-living mouse populations, controlling mouse numbers by reducing fecundity.  It 

was well established that the murine ZP3 glycoprotein was capable of inducing 

ovarian-specific autoimmune disease and it was hypothesised that viral expression of 

this antigen would produce a stable, successful immunocontraceptive vaccine.    

 

The following results chapters describe the manufacture and the in vitro and in vivo 

growth characterisation of a recombinant MCMV expressing the murine ZP3 

glycoprotein, rK181-mZP3 (Chapter 3 and Chapter 4).  Chapter 4 describes the 

production of ZP3-specific antibodies in response to the inoculation of rK181-mZP3 

in BALB/c mice.   Chapter 5 describes the physiological and morphological changes 

to the ovary in response to inoculation with the recombinant vaccine.  These include a 

progressive depletion of ovarian follicles and dramatic changes to the ovarian 

architecture.  Molecular evidence of functional disruption to the ovary is also 

presented.  Chapter 6 describes the influence of innate immunity to the vaccine 

vector, MCMV, on vaccine efficacy. NK-cell mediated innate immunity contributes 

to a reduction in efficacy.  However, the contribution of H-2 related innate immunity 

is not clear.  Chapter 7 describes CTL responses to the MCMV pp89 

immunodominant peptide and shows that the production of ZP3-specific antibody is 

vital for the successful suppression of fertility by rK181-mZP3.   Antibody-deficient 

mice (BALB/c background) did not become infertile after inoculation with rK181-

mZP3.  Conversely, the passive transfer of a ZP3-specific monoclonal antibody 

significantly delayed the first litter in these mice. 
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2.1 Commonly used abbreviations  
AGE   agarose gel electrophoresis 

APC  antigen presenting cell 

bp   base pairs  

BSA   bovine serum albumin    

CFSE   5-carboxyfluorescein diacetate, succinimidyl ester 

CPE  cytopathic effect 

 d   day(s)  

dd  double distilled (water)  

DFA  Direct immunofluorescence (of ovaries from infected mice) 

DNA   deoxyribonucleic acid  

DNase I  deoxyribonuclease I  

EDTA   ethylenediamine acetic acid  (di-sodium salt) 

ELISA  enzyme linked immunosorbent assay 

FACS  Fluorescence Activated Cell Sorter 

FCS   fetal calf serum 

f.p.  foot pad (route of inoculation) 

GAPDH  glyceraldehyde-3-phosphate dehydrogenase   

g  gram(s) 

h   hour(s) 

H20  water 

IE10  monoclonal antibody specific for mZP3 

IFA indirect immunofluorescence (of serum from infected mice incubated 

on ovarian sections from uninfected mice) 

IFN  interferon 

Ig  Immunoglobulin (IgG1, IgG2a) 

i.n.  intranasal (route of inoculation) 

i.p.  intraperitoneal (route of inoculation) 

kb   kilobases  

kDa   kilodaltons  

min   minute(s)  

ml  mililitre(s) 

mRNA  messenger ribonucleic acid  

MCMV  Murine cytomegalovirus 
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MEM  minimal essential medium 

MOBS mouse osmolarity buffered saline (PBS with the osmolality of mouse 

serum) 

m.o.i. multiplicity of infection 

mZP3 murine zona pellucida 3 

NCS   newborn calf serum 

ng   nanograms 

NMS  normal mouse serum 

OCT  optimal cutting temperature compound 

PAGE   polyacrylamide gel electrophoresis 

PAS  periodic acid schiff 

PBS   phosphate buffered saline  

PCR  Polymerase Chain Reaction 

pfu  plaque forming units 

rK181-mZP3 Recombinant MCMV expressing murine zona pellucida 3 

RFLP  Restriction fragment length polymorphism 

RM427+ Recombinant MCMV expressing LacZ and containing sgg1 

RNA   ribonucleic acid  

RNase   ribonuclease   

RT  room temperature 

SDS   sodium dodecyl sulphate  

sec second(s)   

TBS Tris buffered saline 

μg microgram 

μL microlitre 

UV  ultraviolet light  

v/v  volume per volume 

w/v   weight per volume 

ZP  zona pellucida 

ZP3  zona pellucida 3 glycoprotein 
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2.2  Solutions 

All pH adjustments were performed using 1M HCl (to reduce pH) or 1M NaOH (to 

increase pH) as required.  All chemicals were purchased from Merck Pty Ltd (BDH 

Chemicals, Victoria, Australia) unless otherwise noted and were high purity reagents. 

 

2.2.1 Solutions used in molecular methods. 

2.2.1.1 TEG swelling buffer 

25 ml 1M Tris pH=8, 100 ml 0.5M EDTA (di-sodium salt) and 9.01 g glucose was 

made up to 1L. 

 

2.2.1.2 Alkaline phosphatase SDS 

2 ml 1M NaOH was combined in 7 ml ddH2O and 1 ml 10% SDS was added. 

 

2.2.1.3 High salt solution 

124.9 g Potassium Acetate (BDH Lab supplies, Poole, England) and 25 ml formic 

acid was made up to 500 ml in dd H2O. 

 

2.2.1.4 TE 

0.5 ml 1M Tris pH 8 and 25 μL 0.5M EDTA pH 8 were diluted to 50 ml with ddH20.   

 

2.2.1.5 SOC buffer. 

20 g tryptone (Becton Dickinson, NJ, USA), 5 g yeast extract (Becton Dickinson, NJ, 

USA) and 0.5 g NaCl (Ajax Fine Chemicals, NSW, Australia) were added to 950ml 

H2O.  10 ml 250mM KCL and 0.2 ml 5M NaOH (pH 7) were added before 

autoclaving.  1 ml 2M MgSo4 and 1 ml 2M Glucose were combined with 98 ml of 

autoclaved buffer and sterilized by filtration. 

 

2.2.1.6 X-galactosidase stain solutions. 

MOBS/MgCl2 solution: 200 μL 1M MgCl2 was added to 100 ml MOBS (Chapter 

2.2.2.1). 

Detergent solution:  40 μL 10% w/v Sodium deoxycholate and 80 μL 10% v/v 

Nonidet-40 (ICN Biomedicals Inc, Ohio, USA) were added to 40 ml MOBS/MgCL2. 

Fe/Fe stock: 1.6 g l-Ferricyanide (Kodak, Victoria, Australia) 2.1 g Ferrocyanide 

(Sigma Aldrich, MO, USA) were dissolved in 100 ml ddH2O. 
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X-galactosidase solution: 2 ml Fe/Fe stock and 200 μL of 40 mg/ml X-galactosidase 

(Sigma Aldrich, MO, USA) were added to 20 ml detergent solution. 

 

2.2.1.7 Tris Acetate EDTA (TAE) 

For 50 x TAE 242 g Tris base was combined with 57.1 ml Glacial Acetic acid and 

100 ml 0.5M EDTA and made up to 1L with ddH2O.  pH = 8.5. 

 

2.2.1.8 Tris Borate EDTA (TBE) 

For 10 x TBE, 108 g Tris Base, 55 g Boric acid and 40 ml 0.5M EDTA pH 8 were 

made up to 1L with ddH20.  

 

2.2.1.9 Loading buffer for PAGE (Laemmli loading dye) 

2.4 ml 1M Tris-HCl pH 6.8, 3 ml 20% SDS, 3 ml glycerol, 1.6 ml β-mercaptoethanol 

(BDH Chemicals, Poole, England) and 0.006 g Bromophenol blue (Gurr, BDH 

Chemicals, Poole, England) were combined. 

 

2.2.1.10 Ladder for AGE gel 

For a stock solution, 10 μL ladder (Promega Corporation, WI, USA 10 μL loading 

buffer and 30 μL H20 were combined and 1-3 μL was loaded per gel. 

 

2.2.1.11 Loading buffer for AGE 

1 ml 10% SDS, 1 ml 1% Bromophenol blue (Gurr, BDH Chemicals, Poole, England), 

2ml 0.5 M EDTA, 5 ml Glycerol and 1 ml ddH2O were combined and aliquotted.       

1 μL of loading buffer was used per 10 μL sample. 

 

2.2.1.12 LB Broth 

20 g Difco LB broth powder (Becton Dickinson, NJ, USA) was added to 1L ddH2O 

and autoclaved. 

 

2.2.1.13 LB Agar 

35 g Difco LB Agar powder (Becton Dickinson, NJ, USA) was added to 1L ddH2O 

and autoclaved. 

 

2.2.1.14 Running buffer (PAGE gel) 

6.0 g Tris, 2.0 g SDS and 28.8 g glycine were dissolved in 1.5 L ddH20. 
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2.2.1.15 Transfer buffer (Western blot) 

12.18 g Tris and 57.60 g glycine were dissolved in 800 ml methanol and made up to  

4 L with ddH20. 

 

2.2.1.16 DNA digestion buffer (for tail snips and organ homogenates) 

5ml 1M Tris HCl (pH 8.0), 20 ml 0.5M EDTA (pH 8.0), 10 ml 1M NaCl (Ajax Fine 

Chemicals, NSW, Australia) and 5 ml 20% SDS were combined and made up to 1 L 

with DEPC treated H2O.  This solution was aliquotted into 0.5 ml aliquots and 12.5 

μL proteinase K (Amersham Biosciences Pty Ltd, NSW, Australia) was added prior 

to shaking organ homogenates/tail snips at 55°C for 12 hours.  

 

2.2.2 Solutions used in cell culture. 

2.2.2.1 MOBS (Mouse Osmolarity Buffered Saline) 

0.92 g Na2HPO4 0.2 g KH2PO4, 0.2 g KCl and 9.834 g NaCl2 (Ajax Fine Chemicals, 

NSW, Australia) were dissolved in dd H20 up to 1L, pH 7.3.  MOBS was decanted 

into 500 ml volumes and autoclaved.  MOBS is PBS with the osmolality of mouse 

serum. 

 

2.2.2.2 Freezing medium 

20 ml FCS (Invitrogen, Aukland, NZ) was combined with 70 ml MEM (Invitrogen, 

Aukland, NZ) and 10 ml dimethylsulphoxide was added gradually whilst stirring to 

disperse heat.  Freezing medium were stored on ice prior to suspension of cell culture 

stocks for storage in liquid nitrogen. 
 

2.2.2.3 Carboxymethylcellulose  

3.5 g carboxymethylcellulose (Sigma Aldrich, MO, USA) was added to 250 ml 

ddH2O, shaken vigorously and autoclaved. To make up a working solution, 250 ml 

carboxymethylcellulose and 250 ml 2 x MEM were heated at 37°C.  Solutions were 

combined and vigorously shaken before storing at 4°C.  This was performed at least 

12 hours before use to ensure diffusion of air bubbles. 

 

2.2.2.4 Methylcellulose 

8.75 g methylcellulose (Sigma Aldrich, MO, USA) was added to 250 ml ddH2O.  

This was autoclaved without shaking.  Whilst still very warm, methylcellulose was 

shaken vigorously until smooth (RT).   
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To make up a working solution, 250 ml methylcellulose and 250 ml 2 x MEM were 

heated at 37°C.  Solutions were combined and vigorously shaken before storing at 

4°C.  This was performed at least 12 hours before use. 

 

2.2.2.5 Methylene Blue Plaque assay stain 

0.5% w/v methylene blue powder (Gurr Certistain, BDH Chemicals, Poole England) 

was dissolved in dd H2O overnight at RT.  The solution was filtered through 

Whatmans filter paper (Whatman International Ltd, Maidstone, England) under 

suction and 10% formaldehyde solution was added. 
 

2.2.2.6 Trypsin 

A 5% w/v stock solution of trypsin 1:250 (Difco, Beckton Dickinson and Company, 

MD, USA) was stirred at 4°C for several hours.  This solution was centrifuged at 

1300 x g for 10 mins and the supernatant was filter sterilized and stored at -20°C.  A 

working solution was made by diluting 5ml trypsin stock in 100 ml MOBS. 

 

2.2.2.7 Citric Acid Buffer 

4.2 g citric acid, 0.372 g KCl and 3.94 g NaCl (Ajax Fine Chemicals, NSW, 

Australia) were dissolved in ddH20 up to 500 ml, pH 3.0 and filter sterilized. 

 

2.2.3 Solutions used in ELISA and immunofluorescence 

2.2.3.1 Carb/Bicarb buffer 

1.59 g Na2CO3 and 2.93 g NaHCO3 (Ajax Fine Chemicals, Aukland, NZ) were 

dissolved in 1 L ddH20, pH 9.5. 

 

2.2.3.2 Diethanolamine buffer 

9.7 ml diethanolamine and 10mg MgCl2.6H2O were dissolved in ddH2O up to 100 

ml, pH=9.8.  This solution was stored in the dark at 4ºC. 

 

2.2.3.3 Red cell lysis buffer 

8.023 g NH4Cl (Sigma Aldrich, MO, USA), 0.1 g KHCO3 (MP Biomedicals 

Australasia Pty Ltd, NSW, Australia) and 0.037 g EDTA were dissolved in ddH20 up 

to1 L, pH 7.2-7.3.  Buffer was filter sterilized and stored at RT. 
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2.2.3.4 Tris-buffered Saline (TBS, for immunofluorescence) 

8 g NaCl (Ajax Fine Chemicals, NSW, Australia), 0.2 g KCl and 3 g Tris base 

(Invitrogen, CA, USA) were dissolved in dd H20 up to 1 L, pH 7.4. 

 

2.2.3.5 TBS/Tween solution 

30 ml 5M NaCl (Ajax Fine Chemicals, NSW, Australia), 10 ml 1M Tris pH 8.0 

(Invitrogen, CA, USA) and 1 ml Tween 20 (Sigma Aldrich, MO, USA) were 

combined in ddH2O up to 1 L. 

 

2.2.3.6 NBT/BCIP 

NBT 0.5 g nitro blue tetrazolium (Sigma Aldrich, MO, USA) was dissolved in 10 ml 

of 70% dimethylformamide.   

BCIP 0.5 g bromochloroindolyl phosphate (Sigma Aldrich, MO, USA) was dissolved 

in 10 ml of 100% dimethylformamide.   

Alkaline phosphatase buffer 100 mM NaCl (Ajax Fine Chemicals, NSW, Australia), 

5 mM MgCl2, 100 mM Tris (pH 9.5).  

Substrate buffer: 66 μL NBT was added to 10 ml alkaline phosphatase buffer and 

mixed before 33 μL BCIP was added. 

 

2.2.3.7 Saturated ammonium sulfate 

761 g Ammonium sulfate was added to 1L ddH20 and stirred at 37°C for several 

hours. 

 

2.2.3.8 Trypan Blue 

0.25 % w/v trypan blue (Gurr, BDH Ltd, Poole, England) was dissolved in MOBS 

and filtered.   

2.3 Molecular methods  

2.3.1 Plasmid DNA extraction 

Plasmid DNA extraction was performed using standard methods (Sambrook et al. 

1989).  Cultures of single colonies inoculated into LB broth were incubated with 

shaking overnight.  Bacterial cells were lysed with a TEG swelling buffer and an 

alkaline SDS buffer.  A high salt solution was added and the mixture centrifuged.  

The supernatant was incubated with 10 μg RNAse A (Qiagen Pty Ltd, Vic, Australia) 
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and DNA was precipitated with an equal volume of isopropanol.  DNA was washed 

in 70% ethanol and resuspended in 40 μL TE. 

 

2.3.2 Ligation 

Ligations were generally carried out in a volume of 50 μL.  10 μL of vector and       

10 μL insert were incubated with 5 μL 5 x ligation buffer and 1 μL ligase (Promega 

Corporation, WI, USA) with 24 μL nuclease free H2O.  Ligation was carried out 

overnight at 14°C.  Ligation mixes were transformed the next afternoon. 

 

2.3.3 Transformation of competent cells 

Competent cells (DH10B or DH5α, Gibco BRL, (Invitrogen), Auckland, NZ) were 

incubated with plasmid DNA at 4°C.  Transformation was by heat shock at 42°C for 

45 seconds followed by quenching on ice.  450 μL SOC buffer was added to the 

transformed vector and incubated for 1 hr at 37°C shaking at 220 rpm.  100 μL 

transformed mix was incubated on agar plates to which 50μg/ml ampicillin had been 

incorporated (CSL, Vic, Australia) for 24 hrs, 37°C. 

 

2.3.4 Viral DNA for transfection 

Viral DNA was prepared by harvesting MEF infected with RM427+ at 100% 

cytopathic effect and centrifuging at 480 x g for 10 minutes.  The resultant pellet was 

washed in Mouse Osmolarity Buffered Saline (MOBS, Chapter 2.2.2) and cells were 

lysed in 10% w/v SDS and incubated with 20 mg/ml w/v Proteinase K (Amersham 

Biosciences Pty Ltd, NSW, Australia).  DNA was precipitated in 5M (Ajax Fine 

Chemicals, NSW, Australia) in 100% ethanol, spooled onto sterile glass loops and 

resuspended in nuclease-free water. 
 

2.3.5 Transfection 

MEF were grown to 70% confluency. 10-50µg RM427+ DNA and 2μg linearised 

pK181-H3L/MV11/ZP3+ DNA were co-precipitated onto the cells by calcium 

phosphate co-precipitation using the Cellphect procedure as detailed in the 

manufacturer’s instructions (Amersham Pharmacia Biotechnology UK Ltd, 

Buckinghamshire, England), except, the optimum transfection occurred in medium 

containing 10% FCS rather than medium containing 2% FCS.  At the completion of 

the incubation period the cells were osmotically shocked with 1% glycerol in MOBS 

for one minute.  
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 The glycerol was diluted with MEM, removed and the cells washed with MEM.  Cell 

monolayers were incubated in 4 ml MEM + 10% FCS and were allowed to grow until 

viral plaques formed.  These plaques were picked using a P20 pipette and fine 20 μL 

pipette tips into 1 ml MEM + 2% NCS and were frozen at -80°C.   Prior to plating 

out, plaque picks were thawed and vortexed for 20 seconds.  Plaque picks were plated 

in triplicate on 24 well trays of confluent MEF.  Two plates were overlaid with MEM 

+ 2% NCS and the other with carboxymethylcellulose + MEM + 2% NCS.  After 4 

days incubation, the plates overlaid with MEM were fixed and stained for X-

galactosidase production as described below (non-viable stain).  Wells that showed a 

proportionally higher concentration of white plaques were noted.  Plaques were 

picked from the corresponding wells from the plate overlaid with 

carboxymethylcellulose.  The recombinant virus was purified by further rounds of 

plaque picking until three consecutive rounds showing white plaques only were 

observed (four rounds of plaque picking in total). 
 

2.3.6 X-galactosidase staining (non-viable) 

Infected monolayers were washed in MOBS.  Cells were fixed in 0.5% v/v 

gluteraldehyde (Ajax Chemicals, NSW, Australia) in MOBS for 15 minutes and 

washed with MOBS/MgCl2 solution three times.  After 10 mins incubation in 

MOBS/MgCl2 solution, the monolayer was covered with X-galactosidase solution 

and incubated at 37°C.  A blue colour was produced in cells infected with a virus 

containing the β-galactosidase gene in 30 mins to a maximum of 2 hours.  1% w/v 

Neutral red stain (Gurr, BDH Chemicals Ltd, Poole, England) was the counter stain. 

 

2.3.7 X-galactosidase staining (viable) 

Half of the carboxymethylcellulose overlay was removed from wells of the 24 well 

tray. This was replaced with carboxymethylcellulose containing 1% X-galactosidase 

stock and incubated at 37°C for 1-2 hours.  This technique was only useful for 

picking blue staining plaques as continual exposure to X-galactosidase is toxic to 

cells.  Plaques that had blue staining cells were picked with a 20μL pipette tip and 

resuspended in 1 ml Minimal Essential Medium (Invitrogen, Aukland, NZ) + 2% 

Newborn Calf Serum (Invitrogen, Aukland, NZ). 
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2.3.8 Polymerase Chain Reaction  

PCR was performed in a Biorad I cycler (Biorad Laboratories, CA USA) as follows: 

 

Dissociation 94°C  30 sec 

Annealing  See table    30 cycles 

Extension 72°C 1 min/kb  

 

For details of PCR primer sequences please see Appendix 1. 

 
Table 2.1 Annealing temperatures for different PCR primers used throughout this thesis 

PCR Primers Annealing temperature 

ZP3 ZP3F, ZP3R 40°C 

HpaI 

Universal primers 

Im2AF, Im2AR 

12SL, 12SR 

55°C 

51°C 

μMT genotyping 

(multiplex) 

IMR1750, IMR1751, 

IMR0054 
64°C 

 

2.3.9 DNA for restriction fragment length polymorphism. 

T80 cell culture flasks of infected cells showing 100% CPE were scraped and 

clarified at 480 x g.  The supernatant was centrifuged at 27,200 x g, 30mins, 4°C.  

The viral pellet was lysed in MOBS containing 1% v/v Nonidet P-40 (ICN 

Biomedicals Inc, Ohio, USA) and 0.5% w/v sodium deoxycholate.  This was then 

incubated with RNAse, proteinase K and 20% sodium dodecyl sulfate at 65°C for 2 

hours.  After cooling to 4°C, the lysate was extracted twice with phenol: chloroform: 

isoamylalcohol 25:24:1 (Sigma Aldrich, MO, USA).  DNA was ethanol precipitated 

into a total volume of 100μL per flask. 
 

2.3.10 Restriction Fragment Length Polymorphism of viral DNA 

Viral DNA was purified and restriction fragment length polymorphism performed 

using the restriction enzyme HindIII (Promega Corporation, WI, USA). 1 unit of 

enzyme was incubated with 10 x buffer and DNA at a ratio of 1:1:8.  Incubations 

were generally performed at 37°C unless otherwise stated. Fragments were resolved 

on a 2% DNA grade agarose gel (Probiogen Biochemicals, Qld, Australia) at 26 volts 

overnight.   
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2.3.11 Southern Blot 

The AGE gel was transferred to Hybond-N+ (Amersham Biosciences, Bucks, UK) 

membranes by capillary transfer overnight at RT using standard methods (Sambrook 

et al. 1989).   A southern blot was carried out using a gel purified ZP3 fragment 

(excised from pUC19 with EcoRI and BamHI) that was labelled using the 

Boehringer-Mannheim DIG DNA labelling and detection kit (Boehringer-Mannheim, 

Mannheim, Germany) following the manufacturer’s instructions. 

 

2.3.12 Ethanol precipitation 

DNA to be concentrated was mixed with 2.5 volumes of 100% ethanol and 1/10th 

volume of 3M sodium acetate pH 5.2.  DNA and ethanol mixture was incubated at     

-20°C for 30 mins and then centrifuged at 20,000 x g for 15 mins. 

2.4 Cell culture methods 

2.4.1 Transformed cell lines, M210B4 and RK13. 

M210B4 cells are a bone marrow stromal cell line and were obtained from the 

American Type Culture Collection ATCC CRL-1972) (Lutarewych et al. 1997) and 

were maintained in RPMI 1640 medium (Invitrogen, Aukland, NZ).  RK13 cells are a 

rabbit kidney cell line and were obtained from Dr Gerry Harnett (Division of 

Microbiology and Infectious Diseases, PathCentre, WA, Australia) and were 

maintained in MEM (Invitrogen, Aukland, NZ).  
                                            

2.4.2 Mouse Embryo Fibroblast Culture 

 Embryos were taken from the uterine horns of BALB/c mice at 14-16 days gestation, 

and the head, limbs, tail and internal organs were removed.    The remaining tissue 

was minced with scissors in 2 ml MOBS. The minced tissue fragments were allowed 

to settle and the supernatant replenished until no blood was evident. The well-minced 

tissue was diluted in 5 ml of trypsin per embryo.  The trypsin/tissue suspension was 

incubated for one hour at 37˚C whilst being stirred.  An equal volume of Minimal 

Essential Medium (MEM, Invitrogen, Aukland, NZ) + 10% NCS was added and the 

total cell suspension was filtered through a sterile tea strainer.  The cell suspension 

was centrifuged at 2000 x g for 10 minutes at 4˚C.  Cell deposits were resuspended in 

MEM + 10% FCS and grown up in 580cm2 roller bottles (Corning Incorporated, NY, 

USA) for 24 hours at 37˚C, 5% CO2.  Media was changed and cells were incubated 

for a further 3 days or until confluent.  Confluent cells were washed with 10 ml 
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MOBS and then incubated with 5 ml trypsin per roller bottle.  After the cells were 

dislodged, they were diluted in MEM + 10% FCS and centrifuged at 2000 x g for 10 

minutes at 4˚C.  Cell deposits were resuspended in freezing medium and were stored 

in Nunc vials at a rate of 12 vials per roller bottle.   
 

2.4.3 Resuscitation of MEFS from Liquid N2 

To resuscitate cells, a vial was thawed at 37˚C.  Upon thawing, cells were diluted in 

10 ml MEM + 2% NCS and centrifuged at 300 x g for 5 minutes.  The deposit was 

resuspended in MEM + 10% NCS and maintained in MEM + 2% NCS.   MEFs were 

not used past the third passage post-resuscitation, to ensure that the fibroblast cell 

type was maintained. 
 

2.4.4 Production of high titre MCMV stocks 

This method was modified from (Gill et al. 2000).  Near confluent MEF in T80 cell 

culture flasks (Nunc, Roskildo, Denmark) were infected with a virus suspension 

(m.o.i. of 1) in a total volume of 4 ml MEM +10% NCS.  This was incubated for 1-2 

hours at 37°C, 5% CO2.  10 ml MEM + 10% NCS was added and this was incubated 

under the same conditions for 24 hours.  Media was removed and cells washed with 5 

ml MOBS.  15 ml of fresh MEM + 10%FCS was added and cells incubated until 

>50% CPE was obtained.  Virus was harvested by scraping and vigorous pipetting.  

Intact cells were disrupted by sonication, and were centrifuged at 720g for 10 

minutes, RT.  Aliquots of virus stock were stored at -80°C and were assayed 

regularly by plaque assay to ensure the virus titre had not declined significantly over 

time. 

2.4.5 Single step growth curve   

 
6 well trays (Nunc, Roskildo, Denmark) were seeded with M210B4 cells, at 1x106 

cells per well.  Recombinant and parental viruses were infected at a multiplicity of 

infection of 3 (3x106 pfu/well).  The virus was centrifugally enhanced at 850 x g for 

30 mins at 37°C.  The inoculum was removed and cells washed with 1 ml citric acid 

buffer for 1-2 mins.  Cells were washed with MEM+2%NCS for 5 mins and this was 

replaced with 2 ml fresh MEM+2% NCS.  Cells and media were collected in 

triplicate at various intervals over a 44-hour period and were frozen at -80°C.  

Samples were sonicated and plaque assays were performed on M210B4 cells.  All 

samples were performed in triplicate, and plaque assays were performed in duplicate 

on each sample.   
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2.4.6 Multistep growth curve 

Recombinant and parental viruses were infected onto MEF that had been seeded in a 

6 well tray (Nunc, Roskildo, Denmark) at 5x105 cells per well at an m.o.i. of 0.01 

(5x103 pfu/well).  After 1 hour incubation at 37°C, 5%CO2, the inocula were 

removed and the cells washed with 1 ml citric acid buffer for 1-2 mins.  Cells were 

washed with MEM + 2% NCS for 5 mins and this was replaced with 2 ml fresh MEM 

+ 2% NCS.  Cells and medium were harvested every 24 hours until 144 hours had 

elapsed and samples stored at -80°C.  Samples were sonicated and plaque assays were 

performed on MEF.  All samples were performed in triplicate, and plaque assays 

were performed in duplicate on each sample. 

 

2.4.7 Plaque assay   

Virus stocks were diluted in MEM+2%NCS starting at 1:10 and continuing in 1:4 

dilutions.  24 well cell culture tray with 95% confluent MEFS were inoculated with 

200 μL of each dilution.  After 1 hour incubation in 5% CO2, 37°C the suspension 

was removed and a 0.5% methylcellulose/MEM + 2% NCS layer applied.  The plates 

were incubated for 4 days at 37oC, 5% CO2 and stained with 1 ml 0.05% methylene 

blue with 10% formaldehyde per well overnight.  Plates were washed, allowed to dry 

and the number of plaques enumerated on each well. The appropriate dilution 

(usually having between 30-150 plaques per well) was used to calculate a virus titre 

expressed as the plaque forming units per ml (pfu/ml) of virus stock.   

 

2.4.8 Maintenance of rMyxoma-mZP3 stocks. 

The recombinant Myxoma virus expressing murine ZP3 (rMyxoma-mZP3) was 

propagated in RK13 cells until 100% CPE was obtained. Myxoma virus CPE is 

characterised by the presence of giant cells.  To maintain the recombinant phenotype, 

virus was propagated in AIM-V serum free media (GibcoBRL (Invitrogen), 

Auckland, NZ) supplemented with 1 x HAT supplement (Sigma-Aldrich, MO, USA), 

250 μg/ml xanthine (Sigma-Aldrich, MO, USA) and 25 μg/ml mycophenolic acid 

(Sigma-Aldrich, MO, USA). 
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2.4.9 Immunoperoxidase labelling of virus infected cells 

MCMV infected MEF monolayers exhibiting characteristic CPE were washed with 

MOBS and fixed for 2 mins with cold 50% methanol/50% acetone.  After washing, 

the cells were blocked with MOBS with 10% normal goat serum and 10% NMS for 

45 mins at 37°C.  After washing, monolayers were incubated with 1:100 ZP3 

monoclonal antibody for 1-2 hours RT.  The monolayer was washed and then 

incubated with alkaline phosphatase labelled goat anti-mouse Ig conjugate 

(Dakocymation, Glostup, Denmark) before staining with NBT/BCIP (2.2.3.6).  

 

2.5 In vivo studies 

2.5.1 Mice 

The highly inbred strains BALB/cArc (BALB/c), C57BL/6J (B6), CBA/CaHArc 

(CBA), A/JArc (A/J), B10.D2-H2d/n2SnArc (B10.D2) and C.C3-H2k/LilMcdJArc 

(BALB.H-2k) were obtained as specific pathogen free (SPF) from the Animal 

Resources Centre (Murdoch, Western Australia) and maintained under minimal 

disease conditions.  Wild mice (Mus domesticus/ARC) were obtained from an 

outbred SPF colony generated by the caesarean derivation of 15 breeding pairs of 

wild caught mice trapped in Jerilderie, Deniliquin, Braidwood, Yenda, Gungahlin and 

Canberra in south-eastern Australia.  The outbred status was maintained by a 

modification of the Poiley protocol used to maintain uniform genetic variability based 

on the co-efficient of inbreeding (Poiley 1960).  All mice used were 6-8 weeks of age 

where possible, but at times older mice had to be used to ensure experimental validity 

in experiments involving congenic or immunologically attenuated strains.  BALB.B6-

CT3, B6.BALB-TC1 and B6.BALB-Cmv1s Natural Killer Complex congenic strains 

were bred in the Animal Services Facility at the University of Western Australia.  

BALB.B6-CT3 (CT3) mice were generated by brother-sister mating of F1 

(BALB.B6-Cmv1r x BALB/c) mice to create a homozygous line which has been used 

to determine the map location of Cmv1 (Scalzo et al. 1999). B6.BALB-TC1 (TC1) 

mice were generated by a backcross of B6.BALB-Cmv1s onto C57BL/6J mice.   TC1 

mice contain the Cmv1s gene and express the NK1.1 alloantigen and show levels of 

splenic infection similar to the BALB/c parental strain (Scalzo et al. 1999).  These 

mice were kindly made available by Dr A Scalzo (Lions Eye Institute, WA, 

Australia).   
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Antibody-deficient mice, μMT (BALB/c), were kindly provided by Professor Lynda 

Morrison (St Louis University, Mo, USA) and were caesarean-derived by the Animal 

Resources Centre (Western Australia, Australia) as an F1 cross with BALB/c mice. 

Brother-sister mating of F1 mice was used to regain the μMT/μMT phenotype and 

was carried out in a UWA Animal care facility.  The antibody-deficient phenotype 

was originally obtained by a neomycin gene insertion in one of the exons of the 

constant region of the Mu chain (Kitamura et al. 1991).  A homozygous phenotype in 

the re-derived mice was confirmed by PCR of genomic DNA extracted from tail 

snips.  Confirmation of the antibody-deficient phenotype of μMT (BALB/c) mice is 

provided in Chapter 7.   Once the antibody-deficient phenotype was confirmed, μMT 

(BALB/c) mice were maintained as highly inbred stock.  Mouse care was based on 

the Australian Code of Practice endorsed by the National Health and Medical 

Research Council, and was approved by the University of Western Australia’s 

Animal Experimentation Ethics Committee.  The presence of known murine 

pathogens including MCMV was excluded by regular testing of sentinel mice.  All 

mice used in experiments (other than the fertility experiments) were female. 
 

2.5.2 Extraction of DNA from tail biopsies 

Tail biopsies were performed by staff in the Animal care facility.  Tail snips were 

incubated in DNA digestion buffer overnight at 55°C with shaking.  DNA was 

extracted with phenol:chloroform/isoamylalcohol (Sigma-Aldrich, MO, USA) and 

DNA was precipitated with 1ml 100% ethanol and washed in 70% ethanol.  DNA 

was resuspended in 100 μL diethylpyrocarbonate (DEPC)-treated water.  PCR was 

carried out as previously described (Chapter 2.3.8) and the primers are listed in 

Appendix 1. 

 

2.5.3 Detection of virus from organ homogenates by plaque assay 

Organs were collected from mice infected with the recombinant virus or control 

viruses.   Organs were stored in sterile eppendorf tubes at -20°C until required.    

Mouse organs were homogenised at 10% w/vol in MEM + 2% NCS.  Organ 

suspensions were clarified at 1900 x g for 30 minutes prior to incubation on MEF 

monolayers in a plaque assay.  Organs were homogenised and assayed by plaque 

assay on the same day to avoid the loss of viral viability due to freeze/thaw cycles. 
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2.3.4 Real time PCR (quantitative PCR) 

DNA was extracted from organ homogenates using standard procedures (Sambrook 

et al. 1989).  Briefly, homogenates were incubated in DNA digestion buffer with 

proteinase K at 55°C whilst shaking.  The digested homogenate was extracted with 

phenol chloroform: isoamylalcohol (Sigma-Aldrich, MO, USA) and ethanol 

precipitated.     DNA was resuspended in DEPC treated (nuclease free) water.  1:100 

dilutions of all samples were prepared in nuclease free water and 1μL of this dilution 

was used in matched quantitative PCR analyses.  The primers used for the PCR 

analysis are listed in Appendix 1. All quantitative PCR was carried out using the 

Perkin Elmer Gene Amp PCR System 960C.   A commercial GAPDH Real Time 

PCR kit (Applied Biosystems, CA) was used to evaluate DNA concentrations using 

the manufacturer’s suggested method.  All real time PCR was carried out using the 

Perkin Elmer Gene Amp PCR System 960C. A standard curve was constructed by 

analysing identical samples of diluted DNA extracted from salivary gland and lung 

by spectrophotometry and GAPDH real time PCR, and a linear correlation was 

calculated.  This equation was used to convert the CT score obtained from each 

sample to ng DNA per sample.  Identical samples for individual organs were assayed 

by quantitative PCR for the K181 ie1 gene.  Real time PCR of the MCMV ie1 gene 

was carried out using the forward primer 5’TACGGCTGTTTCAGATCTGAGTTT 

3’, the reverse primer 5’CCTACGTAGCTCATCCAGACTCTCT 3’ and the probe 

6FAM-ACCCACACTTCATGCCCACTAATCTAGG-TAMRA.  CT scores were 

obtained and converted to copy number using a standard curve obtained by seeding 

organ DNA with K181 plasmid  as previously described (Wheat et al. 2003).  All 

samples were converted to copy number per μg DNA using the concentration of DNA 

determined by the GAPDH results.  All PCRs were performed in duplicate. 

 

2.3.5 RNA extraction from ovaries 

Harvested ovaries were immediately placed in RNAlater (Ambion Inc., Tx, USA) and 

stored at 4°C.  RNA was extracted using RNAqueous Micro kit (Ambion Inc.,Tx, 

USA) according to the manufacturer’s guidelines. 

 

2.3.6 Reverse Transcriptase PCR (Quantitative) 

Ovarian RNA was treated with RNase-free DNase (Roche, Basel, Switzerland).  First 

strand cDNA was reverse transcribed from 1μg RNA employing an Expand Reverse 

Transcriptase kit (Roche, Basel, Switzerland).   
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The primers used for PCR amplification are listed in Appendix 1.  A 2x SYBR Green 

PCR master mix (Applied Biosystems, CA, USA) was used.   PCR amplification was 

performed in a Corbett Rotor-Gene 6000 (Corbett Life Science, NSW, Australia) 

according to the manufacturer’s specifications, with the following modifications.  β-

Actin: 95°C 15 sec, 60°C 1 min, Nobox: 95°C 20 sec, 59°C 20 sec, 72°C 1 min, 

GDF-9: 95°C 15 sec, 57.5°C 15 sec, 72°C 1 min, Cx43: 95°C 15 sec, 60°C 1 min.  

Reaction products were analysed by dissociation curve profile.  Validation 

experiments were initially performed to determine the efficiencies of each primer pair 

in the PCR.  The specificity of the PCR was confirmed by detection of a single 

distinct peak on examination of the dissociation curve profile of the reaction product.  

mRNA expression data from experimental tissues were normalised to β-actin mRNA 

expression and are expressed as a percentage of the mean value for the MOBS-

inoculated group, using the arithmetic equation 2ΔCt x 100 K-1 (Applied Biosystems 

User Bulletin #2), where K is the normalising constant.  A single ‘relative mRNA 

expression’ value for each mRNA for every individual mouse was calculated as the 

mean of triplicate or in some cases, duplicate cDNA samples. 

 

2.5.7 Oestrus cycle determination   

Two groups of 12 female mice were inoculated i.p. with either rK181-mZP3 or 

K181.  Mice were housed in groups of 4 in transparent cages next to competent male 

mice.  Three weeks after inoculation, vaginal smears were taken from female mice 

daily for at least five complete cycles using the method described by Allen (Allen 

1928).  Mice were housed in a 12-hour light/dark 6am-6pm cycle and vaginal smears 

were taken at midday.  Vaginal smears were heat fixed and stained with 0.1% 

methylene blue (Evans et al. 1990) and the stage of the cycle determined by the 

presence and relative proportion of cornified epithelial cells, nucleated epithelial cells 

and leukocytes (Appendix 2). 

 

2.5.8 Short term breeding study   

Groups of 10 female BALB/c mice were inoculated i.p. with 2 x 104 pfu virus or 

sham-inoculated with 100μL MOBS diluent.  21 days post-inoculation, male mouse 

were introduced at a ratio of 1 male: 1 female.  The number of live births and 

implantation scars were recorded immediately after birth of a litter and after 35 days 

the remaining mice were euthanised and examined for the presence of embryos and 

implantation scars.  
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2.5.9 Long term breeding pairs and trios  

Female BALB/c mice were inoculated i.p. with 2 x 104 pfu virus or were sham-

inoculated (100μL MOBS diluent) and male mice were introduced at a ratio of 1 

male: 1 female immediately post-inoculation.  The breeding output (number of pups 

born) over 100 days was recorded.  There was no compensation made for pups eaten 

or stillborn. Generally, each female produced one litter before the 

immunocontraceptive effect was complete (unless otherwise noted) and this allowed 

the fertility of the mice to be assessed within the experiment.  The only variation with 

long term breeding trios was that the males were introduced immediately post-

inoculation at a ratio of 1 male: 2 female mice.   

 

2.5.10 Long term breeding groups  

Groups of 9 female mice were inoculated i.p. with 2 x 104 pfu virus or sham-

inoculated with 100μL MOBS diluent.  21 days post-inoculation male mouse were 

introduced at a ratio of 1 male: 3 female mice.  The number of pups born was 

recorded on a daily basis.  There was no compensation made for pups eaten or 

stillborn.  The fertility of male mice housed in boxes where female mice did not litter 

for the duration of the experiment was confirmed by the addition of an uninfected 

female mouse and subsequent littering. 
 

2.5.11 Ovarian histology   

Ovaries were removed from female mice and were immediately placed in Bouin’s 

Fixative (Sigma-Aldrich, MO, USA).  After 24 hours ovaries were removed and 

placed in 70% ethanol.  Fixed ovaries were embedded in paraffin and sectioned in 

5μM sections.  Sections were floated onto glass slides, and stained with haematoxylin 

and eosin or periodic acid schiff (PAS) stain.  PAS stain preferentially stains 

glycoproteins and allows detailed examination of the ZP morphology.  For follicle 

enumeration, every 10th section was examined, and primordial, primary, secondary, 

early antral and pre-ovulatory follicles were counted.  The examination of every 10th 

section ensures that a 50μM distance occurs between each section examined and 

ensures that pre-ovulatory follicles (diameter of oocyte is approximately 80 μM) are 

only counted once.  All follicles with distinct morphological features were counted.  

All slides were coded to eliminate bias. 
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2.5.12 Defining the time required for vaccination to be effective 

Groups of 10 female mice were inoculated with 2x104 pfu K181 (control virus) 

rK181-mZP3 or were sham-inoculated with 100μL MOBS diluent on Day 0.  Male 

mice were introduced to female mice at a ratio of 1 male: 1 female 7, 14 or 21 days 

post-inoculation.  Sham-inoculated mice were mated 7 days post inoculation only.  

Female mice were inspected each morning for 7 days for the presence of a mating 

plug.  On the day the plug was noted, the male was removed, and 18 days later, the 

female mice were sacrificed.  Embryos and resorptions were counted and any dead 

embryos were noted.  Embryos and placentas were weighed.   

 

2.5.13 CD4 and CD8+T cell depletion 

Monoclonal antibodies specific for CD4+ T cells (YTS 191) and CD8+ T cells (YTS 

169) were prepared (Chapter 2.6.2).  Female mice were inoculated on Day -3 and -1 

before inoculation with 2x104 pfu rK181-mZP3 or K181 (control virus) on Day 0.  

Mice were then inoculated with monoclonal antibody on day 1 post viral inoculation, 

5 days post viral inoculation and every 4 days thereafter.  Organs were harvested 5 

and 15 days post-viral inoculation.  The spleen cells of these animals were analysed 

to determine the success of the depletion protocol.  Upon sacrifice, spleen cells were 

obtained by disruption using ground glass slides. Red cells were lysed by incubating 

the disrupted cells with 5ml red cell lysis buffer per spleen for 5 mins at RT, before 

dilution with MOBS + 2% NCS to 50 ml and centrifugation at 850 x g.  CD4+ T cells 

were labelled with anti CD4-conjugated to R-phycoerythrin (PE, Pharmingen, Becton 

Dickinson, NJ, USA) and CD8+ T cells with anti-CD8 conjugated to allophycocyanin 

(APC, Pharmingen, Becton Dickinson, NJ, USA). Cell suspensions were analysed by 

a FACS Calibur Flow cytometer (Becton Dickinson, NJ, USA). 

 

2.5.14 In vivo CTL assay 

BALB/c mice were inoculated with 4x104 pfu rK181-mZP3, rK181-OvaTFR or 

K181.  Spleens were removed and placed in RPMI + 2% NCS.   Spleens were 

disrupted in MOBS + 2% FCS with frosted glass slides and the cell suspension was 

centrifuged at 480 x g for 7 mins at 4°C.  Red cells were lysed with 5 ml red cell lysis 

buffer per spleen for 5 mins at RT, then diluted with MOBS + 2% NCS to 50 ml and 

centrifuged.   
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Cells were washed twice with MOBS + 2% NCS and the pellet resuspended in 1 ml 

RPMI + 2% FCS.  Cells were pulsed with 1 μg /ml K181 ie1 peptide (YPHFMPTNL, 

(Del Val et al. 1988) at 37°C for 90 mins.  Cells were washed twice with MOBS, 

centrifuged and resuspended in 20 ml MOBS.  Unlabelled cells were labelled with 

1:8 (High intensity) and peptide pulsed cells (target cells) were labelled with 1:100 

(low intensity) with 5 mM CFSE stock in dimethylsulphoxide and cells were 

incubated at 37°C for 10 mins.   Labelled cells were washed twice through a FCS 

cushion and then centrifuged.  The cells were resuspended in 30 ml MOBS, 

centrifuged and resuspended in 1-2 ml MOBS.  The viable cells were counted by 

staining 10 μL sample with 90 μL trypan blue and approximately 1.6x106 cells were 

intravenously inoculated into mice.  18 hours later, mice were sacrificed and spleens 

removed.  Spleen cells were processed as before.  Spleen cells exhibiting differing 

high intensity or low intensity fluorescence were quantified by FACS analysis. 

 

2.5.16 Immunohistochemistry 

All dilutions were in PBS with 10% NCS.  All washes were performed in PBS.  

Frozen ovarian sections were placed on poly-L-lysine-coated slides (PolysineTM 

Microslides, Menzel-Glaser, Germany) and allowed to air dry before being fixed in 

96% ethanol for 10 mins at 4°C.  Air dried sections were washed and blocked with 

1% BSA for 2 mins.  Primary rat anti-mouse CD4, CD8 (Dakopatts, Glostrup, 

Denmark) and CD45 (Serotec, Oxford, UK) antibodies were diluted to 10μg/ml and 

incubated at 4°C for 2 hours. Sections were washed and incubated with biotinylated 

rabbit anti rat Ig (Dakopatts, Glostrup, Denmark) for 60 mins at RT.  Sections were 

washed and incubated with horse radish peroxidase conjugated streptavidin 

(Dakopatts, Glostrup, Denmark) for 30 mins RT.  Bound antibody was visualised by 

incubating slides with 0.05% diaminobenzidine tetrahydrochloride (Sigma Aldrich, 

MO, USA) in TBS containing 1% hydrogen peroxide for 10 mins RT.  Slides were 

counterstained with haematoxylin, dehydrated, cleared in Safsolvent and mounted in 

DPX.  The number of positively stained leukocytes was quantified in 10 randomly 

selected fields from each of two sections collected from the proximal and distal 

uterine horn of each gilt.  Video image analysis was employed using Video Pro 

software (Leading Edge Software, Adelaide, Australia) with a 10x objective and 3.3x 

photo eyepiece.   
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Data are expressed as ‘percent positivity’ calculated as the mean area of brown stain 

as a percentage of the area of total stain in the ten fields (average of proximal and 

distal sections).  Leukocytes were quantified in all areas of ovarian tissue excluding 

obvious atretic follicles.  Repeated measurements of a single test field validated the 

precision of this method (less than 10% within assay variation). 

 

2.5.17 Passive transfer of antibody 

Female mice were inoculated intravenously with 100μL hyperimmune serum 

(Chapter 2.6.1) or monoclonal antibody (Chapter 2.6.2).  1 day later, male mice were 

introduced at a ratio of 1 male: 1 female.  Mice were maintained together until 

pregnancy was established.  The time from the introduction of the male to the birth of 

the first litter was recorded. 

 

2.6 Serological methods 

2.6.1 Hyperimmune serum   

All hyperimmune serum was generated by three intraperitoneal inoculations at two-

week intervals of either (i) 2x104 pfu of virus or (ii) purified ZP3 protein in TDM 

adjuvant (Sigma Aldrich, MO, USA).  Serum was collected two weeks after the final 

inoculation and is referred to as K181 HIS, rK181-mZP3 HIS, rK181-OvaTFR HIS 

or ZP3 protein + adjuvant HIS. 

 

2.6.2 Preparation of monoclonal antibody from hybridomas 

All monoclonal antibodies used in this study (YTS 169, YTS 191 and IE10 – murine 

ZP3) were generated from hybridomas stored in liquid nitrogen.  YTS 169 and YTS 

191 were grown in RPMI (Invitrogen, Aukland, NZ) supplemented with 10% FCS 

(Invitrogen, Aukland, NZ), 2 mM L-glutamine, 1 mM sodium pyruvate and 2-

mercaptoethanol. IE10 was propagated in DMEM (Invitrogen, Aukland, NZ) 

supplemented with 20% FCS, 10 mM HEPES (Invitrogen, Aukland, NZ) and 0.05 

mM 2-mercaptoethanol.  Hybridomas (non-adherent) were grown to confluency at 

37°C, 5 CO2 and then scraped and resuspended in serum-free medium.  Cultures were 

incubated until the cells had died and the medium was harvested and clarified at 480 

x g for 10 mins.  Saturated Ammonium sulphate was added slowly whilst stirring at 

4°C until a precipitate formed and the mixture was incubated at 4°C overnight.  The 

antibody mixture was centrifuged at 5000 x g and the precipitate resuspended in PBS.  
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The purified antibody was dialysed against PBS overnight and was sterilized by 

filtration through a 0.2μM filter.  The monoclonal antibody was stored at -80°C.  The 

concentration of monoclonal antibody was estimated using the Biorad protein assay 

(Biorad Laboratories, CA, USA). 

 

2.6.3 Direct immunofluorescence 

Ovaries were immediately frozen in OCT compound. Ovaries from an individual time 

point were embedded at specific positions in the same mould (Cryomold, Tissue-Tek, 

Sakura, USA) to ensure identical treatment of these tissues. Frozen sections (5μM) 

were cut and the sections fixed in methanol at –20˚C for 5 minutes.  Fixed sections 

were washed in several changes of TBS and blocked with 10% goat serum diluted in 

TBS for 30 minutes at room temperature.  The sections were then incubated with goat 

anti-mouse fluorescein isothiocyanate Fab fragment conjugate (Biosource 

International, Camarillo, USA) at 37°C for 30 minutes, mounted in 50% glycerol in 

TBS and examined using a fluorescent microscope.  Digital images were taken at the 

same setting to eliminate bias. 

 

2.6.4 Indirect immunofluorescence 

 Frozen sections of uninfected mouse ovaries were fixed in methanol at –20ºC for 5 

minutes.  Sections were blocked as before, washed in TBS and incubated with a 1:10 

dilution of test serum or control hyperimmune serum at 37°C for 30 minutes.  

Sections were washed again and then incubated with goat anti-mouse fluorescein 

isothiocyanate Fab fragment as previously described, mounted in 50% glycerol and 

examined using a fluorescent microscope.  

 

2.6.5 MCMV Enzyme Linked Immunosorbant Assay (ELISA) antigen preparation 

Roller bottles of confluent MEF were infected until 100% CPE was observed.  Media 

was harvested and clarified by centrifugation at 300 x g.  Clarified media was 

centrifuged at 30,000 x g.  The viral pellet was resuspended in MOBS and stored at -

20°C.  The appropriate dilution of antigen to use was determined for each batch of 

antigen by assessing doubling dilutions of known positive and negative sera samples 

on different dilutions of antigen. 
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2.6.6 MCMV ELISA   

The MCMV ELISA used is a modification of that described by Lawson et al (Lawson 

et al. 1992).  ELISA antigen was diluted in Carb/Bicarb buffer and incubated at 4°C 

overnight.  NMS was used as a negative control and K181 hyperimmune serum was 

used as a positive control on all plates.   

 

MOBS with 0.05% v/v Tween-20 and 0.1% w/v BSA (JRH Biosciences Inc, Kansas, 

USA) was used to wash plates and MOBS with 0.05% Tween 20 and 1.0% BSA 

(JRH Biosciences Inc, Kansas, USA) was used as the antibody diluent.  IgG1 and 

IgG2a biotin-labelled conjugates were used as secondary antibodies (Southern 

Biotech. Assoc. Inc, Birmingham, USA).  Streptavidin Alkaline phosphatase 

(Amersham Pharmacia Biotechnology UK Ltd, Buckinghamshire, England) was used 

as the tertiary antibody and 5 mg p-Nitrophenyl Phosphate substrate tablets (Sigma 

Aldrich, MO, USA) dissolved in 5 ml 10% diethanolamine buffer at pH 9.8 were 

used to develop the colour reaction. ELISA plates were read at 405nm after 15 

minutes incubation at room temperature with a Molecular Devices Corporation Emax 

Microplate reader (CA, USA).  A positive serum was designated as one with an 

absorbance greater than the mean of the NMS values plus three times the standard 

deviation.  This value was calculated for each ELISA group and is designed to 

eliminate false positive results.  

 

2.6.7 ZP3 ELISA antigen 

Myxoma-ZP3 (Jackson et al. 1998) was grown on confluent rabbit kidney (RK13) 

cells in serum-free media until 100% CPE was obtained.  Cells were clarified by 

centrifugation at 300 x g, 10 mins.  Triton X-100 was added to 1% (v/v, Ajax 

Chemicals, NSW, Australia) with the protease inhibitors 1 μM phenylmethylsulfonyl 

fluoride (Sigma Aldrich, MO, USA), 1 μM leupeptin (Sigma Aldrich, MO, USA),  

0.1 μM aprotinin (Sigma Aldrich, MO, USA) and 1 μM pepstatin A (Sigma Aldrich, 

MO, USA).  Clarified media was passed slowly through a wheat germ agglutinin 

(Sigma Aldrich, MO, USA column several times.  ZP3 glycoprotein was eluted with 

100 mM N-acetylglucosamine (Sigma Aldrich, MO, USA), 0.5% Na deoxycholate, 

10 mM Tris, pH 8.0.  Fractions were assessed by PAGE and western blot and those 

fractions with the greatest concentration of eluted ZP3 glycoprotein were pooled and 

dialysed against PBS. 
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2.6.8 ZP3 ELISA  

ZP3 antigen was diluted in Carb/Bicarb buffer and was incubated overnight at room 

temperature. The wells were blocked with MOBS + 5% skim milk powder prior to 

adding serum.  The plates were washed after each step with MOBS + 0.05% Tween 

20 and MOBS + 10% Superblock (Pierce, Illinois, USA) was used as the antibody 

diluent.  IgG1 and IgG2a horse radish peroxidase-labelled conjugates were used as 

secondary antibodies (BD Pharmingen, San Jose, CA).  A Sigma FAST o-

phenylenediamine dihydrochloride tablet set was used to develop the colour (Sigma 

Aldrich, MO, USA) and ELISA plates were read at 450 nm after 15 minutes 

incubation at room temperature with a Molecular Devices Corporation Emax 

Microplate reader (CA, USA).  Due to the polyclonal antibody response elicited in 

response to infection with MCMV (Karupiah et al. 1998; Price et al. 1993), antibody 

titres estimated using the ZP3 ELISA can be falsely elevated.  To compensate for 

this, sera were collected from control mice inoculated with K181 as well as from test 

mice inoculated with rK181-mZP3 at all times and from all strains.  Test and control 

sera were titrated in the same ELISA run and individual negative control values were 

calculated for each strain/time.  The reciprocal value of the dilution with an OD less 

than the mean OD of the 1:50 dilution of the control sera was determined to be the 

titre.  Data are presented as mean titre per group. 

 

2.6.9 Avidity assay 

The avidity assay used has previously been described by Ross et al (Ross et al. 2000) 

and used same ZP3 antigen as in the ZP3 ELISA.  The avidity of hyperimmune serum 

produced using rK181-mZP3 was compared with that of hyperimmune serum 

produced using purified ZP3 delivered in TDM adjuvant (Sigma Aldrich, MO, USA).  

A 1:50 dilution of samples was incubated onto the antigen overnight.  Differing 

concentrations of a chaotropic agent (sodium thiocyanate, Sigma Aldrich, MO, USA) 

were incubated at room temperature for 15 minutes before being washed.  ELISA 

plates were then coated with conjugate and processed as previously described.   

 

2.6.10 PAGE 

Fractions from lectin-based mZP3 concentration were separated Biorad ready gel 

(Biorad Laboratories, CA, USA) prior to Western Blot analysis.  A Biorad 

Kaleidoscope Prestained Standard was used (Biorad Laboratories, CA, USA).   
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The gel was stained using Faststain (Zoion Research, MA, USA) following the 

manufacturers instructions and the gel was dried using a gel drying kit (Promega 

Corporation, WI, USA). 

 

2.6.10 Western blot analysis of ELISA antigen 

All washes and antibody incubations were carried out in TBS/Tween.  After transfer 

of the PAGE gel onto polyvinylidene difluoride membrane (Millipore Corp, MA, 

USA) at 50 volts for 1 hr in transfer buffer, the membrane was blocked with 

TBS/Tween and 5% Skim milk powder for 1 hr at RT.  The membrane was rinsed 

and incubated in 1:1000 IE10 (ZP3 monoclonal antibody) for 1 hour with shaking.  

The membrane was washed 4 times and incubated at RT with 1:3000 sheep anti-rat 

conjugate (manufacturer) for 40 mins.  The membrane was washed 4 times and then 

rinsed in alkaline phosphatase buffer.  The membrane was developed using the 

chemiluminescent CDP Star kit (1-2 dioxytane compound, Boehringer Mannheim, 

Mannheim, Germany) following the manufacturer’s directions. 

 

2.6.11 Analysis of protein concentration 

Biorad Protein Assay reagent (Biorad Laboratories, CA, USA) was diluted 1 part dye 

to 4 parts ddH2O.  Dilutions of a BSA standard (1 mg/ml, Sigma Aldrich, MO, USA) 

and the ELISA antigen were prepared in MOBS and 10 μL was pipetted into a 

microtitre tray.  190 μL diluted protein assay reagent was added, mixed briefly and 

incubated at RT for 5 mins.  This was read at 595 nm in a Molecular Devices 

Spectramax microplate reader (Molecular Devices Corporation, CA, USA).  A 

standard curve was prepared and the concentration of the sample was estimated. 

 

2.6.12 Immunoblot (antibody-deficient mice serum) 

All washes were carried out in TBS/Tween.  5 μL serum samples were spotted onto 

nitrocellulose trans-blot membrane (Biorad Laboratories, CA, USA) and after drying 

were blocked with 0.5% skim milk powder in TBS/Tween.  After washing, the 

membrane was incubated with a 1:2000 dilution of alkaline phosphatase linked goat 

anti-mouse immunoglobulin conjugate (Biosource International, Camarillo, USA).  

After washing, the membrane was incubated in alkaline phosphatase conjugate to 

which NBT/BCIP had been added.  20 mM EDTA was used to stop the reaction. 
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2.6.13 Statistical analysis 

 

Where sample numbers were less than 10, statistical analysis was carried out using 

non-parametric tests so as not to violate the assumption of normality.  Non-

parametric analysis was by Kruskal-Wallis or Mann-Whitney testing.  The particular 

test used for each data set is defined as part of the results.  Where sample numbers 

were greater than 10, a Student’s t test or an analysis of variance (ANOVA) were 

used to analyse data.  A p value of less than 0.05 was considered significant.  Exact p 

values are given with the data where possible.  Analysis was carried out using 

GraphPad Prism version 4.00 for Windows (GraphPad Software, California USA) or 

Analyse-it for Microsoft Excel, (Analyse-it Software Ltd, 
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3.1 Introduction 

The control of erupting mouse populations within Australia has been non-specific and 

relatively ad hoc, as control methods can only be instigated once substantial damage 

has been identified (Walsh et al. 2005).  To circumvent this problem, the use of a 

disseminating immunocontraceptive vaccine constructed from a common mouse 

virus, murine cytomegalovirus (MCMV), was suggested (Shellam 1994).  It was 

proposed that this vaccine would be introduced into populations deemed to be at risk 

of rapid population growth, thereby restricting further population growth by fertility 

suppression. 

 

The successful production of a recombinant MCMV expressing the marker gene 

LacZ gave impetus to further research involving the expression of other foreign genes 

from the MCMV viral genome (Stoddart et al. 1994).   The insertion site within the 

HindIII L fragment disrupted viral ie2 expression without any apparent deficit in in 

vitro or in vivo growth.  The marker gene was detected with immediate-early kinetics 

and this suggested that the expression of other foreign genes might have potential for 

inducing a strong and rapid immune response in the recipient animal (Ramsay et al. 

1999).  The HindIII L viral insertion site was therefore explored for its 

permissiveness to express an ovarian glycoprotein murine ZP3, long-established as a 

potent inducer of mouse infertility (Sacco 1987; Henderson et al. 1988). 

 

This chapter describes the manufacture and in vitro characterisation of the 

recombinant virus, rK181-mZP3, intended for use as a disseminating 

immunocontraceptive vaccine for the house mouse, Mus domesticus. 
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3.2 Results 

3.2.1 Construction of the pMV11 shuttle plasmid. 

Plasmid DNA preparation and cloning were performed by standard cloning methods 

(Sambrook et al. 1989).  All restriction enzymes were obtained from Promega 

(Promega Corporation, WI, USA) and used according to the manufacturer’s 

instructions.  The mouse ZP3 gene was engineered to contain flanking HindIII and 

EcoRI restriction sites and was provided by Dr Ronald Jackson of CSIRO Division of 

Wildlife and Ecology (ACT, Australia, (Jackson et al. 1998) in pUC19.   The ZP3 

gene was excised by incubation with BamHI and EcoRI restriction enzymes to give a 

1.27 Kb fragment and was cloned into a shuttle plasmid, pMV11 that had also been 

cut with BamHI and EcoRI.  This plasmid contained both the human cytomegalovirus 

IE1 promoter and the SV-40 poly [A] stop sequence.    Ligation was performed at 

14°C overnight.  Transformation into DH10B E coli competent cells (Promega 

Corporation, WI, USA) was performed the next morning.  As the cloning was 

directional, DNA was prepared from minipreps of transformed plasmids and the 

restriction enzymes PstI and BamHI were used to identify which clones had the 

insertion in the correct orientation.  Clones with the correct orientation digested with 

PstI gave restriction fragments of 2659, 1045, 630 and 338 bp and those with the 

wrong orientation of ZP3 gave restriction fragments of 2659, 955, 720 and 338 bp.  

Clones digested with both PstI and BamHI gave restriction fragments of 2659, 634, 

627, 380, 341 and 22 bp (Figure 3.1A, B).  This shuttle plasmid is henceforth referred 

to pMV11-mZP3. 

 

3.2.2 Construction of the pK181-H3L shuttle plasmid. 

 

The shuttle plasmid pMV11-mZP3 was incubated with HindIII producing two 

fragments of 2025 and 2638 bp.  The 2025 bp fragment contains the murine ZP3 gene 

flanked by the minimal HCMV IE1 promoter and the MCMV poly [A] stop signal. 

The 2025 bp fragment was excised from the gel and purified using Geneclean glass 

beads (Geneclean, Bio101 Inc, CA, USA).  The purified fragment was blunt-ended by 

a fill-in reaction using Klenow DNA polymerase (Promega Corporation, WI, USA).  

The HindIII-L fragment of K181 (designated pK181-H3L, kindly provided by Dr A. 

Scalzo (Lions Eye Institute, Australia) was incubated with HpaI restriction enzyme.   
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This produced two fragments, one of 10305 bp and one of 79 bp.                            

The larger fragment was purified by AGE of the restriction enzyme-plasmid mixture 

in a 1% agarose gel.  The correct fragment was excised from the gel and purified by 

incorporation onto glass beads (Geneclean, Bio101 Inc, CA, USA) and subsequent 

elution following the manufacturer’s instructions.   

 

The purified fragment was dephosphorylated using calf intestinal alkaline 

phosphatase (Promega Corporation, WI, USA) to prevent re-ligation of overlapping 

HindIII restriction sites. The dephosphorylated DNA was concentrated by ethanol 

precipitation and linearised pK181-H3L and the ZP3 gene from pMV11 were ligated 

overnight.  The ligated plasmids were transformed in DH10B E coli (Promega 

Corporation, WI, USA) competent cells the next day.  Minipreps of successfully 

transformed plasmids were performed.  As the cloning was directional, plasmids with 

the correct orientation were identified by RFLP analysis.   Plasmid DNA was 

incubated with BamHI and clones with the inserted gene in the correct orientation 

resulted in fragments of 7094, 4327, 538, 349 and 22 bp (Figure 3.1D), whilst those 

with the inserted gene in the reverse orientation had fragments of 8305, 3116, 538, 

349 and 22 bp respectively. 

 

The plasmid with the insert in the correct orientation was designated pK181-

H3L/MV11/ZP3+ (Figure 3.1C).  By cloning into the HpaI site the pK181-H3L 

plasmid has no TATA box and the transcriptional start site of the ie2 gene has also 

been removed.   

 

3.2.3 Construction of recombinant MCMV expressing murine ZP, rK181-

mZP3. 

Prior to the transfection, pK181-H3L/MV11/ZP3+ was digested with HindIII and gel 

purified (Figure 3.1D).  The parental virus from which the recombinant virus was 

generated was kindly provided by Professor Ed Mocarski (Stanford University, 

Stanford, USA).  This virus has a LacZ gene inserted in the HpaI site of the HindIII L 

fragment of K181.  The expression of the marker protein is under the control of the 

HCMV IE1 promoter and an SV40 poly [A] provides the stop signal.  This virus is 

henceforth referred to as RM427+, the “+” signifying that the sgg1 gene is intact and 

that salivary gland tropism is maintained (Saederup et al. 1999). 
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The transfection was carried out on 50-70% confluent MEF using the Cellphect 

(Amersham Biosciences, Buckinghamshire, England) reagents followed by a 1% 

glycerol shock for 1 minute.   
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Figure 3.1 Construction of transfer plasmids as intermediate steps in the 

manufacture of rK181-mZP3.  A. Plasmid map of pMV11-mZP3. B. AGE showing 

RFLP analysis of pMV11-mZP3 in the correct orientation. Lane 1. 1 Kb ladder, 

Lane 2. pMV11-mZP3 cut with PstI, Lane 3. pMV11-mZP3 cut with PstI and 

BamHI. C. Plasmid map of pK181H3L/MV11/mZP3. D. AGE showing RFLP 

analysis of pK181H3L/MV11/mZP3. Lane 1. 1Kb ladder, Lane 2. - . Lanes 3 & 4. 

pK181H3L/MV11/mZP3 cut with HindIII, indicated fragment was gel purified (see 

text),  Lane 5. – , Lane 6. pK181H3L/MV11/mZP3 cut with BamHI. 
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A recombinant murine cytomegalovirus expressing murine ZP3 was produced by 

homologous recombination of the ie1 and ie2 regions flanking the ZP3 expression 

cassette in pK181-H3L/MV11/ZP3+ with the identical ie1 and ie2 regions flanking 

the LacZ gene in RM427+ DNA.  This recombination event effectively replaces one 

gene cassette with another and produces a mixture of blue-staining and non-staining 

(or white) viruses.  All co-transfections were carried out using differing 

concentrations of RM427+ DNA with a standard amount of digested plasmid.  A 

control well transfected with only RM427+ DNA indicated the overall potential 

success rate of the transfection procedure and the likelihood of isolating stable 

transformants. 

Primary plaques appeared on the MEF monolayer four days post-transfection.  These 

plaques were picked using a P20 pipette and fine 20μL pipette tips into 1 ml MEM + 

2% NCS.  Plaque picks were frozen at -80°C.  Prior to plating out, plaque picks were 

thawed and vortexed for 20 seconds.  Plaque picks were plated in triplicate on 24 well 

trays of confluent MEF.  Two plates were overlaid with MEM + 2% NCS and the 

other with carboxymethylcellulose + MEM + 2% NCS.  After 4 days incubation, the 

plates overlaid with MEM were fixed and stained for X-galactosidase production.  

Wells that showed a proportionally higher concentration of white plaques were noted.  

Plaques were picked from the corresponding wells from the plate overlaid with 

carboxymethylcellulose.  The recombinant virus was purified by further rounds of 

plaque picking until three consecutive rounds showing white plaques only were 

observed (four rounds of plaque picking in total).  This virus was designated rK181-

mZP3.  Viral stocks were prepared in T80 cell culture flasks and were stored in MEM 

+ 2% NCS.  All virus stocks used throughout this thesis were not more than 5 

passages from this master stock. 

 

3.2.4 Construction of a revertant virus, rK181-mZP3-REV. 

A virus that was constructed from rK181-mZP3 to regain the blue-staining 

phenotype, was constructed using the plasmid, pON427+, kindly provided by Prof. E. 

Mocarski (Stanford University, Stanford, USA).  This plasmid contains the LacZ 

gene under the control of the HCMV IE1 promoter-enhancer and an SV40-derived 

polyadenylation signal downstream of the marker gene.   Constitutive high levels of 
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expression of the marker have been described throughout cellular infection (Saederup 

et al. 1999).  

 

The transfection procedure used to construct the revertant virus was the same as that 

previously described here.  Viral DNA was prepared by the spooling method from 

rK181-mZP3 and BamHI linearised pON427+ plasmid were cotransfected in 50-70% 

confluent MEF.  Primary blue staining plaques were identified by viable X-

galactosidase staining for 1 hour.  Plaques with blue staining cells were picked into 

1ml MEM + 2% NCS as described previously and the plaque picks were frozen.  

Thawed plaque picks were plated onto 24 well trays in triplicate as previously 

described. Blue staining virus was purified until three sequential plaque picking 

rounds produced only a blue staining phenotype.  Virus stocks were made from the 

tertiary-pure plaque pick and virus stock used for further experiments was no more 

than 2 passages from this master stock.  Cultures of all stocks were assayed with X-

galactosidase to ensure the genetic purity of the stock.   The virus was called rK181-

mZP3-REV 
 

3.2.5 Restriction fragment length polymorphism characterisation and 

Southern blot of the recombinant viruses. 

 

 DNA was prepared using the method described in 2.3.5 of the materials and 

methods section.  Viral DNA was incubated with HindIII restriction enzyme for 2 

hours at 37°C and the resultant fragments were separated on a 2% agarose gel run at 

26 volts overnight.  HindIII RFLP confirmed that the respective L fragment sizes 

were as expected (Figure 3.2: K181, 7161 bp; RM427+ and rK181-ZP3-REV, 10608 

bp and rK181-ZP3 9106 bp).  DNA fragments in the resulting gel were transferred 

onto hybaid+N membrane overnight and a Southern blot was performed by Ms 

Nicole Harvey (Microbiology, University of Western Australia, WA, Australia).   

 

A DIG-labelled probe was prepared from the ZP3 gene that had been excised from 

pUC19 after incubation with BamHI and EcoRI.  The ZP3 gene was gel purified 

using the NucleoTrap silica bead suspension gel extraction kit (Clontech 

Laboratories, place) using the manufacturer’s suggested method for TAE agarose 

gels.  The ZP3 gene was labelled with digoxigenin following the manufacturers 

suggested method (Boehringer Mannheim, Mannheim, Germany).   
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The proper insertion of the ZP3-containing gene cassette into the MCMV genome 

was confirmed by DIG-labelling of the ZP3 9016 bp fragment of the HindIII 

digestion (Figure 3.2).   
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Figure 3.2 Molecular characterisation of recombinant murine cytomegaloviruses.  

A) HindIII digestion of viral DNA:  1 Kb ladder (Lane1), K181 (Lane2), RM427+ (Lane 

3), rK181-ZP3 (Lane 4), rK181-ZP3-REV (Lane 5), DIG-labelled Kb ladder.  Expected L 

fragment sizes are K181: 7161 bp, RM427+: 3762 bp and 7326 bp and rK181-ZP3: 

9106 bp.  B)  Southern blot probed with ZP3 DIG-labelled probe (from the same gel:  

Dig-labelled ladder (Lane 6), rK181-ZP3-REV (Lane 5), rK181-mZP3 (Lane 4).  
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3.2.6 HpaI analysis of insertion site. 

 

As a further confirmation of the successful insertion of the required gene, primers 

were constructed to flank the HpaI insertion site (Appendix 1).  PCR was performed 

and the PCR products were separated on a 1% agarose gel.  The relative sizes of the 

PCR products were K181: 170 bp, rK181-mZP3: 2195 bp and both RM427+ and 

rK181-mZP3-REV: 3995 bp.  To ensure that no sequence variation had inadvertently 

occurred in the production of the revertant virus, the HpaI PCR products were 

sequenced (Macrogen, Seoul, South Korea).   The following PCR primers were 

designed with the assistance of Dr Lee Smith to enable sequencing to proceed: 

 

Table 3.1 PCR primers designed to sequence HpaI fragments 

Primer name Sequence 

LacZ Forward 5’-TTCGCTATTACGCCAGCTGGCG-3’ 

LacZ Reverse 5’-CGTAAGGAAATCCATTATGTAC-3’ 

ZP3 Forward 5’-CAGACACTCCACCTTCACAGGTG-3’

ZP3 Reverse 5’-GCCACAGTGGCATTCCTGAC-3’ 

 

 

The sequences were aligned using the Vector NTI suite of programs (Invitrogen, 

Auckland, NZ) and the final alignment displayed with Genedoc Multiple Sequence 

Alignment Editor and Shading Utility (www.psc.edu/biomed/genedoc, Figures 3.3 

and 3.4).  The HCMV IE1 promoter is indicated in each figure.  Figure 3.3 shows the 

similarity between the published ZP3 gene and the sequence obtained from the PCR 

product.  Figure 3.4 shows the sequence alignment of the two LacZ containing 

viruses, RM427+ and rK181-mZP3-REV, and compares them with the gene sequence 

for LacZ.  All the sequences were analysed by comparison with the EMBL DNA 

database to confirm that the correct gene had been cloned into the HpaI insertion site.  

This confirmed the presence of the mouse ZP3 gene in rK181-mZP3 in the relevant 

HpaI PCR product (EMBL M20026), and the presence of the LacZ gene in RM427+ 

and rK181-mZP3-REV DNA (EMBL J01636).  The K181 HindIII L fragment had 

100% identity with MCMV ie2 (EMBL U68299). 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                                                                                                               
                    1 4 0          *        1 6 0          *        1 8 0          *        2 0 0          *        2 2 0          *        2 4 0          *        2 6 0
Z P 3         :  - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
r K 1 8 1 - m Z P 3  :  A T T A G T C A T C G C T A T T A C C A T G G T G A T G C G G T T T T G G C A G T A C A T C A A T G G G C G T G G A T A G C G G T T T G A C T C A C G G G G A T T T C C A A G T C T C C A C C C C A T T G A C G T C A A T G G G A G T T T G T T T T G G C A C C A A
H C M V i e 1     :  - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - t c a c g g g g a t t t c c a a g t c t c c a c c c c a t t g a c g t c a a t g g g a g t t t g t t t t g g c a c c a a
                                                                                                                                               
                                                                                                                                               
                      *        2 8 0          *        3 0 0          *        3 2 0          *        3 4 0          *        3 6 0          *        3 8 0          *
Z P 3         :  - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
r K 1 8 1 - m Z P 3  :  A A T C A A C G G G A C T T T C C A A A A T G T C G T A A C A A C T C C G C C C C A T T G A C G C A A A T G G G C G G T A G G C G T G T A C G G T G G G A G G T C T A T A T A A G C A G A G C T C G T T T A G T G A A C C G T C A G A T C G C C T G G A G A C G C C
H C M V i e 1     :  a a t c a a c g g g a c t t t c c a a a a t g t c g t a a c a a c t c c g c c c c a t t g a c g c a a a t g g g c g g t a g g c g t g t a c g g t g g g a g g t c t a t a t a a g c a g a g c t c g t t t a g t g a a c c g t c a g a t c g c c t g g a g a c g c c
                                                                                                                                               
                                                                                                                                               
                    4 0 0          *        4 2 0          *        4 4 0          *        4 6 0          *        4 8 0          *        5 0 0          *        5 2 0
Z P 3         :  - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - A T G G C G T C A A G C T A T T T C C T C T T C C T T T G T C T C C T G C T G T G T G G A G G C C C C G A G C T G T G C A A T T C C C A G A C T C
r K 1 8 1 - m Z P 3  :  A T C C A C G C T G T T T T G A C C T C C A T A G A A G A C A C C G G G A C C G A T C C A G C C T G G G G A T C C A T G G C G T C A A G C T A T T T C C T C T T C C T T T G T C T C C T G C T G T G T G G A G G C C C C G A G C T G T G C A A T T C C C A G A C T C
H C M V i e 1     :  a t c c a c g c t g t t t t g a c c t c c a t a g a a g a c a c c g g g a c c g - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
                                                                                                                                               
                                                                                                                                               
                      *        5 4 0          *        5 6 0          *        5 8 0          *        6 0 0          *        6 2 0          *        6 4 0          *
Z P 3         :  T G T G G C T T T T G C C G G G T G G A A C T C C C A C C C C A G T G G G G T C C T C A T C A C C T G T G A A G G T G G A G T G T C T G G A A G C T G A A C T A G T G G T G A C T G T C A G T A G A G A C C T T T T T G G C A C G G G G A A G C T G G T G C A G C C
r K 1 8 1 - m Z P 3  :  T G T G G C T T T T G C C G G G T G G A A C T C C C A C C C C A G T G G G G T C C T C A T C A C C T G T G A A G G T G G A G T G T C T G G A A G C T G A A C T A G T G G T G A C T G T C A G T A G A G A C C T T T T T G G C A C G G G G A A G C T G G T G C A G C C
H C M V i e 1     :  - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
                                                                                                                                               
                                                                                                                                               
                    6 6 0          *        6 8 0          *        7 0 0          *        7 2 0          *        7 4 0          *        7 6 0          *        7 8 0
Z P 3         :  C G G G G A C C T C A C C C T T G G C T C A G A G G G T T G T C A G C C C C G G G T G T C C G T G G A T A C C G A C G T G G T C A G G T T C A A C G C C C A G T T G C A C G A G T G C A G C A G C A G G G T G C A G A T G A C G A A A G A T G C C C T G G T G T A C
r K 1 8 1 - m Z P 3  :  C G G G G A C C T C A C C C T T G G C T C A G A G G G T T G T C A G C C C C G G G T G T C C G T G G A T A C C G A C G T G G T C A G G T T C A A C G C C C A G T T G C A C G A G T G C A G C A G C A G G G T G C A G A T G A C G A A A G A T G C C C T G G T G T A C
H C M V i e 1     :  - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
                                                                                                                                               

B

A
1. 1 Kb plus ladder

2. K181

3. RM427+

4. rK181-mZP3

5. rK181-ZP3-REV

4,000 bp
3,000
2,000

200
100

1      2        3        4       5  Figure 3.3 Characterisation of the insertion site of the 
recombinant virus, rK181-mZP3.  Primers were 
designed to flank the HpaI insertion site in the HindIII 
fragment of K181.  A. Gel showing HpaI PCR products. 
B. The PCR products were sequenced to confirm that 
insertion of the correct gene had occurred.  Sequence 
analysis of the rK181-mZP3 PCR product confirmed that 
the ZP3 gene was present and the ZP3 gene sequence 
alignment is denoted by the green line. The red box 
denotes the position of the HCMV IE1 promoter 
sequence.  

                                                                                                                                               
                    1 4 0          *        1 6 0          *        1 8 0          *        2 0 0          *        2 2 0          *        2 4 0          *        2 6 0
Z P 3         :  - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
r K 1 8 1 - m Z P 3  :  A T T A G T C A T C G C T A T T A C C A T G G T G A T G C G G T T T T G G C A G T A C A T C A A T G G G C G T G G A T A G C G G T T T G A C T C A C G G G G A T T T C C A A G T C T C C A C C C C A T T G A C G T C A A T G G G A G T T T G T T T T G G C A C C A A
H C M V i e 1     :  - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - t c a c g g g g a t t t c c a a g t c t c c a c c c c a t t g a c g t c a a t g g g a g t t t g t t t t g g c a c c a a
                                                                                                                                               
                                                                                                                                               
                      *        2 8 0          *        3 0 0          *        3 2 0          *        3 4 0          *        3 6 0          *        3 8 0          *
Z P 3         :  - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
r K 1 8 1 - m Z P 3  :  A A T C A A C G G G A C T T T C C A A A A T G T C G T A A C A A C T C C G C C C C A T T G A C G C A A A T G G G C G G T A G G C G T G T A C G G T G G G A G G T C T A T A T A A G C A G A G C T C G T T T A G T G A A C C G T C A G A T C G C C T G G A G A C G C C
H C M V i e 1     :  a a t c a a c g g g a c t t t c c a a a a t g t c g t a a c a a c t c c g c c c c a t t g a c g c a a a t g g g c g g t a g g c g t g t a c g g t g g g a g g t c t a t a t a a g c a g a g c t c g t t t a g t g a a c c g t c a g a t c g c c t g g a g a c g c c
                                                                                                                                               
                                                                                                                                               
                    4 0 0          *        4 2 0          *        4 4 0          *        4 6 0          *        4 8 0          *        5 0 0          *        5 2 0
Z P 3         :  - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - A T G G C G T C A A G C T A T T T C C T C T T C C T T T G T C T C C T G C T G T G T G G A G G C C C C G A G C T G T G C A A T T C C C A G A C T C
r K 1 8 1 - m Z P 3  :  A T C C A C G C T G T T T T G A C C T C C A T A G A A G A C A C C G G G A C C G A T C C A G C C T G G G G A T C C A T G G C G T C A A G C T A T T T C C T C T T C C T T T G T C T C C T G C T G T G T G G A G G C C C C G A G C T G T G C A A T T C C C A G A C T C
H C M V i e 1     :  a t c c a c g c t g t t t t g a c c t c c a t a g a a g a c a c c g g g a c c g - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
                                                                                                                                               
                                                                                                                                               
                      *        5 4 0          *        5 6 0          *        5 8 0          *        6 0 0          *        6 2 0          *        6 4 0          *
Z P 3         :  T G T G G C T T T T G C C G G G T G G A A C T C C C A C C C C A G T G G G G T C C T C A T C A C C T G T G A A G G T G G A G T G T C T G G A A G C T G A A C T A G T G G T G A C T G T C A G T A G A G A C C T T T T T G G C A C G G G G A A G C T G G T G C A G C C
r K 1 8 1 - m Z P 3  :  T G T G G C T T T T G C C G G G T G G A A C T C C C A C C C C A G T G G G G T C C T C A T C A C C T G T G A A G G T G G A G T G T C T G G A A G C T G A A C T A G T G G T G A C T G T C A G T A G A G A C C T T T T T G G C A C G G G G A A G C T G G T G C A G C C
H C M V i e 1     :  - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
                                                                                                                                               
                                                                                                                                               
                    6 6 0          *        6 8 0          *        7 0 0          *        7 2 0          *        7 4 0          *        7 6 0          *        7 8 0
Z P 3         :  C G G G G A C C T C A C C C T T G G C T C A G A G G G T T G T C A G C C C C G G G T G T C C G T G G A T A C C G A C G T G G T C A G G T T C A A C G C C C A G T T G C A C G A G T G C A G C A G C A G G G T G C A G A T G A C G A A A G A T G C C C T G G T G T A C
r K 1 8 1 - m Z P 3  :  C G G G G A C C T C A C C C T T G G C T C A G A G G G T T G T C A G C C C C G G G T G T C C G T G G A T A C C G A C G T G G T C A G G T T C A A C G C C C A G T T G C A C G A G T G C A G C A G C A G G G T G C A G A T G A C G A A A G A T G C C C T G G T G T A C
H C M V i e 1     :  - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
                                                                                                                                               

B

A
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1      2        3        4       5  Figure 3.3 Characterisation of the insertion site of the 
recombinant virus, rK181-mZP3.  Primers were 
designed to flank the HpaI insertion site in the HindIII 
fragment of K181.  A. Gel showing HpaI PCR products. 
B. The PCR products were sequenced to confirm that 
insertion of the correct gene had occurred.  Sequence 
analysis of the rK181-mZP3 PCR product confirmed that 
the ZP3 gene was present and the ZP3 gene sequence 
alignment is denoted by the green line. The red box 
denotes the position of the HCMV IE1 promoter 
sequence.  
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recombinant virus, rK181-mZP3.  Primers were 
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B. The PCR products were sequenced to confirm that 
insertion of the correct gene had occurred.  Sequence 
analysis of the rK181-mZP3 PCR product confirmed that 
the ZP3 gene was present and the ZP3 gene sequence 
alignment is denoted by the green line. The red box 
denotes the position of the HCMV IE1 promoter 
sequence.  
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              1 4 0          *        1 6 0          *        1 8 0          *        2 0 0          *        2 2 0          *        2 4 0          *        2 6 0       
L a c Z     :  - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Z P 3 - r e v  :  C G G G G A T T T C C A A G T C T C C A C C C C A T T G A C G T C A A T G G G A G T T T G T T T T G G C A C C A A A A T C A A C G G G A C T T T C C A A A A T G T C G T A A T A A C C C C G C C C C G T T G A C G C A A A T G G G C G G T A G G C G T G T A C G G T G G G
R M 4 2 7 +   :  C G G G G A T T T C C A A G T C T C C A C C C C A T T G A C G T C A A T G G G A G T T T G T T T T G G C A C C A A A A T C A A C G G G A C T T T C C A A A A T G T C G T A A T A A C C C C G C C C C G T T G A C G C A A A T G G G C G G T A G G C G T G T A C G G T G G G
H C M V i e 1  :  c g g g g a t t t c c a a g t c t c c a c c c c a t t g a c g t c a a t g g g a g t t t g t t t t g g c a c c a a a a t c a a c g g g a c t t t c c a a a a t g t c g t a a c a a c t c c g c c c c a t t g a c g c a a a t g g g c g g t a g g c g t g t a c g g t g g g
                                                                                                                                               
                                                                                                                                               
             *        2 8 0          *        3 0 0          *        3 2 0          *        3 4 0          *        3 6 0          *        3 8 0          *        4 0
L a c Z     :  - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - A T G A G C G A A A A A T A C A T C G T C A
Z P 3 - r e v  :  A G G T C T A T A T A A G C A G G A T C T C T A G A A G C T T G G G A T C T C T A T A A T C T C G C G C A A C C T A T T T T C C C C T C G A A C A C T T T T T A A G C C G T A G A T A A A C A G G C T G G G A C A C T T C A C A T G A G C G A A A A A T A C A T C G T C A
R M 4 2 7 +   :  A G G T C T A T A T A A G C A G G A T C T C T A G A A G C T T G G G A T C T C T A T A A T C T C G C G C A A C C T A T T T T C C C C T C G A A C A C T T T T T A A G C C G T A G A T A A A C A G G C T G G G A C A C T T C A C A T G A G C G A A A A A T A C A T C G T C A
H C M V i e 1  :  a g g t c t a t a t a a g c a g - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
                                                                                                                                               
                                                                                                                                               
          0          *        4 2 0          *        4 4 0          *        4 6 0          *        4 8 0          *        5 0 0          *        5 2 0          *   
L a c Z     :  C C T G G G A C A T G T T G C A G A T C C A T G C A C G T A A A C T C G C A A G C C G A C T G A T G C C T T C T G A A C A A T G G A A A G G C A T T A T T G C C G T A A G C C G T G G C G G T C T G G T A C C G G T G G G T G A A G A C C A G A A A C A G C A C C T C G A
Z P 3 - r e v  :  C C T G G G A C A T G T T G C A G A T C C A T G C A C G T A A A C T C G C A A G C C G A C T G A T G C C T T C T G A A C A A T G G A A A G G C A T T A T T G C C G T A A G C C G T G G C G G T C T G G T A C C G G T G G G T G A A G A C C A G A A A C A G C A C C T C G A
R M 4 2 7 +   :  C C T G G G A C A T G T T G C A G A T C C A T G C A C G T A A A C T C G C A A G C C G A C T G A T G C C T T C T G A A C A A T G G A A A G G C A T T A T T G C C G T A A G C C G T G G C G G T C T G G T A C C G G T G G G T G A A G A C C A G A A A C A G C A C C T C G A
H C M V i e 1  :  - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
                                                                                                                                               

                                                                                                                                               
                      *       2 8 8 0          *       2 9 0 0          *       2 9 2 0          *       2 9 4 0          *       2 9 6 0          *       2 9 8 0          *
L a c Z r e v e r s  :  G A C G C G C G A A T T G A A T T A T G G C C C A C A C C A G T G G C G C G G C G A C T T C C A G T T C A A C A T C A G C C G C T A C A G T C A A C A G C A A C T G A T G G A A A C C A G C C A T C G C C A T C T G C T G C A C G C G G A A G A A G G C A C A T G G
Z P 3 - r e v     :  G A C G C G C G A A T T G A A T T A T G G C C C A C A C C A G T G G C G C G G C G A C T T C C A G T T C A A C A T C A G C C G C T A C A G T C A A C A G C A A C T G A T G G A A A C C A G C C A T C G C C A T C T G C T G C A C G C G G A A G A A G G C A C A T G G
R M 4 2 7 +      :  - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - C C G C T A C A G T C A A C A G C A A N T G A T G G A A G C C A G C C A T C G C C A T T T G C T G C A C G C G G A A G A A G G C A C A N G G
                                                                                                                                               
                                                                                                                                               
                   3 0 0 0          *       3 0 2 0          *       3 0 4 0          *       3 0 6 0          *       3 0 8 0          *       3 1 0 0          *       3 1 2 0
L a c Z r e v e r s  :  C T G A A T A T C G A C G G T T T C C A T A T G G G G A T T G G T G G C G A C G A C T C C T G G A G C C C G T C A G T A T C G G C G G A A T T C C A G C T G A G C G C C G G T C G C T A C C A T T A C C A G T T G G T C T G G T G T C A A A A A T A A - - - - - - -
Z P 3 - r e v     :  C T G A A T A T C G A C G G T T T C C A T A T G G G G A T T G G T G G C G A C G A C T C C T G G A G C C C G T C A G T A T C G G C G G A A T T C C A G C T G A G C G C C G G T C G C T A C C A T T A C C A G T T G G T C T G G T G T C A A A A A T A A T A A T A A C
R M 4 2 7 +      :  C T G A A T A T C G A C G G T T T C C A T A T G G G G A T T G G T G G C G A C G A C T C C T G G A G C C C G T C A G T A T C G G C G G A A T T C C A G C T G A G C G C C G G T C G C T A C C A T T A C C A G T T G G T C T G G T G T C A A A A A T A A T A A T A A C
                                                                                                                                               
                                                                                                                                               
                      *       3 1 4 0          *       3 1 6 0          *       3 1 8 0          *       3 2 0 0          *       3 2 2 0          *       3 2 4 0          *
L a c Z r e v e r s  :  - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Z P 3 - r e v     :  C G G G C A G G C C A T G T C T G C C C G T A T T T C G C G T A A G G A A A T C C A T T A T G T A C T A T T T A A A A A A C A C A A A C T T T T G G A T G T T C G G T T T A T T C T T T T T C T T T T A C T T T T T T A T C A T G G G A G C C T A C T T C C C G T T
R M 4 2 7 +      :  C G G G C A G G C C A T G T C T G C C C G T A T T T C G C G T A A G G A A A T C C A T T A T G T A C T A T T T A A A A A A C A C A A A C T T T T G G A T G T T C G G T T T A T T C T T T T T C T T T T A C T T T T T T A T C A T G G G A G C C T A C T T C C C G T T
                                                                                                                                               

                                                                                                                                               
                      *       2 8 8 0          *       2 9 0 0          *       2 9 2 0          *       2 9 4 0          *       2 9 6 0          *       2 9 8 0          *
L a c Z r e v e r s  :  G A C G C G C G A A T T G A A T T A T G G C C C A C A C C A G T G G C G C G G C G A C T T C C A G T T C A A C A T C A G C C G C T A C A G T C A A C A G C A A C T G A T G G A A A C C A G C C A T C G C C A T C T G C T G C A C G C G G A A G A A G G C A C A T G G
Z P 3 - r e v     :  G A C G C G C G A A T T G A A T T A T G G C C C A C A C C A G T G G C G C G G C G A C T T C C A G T T C A A C A T C A G C C G C T A C A G T C A A C A G C A A C T G A T G G A A A C C A G C C A T C G C C A T C T G C T G C A C G C G G A A G A A G G C A C A T G G
R M 4 2 7 +      :  - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - C C G C T A C A G T C A A C A G C A A N T G A T G G A A G C C A G C C A T C G C C A T T T G C T G C A C G C G G A A G A A G G C A C A N G G
                                                                                                                                               
                                                                                                                                               
                   3 0 0 0          *       3 0 2 0          *       3 0 4 0          *       3 0 6 0          *       3 0 8 0          *       3 1 0 0          *       3 1 2 0
L a c Z r e v e r s  :  C T G A A T A T C G A C G G T T T C C A T A T G G G G A T T G G T G G C G A C G A C T C C T G G A G C C C G T C A G T A T C G G C G G A A T T C C A G C T G A G C G C C G G T C G C T A C C A T T A C C A G T T G G T C T G G T G T C A A A A A T A A - - - - - - -
Z P 3 - r e v     :  C T G A A T A T C G A C G G T T T C C A T A T G G G G A T T G G T G G C G A C G A C T C C T G G A G C C C G T C A G T A T C G G C G G A A T T C C A G C T G A G C G C C G G T C G C T A C C A T T A C C A G T T G G T C T G G T G T C A A A A A T A A T A A T A A C
R M 4 2 7 +      :  C T G A A T A T C G A C G G T T T C C A T A T G G G G A T T G G T G G C G A C G A C T C C T G G A G C C C G T C A G T A T C G G C G G A A T T C C A G C T G A G C G C C G G T C G C T A C C A T T A C C A G T T G G T C T G G T G T C A A A A A T A A T A A T A A C
                                                                                                                                               
                                                                                                                                               
                      *       3 1 4 0          *       3 1 6 0          *       3 1 8 0          *       3 2 0 0          *       3 2 2 0          *       3 2 4 0          *
L a c Z r e v e r s  :  - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Z P 3 - r e v     :  C G G G C A G G C C A T G T C T G C C C G T A T T T C G C G T A A G G A A A T C C A T T A T G T A C T A T T T A A A A A A C A C A A A C T T T T G G A T G T T C G G T T T A T T C T T T T T C T T T T A C T T T T T T A T C A T G G G A G C C T A C T T C C C G T T
R M 4 2 7 +      :  C G G G C A G G C C A T G T C T G C C C G T A T T T C G C G T A A G G A A A T C C A T T A T G T A C T A T T T A A A A A A C A C A A A C T T T T G G A T G T T C G G T T T A T T C T T T T T C T T T T A C T T T T T T A T C A T G G G A G C C T A C T T C C C G T T
                                                                                                                                               

Figure 3.4 Characterisation of the LacZ insertion sites in RM427+ and rK181-mZP3-REV 
recombinant viruses.  Primers were designed that flanked the HpaI insertion site in the HindIIIL 
fragment of K181. PCR products of RM427+ and rK181-mZP3-REV were sequenced and the 
sequences aligned with ZP3 published sequence.  The red box denotes HCMV IE1 sequence.  
The blue line depicts the LacZ coding region from the start and end of the gene.  Sequence 
analysis shows that LacZ is present in both RM427+ and rK181-mZP3-REV with no significant 
sequence variation in the LacZ coding region. A. Forward sequence  B. Reverse sequence
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The blue line depicts the LacZ coding region from the start and end of the gene.  Sequence 
analysis shows that LacZ is present in both RM427+ and rK181-mZP3-REV with no significant 
sequence variation in the LacZ coding region. A. Forward sequence  B. Reverse sequence
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3.2.7 Detection of expressed glycoprotein by immunostain. 

 

To ensure that the mZP3 gene incorporated in the MCMV viral genome produced 

ZP3 protein, the ZP3 monoclonal antibody, IE10 (East et al. 1985) was used to detect 

the specific virally-expressed protein.  Stained monolayers are presented in Figure 

3.5, and these show that only the monolayer that had been infected with the 

recombinant virus, rK181-mZP3, displayed characteristic brown staining (Figure 

3.5C). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

Figure 3.5 Immunostain of infected monolayers.  MEF monolayers 

infected with K181 and the recombinant viruses RM427+, rK181-mZP3 and 

rK181-mZP3-REV exhibiting characteristic CPE were fixed and incubated with 

ZP3 monoclonal antibody before staining with NBT/BCIP. The characteristic 

brown stain indicates ZP3 protein is present. A. K181 B. RM427+ C. rK181-

mZP3 D. rK181-mZP3-REV. 
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3.2.8 Recombinant viruses exhibit normal growth in vitro – (i) One-step 

growth curve 

To determine whether the in vitro growth of the recombinant viruses was similar to 

that exhibited by the laboratory strain of MCMV, K181, two different growth curve 

assays were performed.  The method for the one-step growth curve is designed so that 

each individual cell is infected with one infectious virion (a multiplicity of infection 

or m.o.i of 1).   The growth within these cells is measured over one cycle of virus 

growth, that is, before cell lysis occurs and the liberated infectious virions can spread 

to other cells within the monolayer.  To ensure that each cell was infected, virus was 

infected at an m.o.i of 1, and was centrifugally enhanced to effectively increase the 

m.o.i by approximately 5 times.  Figure 3.6 depicts virus growth over 42 hours.  

There was no significant difference detected between the growth of the recombinant 

viruses (RM427+, rK181-mZP3 and rK181-mZP3-REV) and K181 (p>0.05, Kruskal-

Wallis analysis). 
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Figure 3.6 One-step growth curve. M210B4 cells were infected at a 

high m.o.i. with K181, RM427+, rK181-mZP3 and rK181-mZP3-REV and 

cells and media were collected over 42 hours post-inoculation. Sonicated 

cells were assayed by plaque assay.   
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3.2.9 Recombinant viruses exhibit normal growth in vitro – (i) Multi-step 

growth curve 

The method for multi-step growth curves is designed to test the cell to cell spread that 

occurs after the lytic release of virions from infected cells.  The virus was infected at 

a low m.o.i. and samples were taken over several days.  Figure 3.7 depicts the cell-to-

cell growth of the recombinant viruses compared to the control MCMV, K181.  There 

was no statistically significant difference detected between the growth of the 

recombinant viruses (RM427+, rK181-mZP3 and rK181-mZP3-REV) and K181 

(p>0.05, Kruskal-Wallis).   Any perceived differences in viral growth are likely to 

have been caused by slight variation in the initial inoculum that has been exacerbated 

during the assay.   
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Figure 3.7 Multi-step growth curve.  Cells were inoculated at a low 

m.o.i. and cell monolayers and media collected every 24 hours for 144 

hours post-inoculation.  Sonicated cell cultures were assessed by 

plaque assay.  Error bars are standard error of the mean. 
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3.3 Discussion 

This chapter describes the manufacture of the recombinant virus, rK181-mZP3 and a 

revertant virus, rK181-mZP3-REV and has characterised the in vitro growth of these 

viruses in comparison with the laboratory strain of MCMV, K181.   

 

As cloning within the shuttle plasmids pMV11 and pK181-H3L was directional, 

RFLP was utilized to confirm that the genes of interest had been inserted in the 

correct orientation.  Once the recombinant virus was engineered after calcium 

phosphate transfection of viral and plasmid DNA on MEF, the recombinant viruses 

were plaque purified and working stocks were generated.  A southern blot was 

performed on DNA extracted from the recombinant viruses that confirmed that the 

ZP3 gene had been inserted into the HindIII L fragment of the K181 genome.  PCR 

primers that were designed to flank the HpaI insertion site within HindIII L showed 

that the inserted genes resulted in PCR products of the expected sizes.  Partial 

sequencing of the PCR products confirmed that the LacZ genes were 

indistinguishable in the parental RM427+ virus and the rK181-mZP3-REV virus and 

that the insertion sites were the same in each virus.  EMBL database searches of the 

HpaI PCR product sequences confirmed the presence of the LacZ gene in RM427+ 

and rK181-mZP3-REV DNA and the presence of mouse zona pellucida 3 in rK181-

mZP3 DNA.  The K181 HindIII L fragment had 100% identity with MCMV ie2.  

There was no deficit in the in vitro growth kinetics exhibited by the recombinant 

viruses suggesting that the transfection process had not impaired the growth potential 

of these viruses in vitro.   

 

Finally, infection of MEF monolayers with rK181-mZP3 and immunostaining 

utilising the ZP3 monoclonal antibody, IE10, demonstrated that the ZP3 protein was 

being produced in cells infected with the recombinant virus.  This suggested that the 

glycoprotein mZP3 was produced by rK181-mZP3, and that this virus could 

potentially elicit an immune response to the expressed ZP3 protein with the 

possibility of developing an immunocontraceptive response in inoculated mice. 
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3.4  Summary  

This chapter described the manufacture and in vitro characterisation of a recombinant 

murine cytomegalovirus expressing murine zona pellucida 3 (rK181-mZP3).  The 

process of manufacture employed restriction enzyme digestion and ligation of the 

required fragments to produce a shuttle plasmid that incorporated homologous 

regions of the viral ie1 and ie2 region.  This plasmid was transfected with DNA from 

a parental virus expressing LacZ, RM427+ on MEF cells.  Recombinant virus 

containing the ZP3 gene insertion was originally identified by its white staining 

phenotype.  The immunostaining of infected cell monolayers with a monoclonal 

antibody to murine ZP3 established that the recombinant virus produced the inserted 

antigen in vitro.  A revertant virus was also constructed to re-express LacZ.  The in 

vitro growth of the recombinant viruses was compared to the laboratory MCMV 

strain, K181 and no significant differences were observed. 
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4.1 Introduction 

 

After the construction of rK181-mZP3 was successfully achieved and the retention of 

wild-type in vitro growth kinetics was confirmed, the in vivo growth was 

characterised in BALB/c mice.  The pathogenic manifestations of MCMV have been 

well described in this inbred mouse strain and it has been extensively used as a 

“susceptible” mouse strain in the investigation of various MCMV-induced diseases 

(Chalmer et al. 1977; Scalzo et al. 1992; Lenzo et al. 2002).   

 

Most animal models for immunocontraception have used the detection of high 

antibody titres to the immunocontraceptive antigen as being indicative of the 

potential success of the technique (Garrott et al. 1998; Jackson et al. 1998; Fayrer-

Hosken et al. 1999; Zhang et al. 1997).  The fertility of a population of feral horses 

was controlled by inoculation with porcine ZP glycoproteins (Kirkpatrick et al. 

1992),  and declining porcine ZP antibody titres were related to regained fertility (Liu 

et al. 1989).   Additionally, experiments in mice infected with a recombinant 

ectromelia virus expressing mZP3 demonstrated a correlation between the resumption 

of fertility and the reduction of mZP3 antibody titres (Jackson et al. 1998).  

Therefore, the accurate detection and quantification of ZP3-specific antibody in mice 

infected with rK181-mZP3 was of importance.   

 

This chapter describes the remarkable efficacy with which rK181-mZP3 controlled 

the fertility of BALB/c mice.  All infected mice were rendered completely infertile 

for more than 250 days post inoculation with rK181-mZP3.   
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4.2 Results 

4.2.1 The in vivo growth of rK181-mZP3 assayed by plaque assay. 

To determine the in vivo growth of the recombinant virus, rK181-mZP3, adult (>6 

weeks old) and juvenile (weanling, 3 weeks old at inoculation) BALB/c mice were 

inoculated with 2x104 pfu rK181-mZP3 or 2x104 pfu RM427+ (the parental virus 

from which rK181-mZP3 was constructed).  Organs were collected at various times 

post-inoculation and these were assessed by plaque assay to determine the viral titre 

(Table 4.1). 

 

 

Table 4.1 Virus detected from organ homogenates by plaque assay 

K181-ZP3 RM427+  

DAYS POST-
INOCULATION 

 
JUVENILE ADULT JUVENILE ADULT 

3 
(spleen, liver, lung) 

1NVD 

Spleen NVD 

Liver + 

Lung NVD 

Spleen ++ 

Liver + 

Lung ++ 

Spleen + 

Liver + 

Lung NVD 

7 
(spleen, liver, lung) 

NVD NVD 

Spleen + 

Liver + 

Lung NVD 

NVD 

21 
(spleen, liver, lung, 

salivary gland) 
NVD NVD 

Spleen + 

Liver ++ 

Lung NVD 

Sal Gland 

++++ 

Spleen NVD 

Liver NVD 

Lung NVD 

Sal Gland 

+++ 

35 
(lung, salivary gland) 

NVD NVD 

Lung NVD 

Sal Gland 

+++ 

Lung NVD 

Sal Gland 

+++ 

 
1NVD: No Virus Detected 

+: Limit of detection of assay (25 pfu/organ) -100 pfu/organ (mean of three animals) 

++ 100 pfu/organ – 1000 pfu/organ 

+++: 1000 pfu/organ – 5,000 pfu/organ 

++++: 5,000 pfu/organ – 10,000 pfu/organ 
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The results show that the growth of the recombinant virus, rK181-mZP3 was 

significantly impaired compared to the parental virus, RM427+.  The recombinant 

virus did not grow to adequate titres to allow reproducible detection and 

quantification by plaque assay.   A higher titre of RM427+ was detected from 

juvenile mice than from adult mice, probably reflecting the immaturity of the juvenile 

immune system.  However, juvenile mice infected with rK181-mZP3 did not show a 

significant increase in either the viral titre detected from the organ homogenates or 

the number of organs from which virus was detected.  This suggests that the in vivo 

growth of rK181-mZP3 was significantly impaired.  

 

 

4.2.2 The in vivo growth of rK181-mZP3 assayed by quantitative PCR. 

 

Quantitative PCR was used as a more sensitive method for the detection and 

quantification of recombinant virus genomes from DNA extracted from organ 

homogenates.  The quantitative (real time) PCR utilised primers that have specific 

sequence homology with viral IE1.  The IE1 gene was not altered in the recombinant 

virus and the same primers were used to detect recombinant viral genomes and K181 

viral genomes.  The primers were used in conjunction with a fluorescent probe that 

also aligned with the template viral DNA.  The probe used in these experiments was 

engineered to have a 5’ 6-carboxyfluorescein (6-FAM) fluorescent label and a 3’ 

quencher fluorochrome (6-carboxy-tetramethyl-rhodamine (TAMRA) incorporated, 

Appendix 1.  The close proximity of the fluorescent label and the quencher prevented 

fluorescence from occurring in the background reaction.  As the template was 

amplified during the PCR, the fluorescent probe annealed to the template and was 

processed by Taq polymerase.  This released the fluorescein label and the resultant 

increase in the distance between the label and the quencher produced an increase in 

fluorescence that was proportional to the quantity of DNA present.  The fluorescence 

was measured and is presented as a CT (threshold cycle) score above background 

fluorescence present in the unprocessed mixture.   
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All samples were standardised to eliminate variation in the DNA concentration of 

individual samples using a commercial GAPDH real time PCR kit (Applied 

Biosystems, CA, USA), following the manufacturer’s suggested method.  A standard 

curve was constructed by analysing identical samples of diluted DNA extracts by 

spectrophotometry at 260nm wavelength and by quantitative PCR using the GAPDH 

PCR kit.  These results were correlated mathematically to produce an equation,          

y = -2.0189 ln(x) + 39.734, R2=0.975, and are shown in Figure 4.1.  This equation 

was used to convert the CT score obtained after GAPDH quantitative PCR to a value 

representing the concentration of DNA (ng DNA per ml) in each sample. 
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CT score vs DNA concentration (calculated from 
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0

5

10

15

20

25

30

35

0 10 20 30 40 50 60 70

DNA concentration (ng/well)

C
T 

sc
or

e

 

Combined Data

y = -2.0189x + 39.734
R2 = 0.975

0

5

10

15

20

25

30

35

0 2 4 6 8 10 12

ln (Natural log)  DNA

C
T 

sc
or

e

 
 

 

 

 

 

 

Figure 4.1 Determination of DNA concentration by GAPDH quantitative PCR 

analysis.  A. Equavalent samples were assayed by spectophotometry and GAPDH 

analysis.  The estimated concenctation of DNA from analysis at 260nm was 

graphed against the CT score.  B. Regression analysis was performed to derive 

the equation y=-2.0189x+39.734, R2 = 0.975.  This equation was used in future 

analyses to estimate the amount of DNA per sample. 

A 

B 
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Identical samples for individual organs were assayed by quantitative PCR for the 

K181 IE1 gene.  Real time PCR of the MCMV ie1 gene was carried out using the 

forward primer 5’TACGGCTGTTTCAGATCTGAGTTT 3’, the reverse primer 

5’CCTACGTAGCTCATCCAGACTCTCT 3’ and the probe 6FAM-

ACCCACACTTCATGCCCACTAATCTAGG-TAMRA.  CT scores were obtained 

and converted to copy number using a standard curve (y = -1.232 ln(x) + 39.40, R2 = 

0.940 for DNA extracted from salivary glands and y=-1.394 ln(x) + 40.61, R2=0.955) 

for DNA extracted from lung samples (Gorman et al. 2006).  The standard curves 

were obtained by seeding organ DNA with K181 plasmid as previously described 

(Wheat et al. 2003). All samples were converted to virus copy number per ng DNA 

using the concentration of DNA determined by the GAPDH results.   

 

Results are presented in Figure 4.2.  The theoretical limit of detection of this assay is 

1 viral genome per μg organ DNA and this is indicated on the individual graphs.  The 

data used for the preparation of this figure comprised 4 individual organ samples per 

time point that were evaluated in two separate PCR assays. Some samples had no 

K181 DNA detected and the mean viral copies per μg organ DNA from some time 

points were therefore below the theoretical limit of detection. 
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Figure 4.2 Quantitative PCR analysis of organ DNA.  DNA was extracted from 

organs and duplicate samples were analysed for GAPDH and K181 virus genome.  

Results are expressed as viral genomes per μg of salivary gland DNA from mice 

inoculated with (A) K181  or (B) rK181-mZP3 , or lung DNA from mice 

inoculated with (C) K181  or (D) rK181-mZP3 .  Error bars are standard error 

of the mean. A theoretical limit of detection of 1 virus genome per μg organ DNA is 

marked. * No virus genome detected. 
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K181 virus genomes were detected from the salivary gland DNA extracts of BALB/c 

mice at 7 days post inoculation (Figure 4.2A).  There was a rapid increase in the 

quantity of virus detected thereafter, and this peaked between 14 and 21 days post-

inoculation.  The quantity of detectible viral DNA in salivary gland DNA extracts 

rapidly declined between 21 and 35 days post inoculation, however, virus genomes 

were still clearly detected.  In lung tissue extracts, an increasing quantity of K181 

virus genome was detected over time (Figure 4.2C).   

 

rK181-mZP3 virus genomes were detected in salivary gland DNA extracts, but were 

below the theoretical limit of detection at all time points assessed (Figure 4.2B).  

DNA extracted from the salivary glands at 14 days post-inoculation showed no 

evidence of rK181-mZP3 infection.  The detection of rK181-mZP3 virus genomes in 

lung tissue DNA harvested from the same mice indicated that the recombinant virus 

was present, albeit at a low level (Figure 4.2D). 

 

No clear growth pattern was evident from these results; however, the recombinant 

virus genome was detectable in both organs at most time points tested.   This 

demonstrated that the recombinant virus had disseminated from the point of 

inoculation and was present in these distant tissues, but had been prevented from 

growing to any significant titre.  Whilst this might be due to some replication 

deficiency not evident from the in vitro studies, it may also indicate improved 

immune control of the recombinant MCMV. 
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4.2.3 Detection of recombinant virus growth in IFN α/β/γ receptor knock-out mice. 

 

Mice lacking the receptors for IFN α, β and γ (IFN α/β/γ R-/-) mice were kindly 

provided by Dr Alistair Ramsay (John Curtin School of Medical Research, Australian 

National University, Canberra, Australia) and this work was performed in 

conjunction with Dr Serani van Dommelen (University of Western Australia, Perth, 

Australia).  IFN α/β/γ R-/- mice are extremely sensitive to infection with MCMV 

(van Dommelen 2000) and were infected with either 2x104 pfu rK181-mZP3 or 2x104 

pfu RM427+.  The salivary glands, spleens and livers were collected from three mice 

per time point at 3, 6 and 15 days post infection for mice inoculated with rK181-

mZP3 and at 3, 6 and 8 days post infection for mice inoculated with RM427+. The 

results are presented in Figure 4.3.  The differing collection times were due to the 

extreme symptoms of MCMV-induced disease that were observed in the mice 

inoculated with RM427+ at 8 days post-inoculation.  The severity of these symptoms 

required the euthanasia of these mice.  In comparison, IFN α/β/γ R-/- mice inoculated 

with rK181-mZP3 showed no disease symptoms at 8 days post inoculation. 

 

There was evidence of in vivo replication of rK181-mZP3 between days 3 and 6 post-

inoculation in the spleen, liver and lungs; however the IFN α/β/γ R-/- mice recovered 

from the viral infection between 6 and 15 days post-inoculation.  In contrast, IFN 

α/β/γ R-/- mice inoculated with the control virus RM427+ displayed a 1-2 log 

increase in viral titre in all organs assayed at 6 days post-inoculation and were unable 

to control viral growth. Ultimately the mice either succumbed to the infection, or 

were culled due to severe morbidity at 8 days post-inoculation.  Other recombinant 

MCMVs have been engineered in this laboratory that express the ovalbumin antigen 

(rK181-OvaTFR) or the haemagglutinin of influenza A virus (rK181-HA).  However, 

while rK181-OvaTFR and rK181-HA replicated to high titres were lethal to                

IFN α/β/γ R-/- mice (van Dommelen 2000), rK181-mZP3 replicated well in these 

mice but the infection was not lethal.  This suggests that the replication of rK181-

mZP3 may be better controlled by residual host mechanisms in the IFN α/β/γ R-/- 

mice.   

 

 



Chapter 4: In vivo characterisation of rK181-mZP3 

 

  105

 

Spleen

0 5 10 15
1

10

100

1000

10000

100000

1000000

rK181-mZP3
RM427+

Vi
ru

s 
tit

re
s 

pe
r o

rg
an

Liver

0 5 10 15
1

10

100

1000

10000

100000

1000000

Vi
ru

s 
tit

re
 p

er
 o

rg
an

Lung

0 5 10 15
1

10

100

1000

10000

100000

Vi
ru

s 
tit

re
 p

er
 o

rg
an

Salivary gland

0 5 10 15
10

100

1000

10000

100000

Days post inoculation

Vi
ru

s 
tit

re
 p

er
 o

rg
an

 
 

 

Figure 4.3 Growth of recombinant viruses in IFN α/β/γ receptor knock-out 

mice.  3 mice were inoculated per virus per timepoint.  Organs were collected on 

the days indicated and were analysed by plaque assay.  Results are presented as 

virus pfu/organ.  Error bars are standard error of the mean.
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4.2.4 Detection of antibody bound in vivo to ovarian tissue (Direct 

immunofluorescence). 
 

BALB/c mice were inoculated with rK181-mZP3 or K181 and ovaries were 

harvested at 7, 14, 21 and 35 days post-inoculation and frozen immediately in OCT 

compound.  Frozen sections were incubated with a fluorescein-conjugated goat-anti 

mouse immunoglobulin for analysis in the direct immunofluorescence assay (DFA).   

Where antibody was bound in vivo, fluorescence was detected (relative to control 

sections).   
 

Antibody was not detected in ovarian sections harvested from BALB/c mice 7 days 

post-inoculation with rK181-mZP3 (Figure 4.4, A and D).  However, by 14 days 

post-inoculation, antibody was detected bound to follicles (Figure 4.4B, E is the 

K181 control).  Similar fluorescence was also demonstrated in ovaries harvested 21 

days post-inoculation (data not shown) and 35 days post-inoculation (Figure 4.4, C 

and F).  The ring-shaped form of the fluorescence suggests that the antibody was 

bound to the ZP matrix within the follicles, surrounding the oocyte. The ZP appeared 

to be bound mostly to secondary and early antral follicles.  There was no variation 

detected in the intensity of the fluorescence in the ovaries from different time points.  

There was no background fluorescence detected in the ovarian sections from mice 

inoculated with the control virus K181.   
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Figure 4.4 The detection by direct immunofluorescence of antibody bound in 

vivo.  Ovaries were taken from BALB/c mice inoculated with 2x104 pfu rK181-mZP3 

(A, B and C) or K181 (D, E and F).  Frozen sections of ovaries harvested 7 (A, D), 14 

(B, E) or 35 (C, F) days post-inoculation were incubated with goat anti-mouse 

fluorescein conjugate and examined by fluorescence microscopy.
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4.2.5 Detection of ZP3 specific antibody by indirect immunofluorescence. 

 

The direct immunofluorescence method detects antibody that is bound to the ZP in 

the ovaries of infected mice and does not detect ZP-specific antibody.  An indirect 

immunofluorescence assay (IFA) was used to detect ZP-specific antibody in the 

serum of infected mice.  Serum samples from rK181-mZP3 infected mice were 

incubated on frozen ovary sections from uninfected mice and then incubated with a 

fluorescein-linked goat anti-mouse conjugate.  ZP-specific antibody present in the 

serum samples adhered to the ZP within the follicles of the uninfected sections and 

was detected as fluorescent rings.   

 

 
 

 

 

 

 

 

      

       

     

                        
 

 

 

 

 

 

 

 

Figure 4.5 Indirect fluorescence using serum from infected mice provides 

evidence of ZP-specific antibody production.  1:10 dilutions of hyperimmune 

sera from mice inoculated several times with either rK181-mZP3 (Figure 4.2, A) 

or K181 (Control, Figure 4.2, B) were incubated on uninfected ovarian sections 

and then incubated with a fluorescent goat anti-mouse conjugate. Bar 

designates 50μm. 

A B 
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Hyperimmune serum was obtained from mice inoculated with rK181-mZP3 on three 

occasions or from mice inoculated with K181 using the same regime.  Figure 4.5A 

clearly shows that antibody present in the rK181-mZP3 hyperimmune serum adhered 

to structures within the ovary.  These structures were similar to those seen in Figure 

4.4, and suggest that antibody specific for the ZP was present in the rK181-mZP3 

hyperimmune serum.  There was no background staining observed in sections 

incubated with hyperimmune serum obtained from mice inoculated with the control 

(K181) virus (Figure 4.5B). 

 

This technique was also used to detect the presence of ZP-specific antibody in mice 

inoculated on a single occasion with rK181-mZP3.  It was possible to gauge an 

approximate ZP antibody titre from test sera using this method, but this was a costly 

and time consuming assay, requiring many ovarian sections to estimate a single 

serum titre.  The interpretation of the intensity of the fluorescence was subjective, as 

different fields in a section exhibited different fluorescence intensity at times.  

Additionally, the uninfected ovarian sections needed to be of a consistent quality, 

with sufficient ZP present to enable an accurate assessment to be undertaken.   
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4.2.6 Production of ZP3-specific ELISA antigen for the quantification of ZP 

antibody. 

Although ZP-specific antibody was detected by indirect immunofluorescence in the 

sera of mice infected with rK181-mZP3, this method was not readily quantitative and 

did not detect the ZP3 glycoprotein specifically.  An ELISA (enzyme linked 

immunosorbent assay) is a more quantitative method for determining the ZP3-

specific antibody titres from multiple samples.  Accordingly, an ELISA was 

developed using a recombinant myxoma virus expressing murine ZP3 (rMyxoma-

mZP3), kindly provided by Dr Ron Jackson (CSIRO, Canberra, Australia).  The 

presence of the ZP3 gene in this virus was confirmed by Dr Malcolm Lawson with a 

PCR utilising ZP3 internal primers (Appendix 1) to produce a fragment of 662 bp 

(Figure 4.6A).  rMyxoma-mZP3 produces murine ZP3 glycoprotein that is liberated 

into the serum.  Myxoma virus has a constitutive alpha2,3-sialyltransferase activity 

that results in additional sialic acid residues being bound to the ZP3 glycoprotein 

(Jackson et al. 1999).  This factor was exploited in the preparation of the ELISA 

antigen by utilising a wheatgerm agglutinin column to concentrate mZP3 from the 

culture medium.  The wheatgerm agglutinin lectin preferentially binds 

glycoconjugates with a high density of terminal sialic acid residues (eg N-

acetylneuraminic acid, (Aviles et al. 2000).    

 

Once the mZP3 had been reversibly bound to the lectin, subsequent elution of the 

bound glycoprotein produced a ZP3-specific ELISA antigen (Figure 4.6B).  The 

presence of the antigen in eluted fractions was confirmed by western blot using the 

ZP3-specific monoclonal antibody, IE10 (Figure 4.6B).  

 

The final protein concentration of the antigen was obtained by constructing a standard 

curve using a BSA protein standard (Sigma Aldrich, MO, USA) in conjunction with a 

Biorad protein assay (Figure 4.7, Biorad Laboratories, CA, USA).  
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Figure 4.6 Production and analysis of ZP3-specific ELISA antigen from 

rMyxoma-mZP3. A. Confirmation of the presence of the ZP3 gene in rMyxoma-

mZP3 by ZP3 PCR.  B. PAGE gel of ZP3 ELISA antigen produced by WGA 

column-purification of clarified media overlaid with a western blot detected by CDP 

Star.  Aliquots of column eluate were run on a PAGE gel and transferred to PVDF 

membrane.  The western blot utilised the rat IgG2a monoclonal antibody to mZP3, 

IE10 and demonstrates the differing amounts of glycoprotein eluted in different 

column fractions. 
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The estimated protein content of the purified ZP3 ELISA antigen was 150μg/ml.  

 

To determine the appropriate concentration of antigen to coat wells of an ELISA tray, 

doubling dilutions of known positive and negative sera were used.  This assay 

produced a somewhat unexpected result as there was considerable cross-reactivity 

seen between sera from mice inoculated with the control virus K181 and the ZP3 

antigen.  This could not be attributed to the presence of ZP3-specific antibody in 

these mice as all serum was negative when incubated on frozen ovarian sections from 

uninfected mice (IFA).  Serum from uninfected mice was negative by ELISA so there 

was no intrinsic background cross-reactivity to the ZP3 antigen (results not shown).   

 

Instead, the cross-reactive antibodies produced in mice inoculated with the control 

virus are suggestive of non-specific antibody production, a phenomenon that has been 

well documented for MCMV (Bartholomaeus et al. 1988; Lawson et al. 1988; 

Lawson et al. 1992).  This complicated the interpretation of all ELISA results as the 
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Figure 4.7 Linear regression analysis of BSA protein standard used to 

estimate the protein concentration of ELISA antigens.  Differing 

concentrations of a commercially obtained protein standard were analysed using 

the Biorad Protein assay (Biorad Laboaratories, CA, USA).  Microsoft Excel was 

used to determine a linear regression equation and this was used to estimate 

protein concentrations of ZP3 antigen formulations. 
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recombinant viral vector was likely to induce non-specific antibodies as well as ZP3-

specific antibodies to the incorporated antigen.  Many different methods were trialled 

in order to produce a reliable ELISA result.  These included the preadsorption of sera 

with MCMV antigen prior to incubation with the ELISA antigen, the use of 

chaotropic agents to dislodge non-specific binding and the use of control serum 

generated by inoculation of mice with other MCMV-based recombinant viruses 

engineered to express irrelevant antigens (eg ovalbumin).  None of these methods 

worked reliably with different batches of antigen.   

 

The final method selected is described in Chapter 2. In this method the dilution of test 

and control sera started at 1:50.  All experiments that measured the antibody titres of 

mice inoculated with rK181-mZP3 used equivalent mice inoculated with K181 as 

controls.   The absorbance values obtained for the 1:50 dilution of control sera were 

used to obtain a mean absorbance value, and this figure was used to analyse the ZP3 

ELISA results for the corresponding mice inoculated with rK181-mZP3.  The 

maximum dilution with an absorbance greater than the mean control value was 

recorded as the individual serum titre.  It was important that control sera were 

included in every assay and that different time points and different mouse strains had 

individual control sera incorporated into the assay.  
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4.2.7 Production of MCMV and ZP3-specific antibodies over time. 

Sera were obtained from mice inoculated at various times post infection with rK181-

mZP3 and were analysed by both MCMV and ZP3 ELISA.  The data are presented as 

the geometric mean of the viral titre determined for four to five serum samples per 

time point (Table 4.2).  This assay was repeated on similar serum samples on 

numerous occasions and showed an increase in peripheral ZP3-specific antibody over 

time in all cases.   Antibodies were produced against both MCMV and ZP3 antigens 

and both the IgG1 and IgG2a isotypes are represented.   
 

 

Table 4.2 The geometric mean of MCMV and ZP3-specific antibody titres determined 

by ELISA performed on sera collected from rK181-mZP3-inoculated BALB/c mice. 

 
α-MCMV titre α-ZP3 titre 

 
 
Days post-inoculation 

IgG1 IgG2a IgG1 IgG2a 

3 <50 <50 <50 <50 

7 127 80 <50 <50 

21 283 160 <50 <50 

35 1008 254 63 <50 

58 3200 806 508 508 

108 2358 2032 640 320 

 

 

The peak titre occurred at around 58 days post-inoculation for each antigen, with a 

slight decline in total IgG thereafter.  The timing and relative levels of antibody 

production were verified by performing an IFA using reducing dilutions of pooled 

serum samples from different time points (results not shown).    
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4.2.8 rK181-mZP3 induces complete infertility in BALB/c mice for 250 days. 

A long term experiment was conducted to determine whether the recombinant virus, 

rK181-mZP3, was able to reduce the fertility of BALB/c mice.  Groups of 3 female 

mice were inoculated with either rK181-mZP3 or MOBS diluent and males were 

introduced 21 days later.  Breeding was allowed to proceed for 250 days.  The results 

are shown in Figure 4.8.   

 

Remarkably, the female BALB/c mice inoculated with rK181-mZP3 were completely 

infertile for the duration of this experiment.  These female mice did not produce a 

single litter, showing that complete infertility was present by 21 days post-

inoculation.  This aspect is defined further in Chapter 5.1.  The fertility of the male 

mice was confirmed by including an uninoculated mouse in each cage, which was 

removed when pregnancy was advanced.  The mice appeared well for the duration of 

the experiment, and there was no evidence of morbidity or increased mortality seen.  

The control mice continued to produce pups for the duration of the experiment. 
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Figure 4.8 The fertility of long term breeding groups of BALB/c mice 

infected with rK181-mZP3.  9 female mice were inoculated with either 2x104 pfu 

rK181-mZP3 or dilutent control.  21 days later male mice were introduced at a ratio 

of 1 male to 3 female mice.  Breeding was allowed to proceed for 250 days and 

the number of pups born was recorded.  
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4.2.9 The immunocontraceptive response in BALB/c mice is related to the dose of 

virus inoculated. 

 

This experiment was designed to select an appropriate inoculum for future 

experiments.  Groups of six female mice were inoculated with various doses of 

rK181-mZP3, starting with 2x104 pfu and sequentially reducing in 10-fold dilutions 

to 20 pfu/mouse (the smallest inoculum).  All inoculations were delivered via the i.p. 

route.  Sham-inoculated mice were inoculated with 100μL MOBS diluent i.p.  Male 

mice were introduced immediately after inoculation at a ratio of 1 female to 1 male 

and the day of introduction was day 0 of the experiment.  Mice were allowed to breed 

for 100 days and all litters were recorded with no compensation being made for pups 

that were eaten.  Pups were removed and euthanized immediately after birth to ensure 

that maternal lactation did not reduce the potential number of litters.   This 

experimental design allowed one litter to be born prior to the immunocontraceptive 

effect occurring.  This allowed an evaluation of the fertility of the breeding mice to be 

made as part of the experiment.  The results are presented as the number of pups per 

female over the 100 days of the experiment (Figure 4.9). 
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Figure 4.9 The immunocontraceptive response of BALB/c mice in response 

to reducing doses of rK181-mZP3 administered i.p.  Groups of 6 female mice 

were inoculated with 2x104, 2x103, 2x102, 20pfu rK181-mZP3 or were sham-

inoculated and the number of pups born was recorded over 100 days. 
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The results demonstrate that the use of rK181-mZP3 is an excellent means of 

inducing infertility in BALB/c mice.  This effect was most pronounced with the dose 

of 2x104 pfu where complete sterility was induced.  Doses of 2x103 and 2x102 were 

also effective.  However, these results were confounded by several female mice 

failing to deliver any pups in the groups inoculated with 2x102, 2x103, 2x104 pfu of 

rK181-mZP3 (2, 4 and 3 females did not deliver pups respectively, Table 4.3).  As all 

control mice and mice inoculated with the lowest dose of rK181-mZP3 (20pfu) were 

completely fertile, the mice having no litters were included in the statistical data 

analysis.  Control female mice (sham-inoculated) had a mean number of pups per 

female of 22.8±2.50 and mice inoculated with 20 pfu rK181-mZP3 had a mean 

number of pups per female of 15.8±2.32 (p=0.06).   

 

Mice inoculated with 2x102 pfu had a mean number of pups per female of 9.3±4.06 

(p=0.03), mice inoculated with 2x103 pfu had a mean number of pups per female of 

4.2±2.99 (p=0.009) and mice inoculated with 2x104 pfu rK181-mZP3 had a mean 

number of pups per female of 1.83±0.83 pups per litter (p=0.002).  Statistical 

significance was determined by Mann-Whitney testing compared with control mice. 

 

 

Table 4.3 – The immunocontraceptive response demonstrated in BALB/c mice 

inoculated with increasing doses of rK181-mZP3.  6 female mice per group were 

inoculated with from 20 to 2x104 fold pfu rK181-mZP3 or were sham-inoculated.  Males were 

introduced immediately post-inoculation and breeding was allowed to proceed for 100 days. 

Dose rK181-
mZP3 

Females with one litter 
(Total females =6 per 

group) 

Females with >1 litter 
(Total females = 6 per 

group) 

Females with no litters 
(Total females = 6 per 

group) 

20 pfu 6 6 0 

2x102 pfu 4 3 2 

2x103 pfu 2 2 4 

2x104 pfu 3 0 3 

Sham-

inoculated 

6 6 0 
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Probably the more telling data from this experiment are the number of female mice 

having a second or subsequent litter (Females with >1 litter).  This figure increases as 

the input dose of the recombinant virus decreases and the only two groups where all 

female mice produced 2 or more litters were the diluent control group and those that 

received the lowest dose of rK181-mZP3, 20 pfu.  Interestingly, this also 

demonstrates that the impairment in the virus-induced control of fertility was not in 

the form of a consistent small increase in the fertility of all female mice, but instead 

was characterised by the loss of fertility control in individual mice within a group.  

2x104 pfu was chosen as the most appropriate inoculum for all future experiments as 

all mice inoculated with this dilution were sterile. 

 

4.2.10 The effect of the route of inoculation on immunocontraception. 

Once the appropriate virus titre was determined, the appropriate route of inoculation 

was explored.  Over the years, most laboratory experimentation with K181 has 

utilised the intraperitoneal route of inoculation.  However, this route of inoculation 

does not mimic how virus is transmitted in the wild.  Other routes of inoculation such 

as the oral, intranasal (mimicking transmission via grooming), footpad or 

intramuscular (mimicking transmission via fighting or biting) may be more natural 

modes of transmission.  To determine which of these routes were appropriate for 

inducing an immunocontraceptive response in BALB/c mice, 6 female mice per 

group were inoculated with rK181-mZP3 by the oral, intranasal, intramuscular or 

intraperitoneal routes.  Results are presented in Figure 4.10. 

 

Mice inoculated via the intraperitoneal route gave birth to an average of 1.83±0.83 

pups compared to the control mice, producing a mean of 22.8±2.5 pups per female 

(p=0.002, Mann-Whitney).  Other inoculation routes that resulted in a significant 

reduction in fertility post-inoculation compared to the control group were the 

intranasal route (mean number of pups per female 7.67±2.87, p=0.015), intramuscular 

route (mean number of pups per female 8.67±2.96, p=0.015) and via the footpad 

(mean number of pups per female 5.33±2.17, p=0.002).  No reduction in pups was 

observed in mice inoculated orally (oral: 24.0±5.21, p=0.31).  In a separately 

performed experiment, female BALB/c mice were also inoculated intravaginally with 

rK181-mZP3.  These mice showed no fertility deficit compared with control mice set 

up at the same time (results not shown). 

 



Chapter 4: In vivo characterisation of rK181-mZP3 

 

  119

 

 

     

0

5

10

15

20

25

30

35

0 10 20 30 40 50 60 70 80 90 100

intraperitoneal

intranasal

oral

intramuscular

footpad

Male inoculated

sham inoculated

 
 

 

 

 

 

 

 

 

 

Figure 4.10 The effect of route of inoculation on immunocontraceptive 

success.  6 female mice per group were inoculated with 2x104 pfu rK181-mZP3 

via the following routes – intraperitoneal, intranasal, oral, intramuscular and 

footpad and a group of male mice were inoculated i.p. with 2x104 pfu rK181-

mZP3.  The control group was sham-inoculated with 100μL MOBS diluent.  

Uninoculated male mice (or females in the case of the male mice inoculated with 

rK181-mZP3) were introduced immediately (1 male: 1 female) and the number of 

pups was recorded over 100 days.  Results are presented as number of pups per 

fertile female. 

Days post-inoculation 

N
um

be
r o

f p
up

s 
pe

r f
er

til
e 

fe
m

al
e 



Chapter 4: In vivo characterisation of rK181-mZP3 

 

  120

4.3 Discussion 

 

This chapter describes the complete infertility that was induced in BALB/c mice after 

inoculation with the recombinant virus, rK181-mZP3.  The infertile state was 

maintained for 250 days after the addition of the male (271 days post inoculation with 

rK181-mZP3).  This suggests that irreversible damage has occurred to the ovary.  The 

production of ZP3-specific antibody was observed in infected mice.  This effect 

occurred even though the in vivo growth of the virus was severely attenuated. 

 

The detection of antibody bound in vivo to the ovarian follicles of mice inoculated 

with rK181-mZP3 was important for two reasons.  Firstly it suggested that the 

recombinant virus was expressing the antigen glycoprotein in vivo.  Secondly, it 

provided evidence that the antibody produced in response to the antigen was cross-

reactive with ovarian structures.    The indirect immunofluorescence assay confirmed 

that serum from infected mice contained antibodies with affinity for follicular ZP.   

 

The ZP3 ELISA antigen purified from recombinant Myxoma-mZP3 was less specific 

than the IFA, as some cross-reactivity was seen in the serum from mice inoculated 

with the control virus, K181.  The IFA was of great benefit in confirming the absence 

of ZP3-specific antibody in sera displaying ambiguous results when analysed by the 

ZP3 ELISA.  The most likely explanation for the cross-reactivity associated with the 

ZP3 ELISA is the propensity for MCMV to activate non-specific B cells (Price et al. 

1993; Karupiah et al. 1998).  However, the fact that hyperimmune serum produced 

using the control virus, K181, did not induce any background fluorescence when 

incubated on ovarian sections from uninfected mice (IFA) suggests that non-specific 

B cell activation and subsequent antibody production did not produce antibodies that 

cross-reacted with ovarian tissues specifically.   Another possibility is that the 

additional sialic acid residues attached by the Myxoma vector that aid in the lectin 

purification of the antigen may themselves induce cross-reactivity with non-specific 

antibody.  The effect of cross-reactivity was minimised by using control serum 

obtained from mice inoculated with non-recombinant MCMV in all assays.  Control 

sera were obtained from the same time post-inoculation, and from the same mouse 

strain as the test serum. 
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The BALB/c antibody response peaked at around 58 days post-inoculation, 

plateauing thereafter.  High ZP3-specific antibody titres have been demonstrated in 

mice inoculated 150 days earlier (results not shown), indicating that the antibody 

response is long-lived.  The disparity in the time at which ZP3 antibody was detected 

in vivo (14 days post-inoculation) and the time at which antibody was detected by 

ZP3 ELISA (around 35 days post-inoculation) suggests that examination of ovarian 

sections is a more sensitive method for ZP3 antibody detection in infected animals.  

This may reflect the high avidity of systemic ZP3-specific antibodies present at a low 

concentration in the serum.    The avidity of ZP3 antibody will be further discussed in 

Chapter 7. 

 

The long term production of antibody is interesting given the difficulty in detecting 

replicative virus from organ homogenates.  The plaque assay was not sufficiently 

sensitive to detect recombinant virus and could not distinguish changes in either the 

growth kinetics or the organs infected in juvenile or adult mice.  The more sensitive 

method of quantitative PCR demonstrated that the recombinant virus genome was 

present in lung and salivary gland tissue at extremely low concentrations (measured 

in virus genomes per μg organ DNA) compared with the control virus that peaked in 

salivary gland tissue between 14 and 21 days post-inoculation and slowly increased in 

lung tissue over time. 

 

The kinetics of K181 virus detection in BALB/c mice determined by quantitative 

PCR, reflected the published growth kinetics assessed by plaque assay (Gonczol et al. 

1985).  The low level of virus detected suggests either that the growth kinetics and/or 

organ tropism of MCMV were altered due to damage sustained during the 

recombination process or that immunological attenuation has affected virus viability.  

Other organs such as the liver, spleen and kidney were assessed for virus presence by 

plaque assay in juvenile mice (results not shown) with recombinant virus only 

detected at the limit of the assay (25 pfu/organ).  The absence of high titres in these 

organs suggests that the overall growth of the virus was impaired. 

 

With this data in mind, the growth of rK181-mZP3 in IFN α/β/γ R-/- mice provides 

an alternative hypothesis. IFN α/β/γ R-/- mice are sensitive to both lymphocytic 

choriomeningitis virus and vaccinia virus (Vandenbroek et al. 1995). 
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These mice also exhibited increased sensitivity to infection with MCMV (van 

Dommelen 2000).   After inoculation with RM427+, there was an large increase in 

viral titres isolated from the lung, liver and salivary gland of IFN α/β/γ R-/- mice by 

day 8. IFN α/β/γ R-/- mice infected with rK181-mZP3 displayed an unequivocal 

increase in the visceral organ titre between 3 and 6 days post-inoculation.  This 

implies that the replicative properties of this recombinant virus are still intact.  

However, virus growth was controlled by remaining immune mechanisms between 6 

and 15 days post-infection.  By this time, the mice had completely recovered from the 

infection.  An intriguing possibility suggested by this result is that the presence of the 

ZP self antigen, to which prior immunity was induced during normal folliculogenesis 

and ovarian cycling, allowed the virus to be more easily targeted and cleared.  This 

result is worthy of further study. 

 

The dose-response experiment demonstrated that immunocontraception could be 

successfully induced in BALB/c mice over 100 days.  There was a clear dose 

response demonstrated, with statistically significant reductions in pup numbers per 

female seen after inoculation with 200, 2,000 and 2x104 pfu rK181-mZP3.  An 

inoculum of 200 pfu induced a statistically significant reduction in the number of 

pups born, however the most reliable inoculum was clearly 2x104 pfu rK181-mZP3.  

Of further interest was the observation that breakthrough breeding was characterised 

by individual mice continuing to litter rather than uniform sub-fertility occurring in 

all females from the cohort. 

 

The inoculation of female mice by a different routes of inoculation (intraperitoneal, 

intramuscular, foot pad and intranasal) resulted in a significantly reduced number of 

pups produced over 100 days.  Oral inoculation was unsuccessful; although 

subsequent work in our laboratory has demonstrated that 2 or more oral inoculations 

can significantly reduce pup numbers (personal communication, Dr Alec Redwood).  

Inoculation via the intravaginal route, or via the i.p. route in male mice was similarly 

unsuccessful.  Intraperitoneal inoculation of male mice and the subsequent unaltered 

fertility in their female mates suggests either that the transmission of this virus from 

male to female mice did not occur or that the titre of virus transmitted was less than 

200 pfu.  This issue is not addressed further in this thesis.  However, extensive testing 

of this recombinant virus and other forms of immunocontraceptive vaccine in our 

laboratory by Dr Sonia Nikolovski have demonstrated that recombinant MCMV 
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immunocontraceptive vaccines generally do not transmit at the level required to 

reliably induce infertility (personal communication, Dr Sonia Nikolovski, University 

of Western Australia, WA, Australia).  The immunocontraceptive dose response 

reported here with rK181-mZP3 clearly suggests that there is a specific requirement 

for the amount of recombinant virus delivered. 

 

 

4.4  Summary 

This chapter has described the impaired in vivo growth kinetics for rK181-mZP3, 

compared to the parental virus, RM427+.  rK181-mZP3 viral genome was detected 

by quantitative PCR in the lung and salivary gland of immunocompetent BALB/c 

mice.  When severely immunodeficient mice (IFN α/β/γ receptor -/-) were infected 

with rK181-mZP3, virus replication was detected between 3 and 6 days post 

inoculation, but recovery from infection had occurred by 15 days post inoculation.  In 

BALB/c mice, infection with rK181-mZP3 elicited ZP-specific antibodies.  

Antibodies were detected bound in vivo, bound to the zona pellucida from frozen 

ovary sections of infected mice.  ZP3-specific antibody was also detected in the sera 

from infected mice.  A ZP3-specific antigen manufactured using a recombinant 

myxoma vector demonstrated that the ZP3-specific antibody titre was increasing over 

time.  Finally, it was clearly demonstrated that rK181-mZP3 was able to induce 

infertility in BALB/c mice over 250 days.  A successful immunocontraceptive effect 

was related to the input dose and the route of inoculation utilised. 
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5.1 Introduction 

 

As shown in the previous chapter, vaccination with the recombinant virus, rK181-

mZP3, clearly ablates the fertility of BALB/c mice.  There are several potential 

mechanisms by which infertility could be induced by rK181-mZP3.  A monoclonal 

antibody to ZP3, IE10, has been shown to reduce fertilization by impaired sperm 

penetration (East et al. 1984; Conover and Gwatkin 1988).  The previous chapter 

clearly showed that ZP-specific antibody is produced in response to rK181-mZP3 but 

more specific data are required to assess the effect of antibody on the ovarian 

architecture and whether infertility is correlated with the presence of antibody. 

 

Previous research into successful immunocontraception has shown that a reduction in 

late stage follicles occurs in the ovaries of infertile animals (Jackson et al. 1998; 

Mahi-Brown et al. 1992).  Additionally, a murine-specific ZP3 peptide that 

encompasses both a B cell epitope and two T cell epitopes, induces a severe focal 

inflammation that targets growing follicles (Tung et al. 2001).  It was therefore of 

interest to define the pathogenic changes characterising the reduction in fertility 

induced by rK181-mZP3.  These will be described in this chapter. 

 

Moreover, since follicle development is controlled by a complex interplay between 

hormones, cytokines and various transcription factors (Vinatier et al. 1995; Pangas 

and Rajkovic 2006),  the transcription rates of various ovary-specific factors were 

analysed. Additionally, the effect of follicle depletion on the oestrus cycle of recipient 

animals was assessed. 
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5.2 Results 

5.2.1 Defining the time required for vaccination to be effective. 

Chapter 4.8 demonstrated that female mice inoculated 21 days prior to mating were 

completely infertile.  To determine the time frame of the infertility effect of rK181-

mZP3, 10 female mice per group were inoculated with 2x104 pfu rK181-mZP3 or 

K181 and were mated at 7, 14 or 21 days post-inoculation.   A control group of mice 

were sham-inoculated with MOBS diluent and were mated at 7 days post-inoculation 

only.  The day upon which a vaginal plug was detected was designated E0.5 and the 

female mice were culled 18 days later.  Figure 5.1A shows the mean number of 

embryos per group.  The sham-inoculated mice produced 4.3±0.76 (mean±SEM) 

embryos. K181 inoculated mice mated 7, 14 and 21 days post-inoculation produced 

3.9±0.86, 2.8±0.92 and 4.7±0.92 (mean±SEM) embryos respectively.  Mice 

inoculated with rK181-mZP3 and mated 7, 14 and 21 days post-inoculation were 

carrying 3.7±1.04, 0.2±0.4 and 0 (mean±SEM) embryos respectively.  These latter 

two results were statistically significantly different to the sham-inoculated group, 

p<0.0001, results analysed by ANOVA. 

 

Figure 5.1B depicts the mean fetal weight per inoculation group.  The mean fetal 

weight from the sham-inoculated group was 1.065±0.016g.  The mean fetal weights 

for the K181 groups mated 7, 14 and 21 days post-inoculation were 0.997±0.016g, 

0.983±0.041g and 1.054±0.015g respectively.  The fetal weight from mice mated 14 

days post-inoculation with K181 was statistically significantly different to the fetal 

weight from the sham-inoculated group (p=0.002).  The mean fetal weight for the 

ZP3 group inoculated 7 days prior to mating was 0.969±0.022g.   This was 

significantly different from the weights to the sham-inoculated group (p=0.002).  As 

only two pups were recorded from the rK181-mZP3 group inoculated 14 days before 

mating, no statistically relevant results were obtained.   
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Figure 5.1. Establishing the time taken for the induction of complete infertility, 
and subsequent effects on fetal and placental weights. A.  Females (10 per 
group) received either 2x104 plaque forming units of rK181-mZP3 or K181 control 
virus.  7, 14 or 21 days later, males were introduced at a ratio of 1 male: 1 female.  
Eighteen days after detection of a vaginal plug, the females were sacrificed and the 
number of embryos was counted.  B. Mean fetal weight (g), error bars are standard 
error of the mean.  C. Mean placental weight (g), error bars are standard error of the 
mean. Results were analysed by ANOVA using Dunnett error protection (compared 
with Sham-inoculated group) ‡p<0.0001, * p=0.002

A 

B 

C 

‡ 
‡

* * 
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Figure 5.1C shows the mean placental weight from each inoculation group.  The 

mean placental weights from mice inoculated with K181 7, 14 and 21 days prior to 

mating were 0.105±0.002g, 0.103±0.004g and 0.101±0.002g respectively.  The mean 

placental weight from the sham-inoculated mice was 0.105±0.002g and that from the 

group inoculated with rK181-mZP3 and mated 7 days post-inoculation was 

0.103±0.002g.  There was no statistical difference seen in the placental weights of 

these groups.  Resorptions were also counted and there was no statistically significant 

difference observed between any of the groups.  No resorptions were observed in any 

of the non-pregnant mice inoculated with rK181-mZP3 and mated 14 or 21 days later.  

There was no significant difference in the ratio of fetal weight to placental weight of 

the different groups (results not shown). 
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5.2.2 Describing the histological changes occurring within the ovaries of mice 

infected with rK181-mZP3. 

 

All histological observations described in this section were made in association with 

Professor John Papadimitriou (University of Western Australia, Perth, Australia).  To 

better observe ZP structure, a periodic acid schiff (PAS) stain was used to stain fixed 

sections in addition to conventional H&E staining.  PAS preferentially stains 

glycoproteins.  The cutting and staining of paraffin-embedded sections was 

performed by Slavica Pervan and Angela Coletti (Pathology Department, University 

of Western Australia, WA, Australia). 

 

Follicular damage was observed in the ovaries from BALB/c mice that were 

inoculated with rK181-mZP3 7 days earlier.  Damaged follicles displayed variation in 

the staining of the ZP, indicating that ZP degradation occurred even at this early stage 

before antibody was detected by DFA (Chapter 4.2.4).  Primary follicles lacking 

oocytes were observed, and in some cases the granulosa cells in the vicinity of the 

oocyte were flattened.  There was evidence of separation of granulosa cells from the 

oocyte and some accumulation of PAS staining material occurring in the spaces 

between the separating granulosa cells.  Secondary follicles exhibited similar 

morphological damage. 

 

By 21 days post-viral inoculation, significant alterations to the structural morphology 

of the ovarian tissue were observed.  Primary follicles showed nuclear fragmentation 

and occasionally, the complete absence of the nucleus. The ZP layer of primary 

follicles was poorly delineated.  The morphology of the secondary follicles was also 

abnormal at this time point.  The nuclei of secondary follicles had a condensed, 

apoptotic appearance and were completely absent in some follicles.  The ZP of the 

secondary follicles was fragmented and vascularization of the granulosa was seen, 

indicating that these follicles would not proceed to a tertiary stage, being more likely 

to follow an atretic path.  In most ovaries examined from mice inoculated with 

rK181-mZP3 21 days previously, tertiary follicles were not seen.  However, 

occasionally ovaries were observed to have a normal follicular repertoire present.   
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Even in these ovaries, microscopic examination showed that there was evidence of 

overwhelming follicular damage.  Ovaries examined from mice sacrificed at 35 days 

post-inoculation showed similar features to the ovaries from mice inoculated 21 days 

previously (Figure 5.2 E, F, G, H).   

 

Ovaries from BALB/c mice taken 100 days post-viral inoculation showed a clear 

reduction in all follicle types (Figure 5.3 B, D, F, control ovaries Figure 5,3 A, C, E).  

Remaining follicles were located on the periphery.  All follicles present were 

morphologically abnormal and showed evidence of zona pellucida fragmentation 

and/or nuclear degradation.  Additionally there were increased numbers of thecal 

lutein-like cells and interstitial cells aggregating throughout the ovarian stroma 

(Figure 5.3 G and H).  The appearance of the whole ovary at this stage was also quite 

distinctive.  Ovaries from mice infected with rK181-mZP3 were smooth and quite 

pale (Figure 5.4C) compared to the ovaries from mice infected with the control virus 

that showed evidence of previous ovulations (Figure 5.4 A and B).  By 150 days post-

inoculation, there were almost no follicles present in the ovaries of infected mice 

(results not shown). 

 

The effect of the recombinant virus on the ZP is shown in Figure 5.4E with poor 

delineation of the ZP evident in the secondary follicle.  Figure 5.4D shows a more 

normal ZP layer. 
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Figure 5.2 The histological appearance of ovaries from 14 and 35 days post 

inoculation. A. K181 from 14 days post inoculation (dpi).  B. rK181-mZP3 from 

14 dpi, note the equivalent ovarian architecture.  C. K181 14 dpi, S = secondary 

follicle, Arrow head = primordial follicles.  D. rK181-mZP3 14 dpi, Arrowhead = 

primordial follicle, P = primary follicle, S = Secondary follicle, E. K181 35 dpi, 

Arrow = preovulatory follicle F. rK181-mZP3 35 dpi, Arrow = degrading 

preovulatory follicle (compare with preovulatory follicle in E) G. K181 35 dpi, Arrow 

head = primordial, S = secondary follicle, E = Early antral follicle, H. rK181-mZP3 

35 dpi, P = primary follicle (note ZP ring), Block arrow = degenerating primary 

follicle, note the absence of the nucleus, Arrows = cellular aggregates that are 

degrading follicles. 
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Figure 5.2 
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Figure 5.3 
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Figure 5.4 
 

     
 

       
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3 The histological appearance of ovaries from mice 100 days 

post infection (dpi) A,C,E. K181 from 100 dpi.  These ovaries were obtained 

after a breeding experiment, hence the well formed corpora lutea (CL).  B,D,F. 

rK181-mZP3 from 100 dpi. These ovaries were obtained from a breeding 

experiment, note the absence of well-formed CL.  G. rK181-mZP3 100 dpi, 

P=remaining primary follicle (note the absence of ordered ZP). TL = thecal 

lutein-like cells H. rK181-mZP3 100 dpi, S = secondary follicle (note the 

absence of the nucleus), TL = thecal lutein like cells.  

 

Figure 5.4 Whole ovaries from 100 days post inoculation, PAS staining of 

paraffin-embedded sections. A. Whole ovary, 100 dpi, sham-inoculated.  B. 

Whole ovary, 100 dpi, K181 inoculated.  C. Whole ovary, 100 dpi, rK181-mZP3 

inoculated. D. Ovary from mouse inoculated with RM427+ 21 days earlier and 

stained by PAS, Arrow indicates ZP layer. E. Ovary from mouse inouclated with 

rK181-mZP3 35 days earlier and stained by PAS, Arrow indicates ZP layer. 
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5.2.3 Comparison of follicle counts between mice inoculated with rK181-mZP3 and 

K181 

 

To further characterise the morphological changes occurring in the ovaries of mice 

infected with rK181-mZP3, ovaries from four mice (1 ovary per mouse) were 

harvested, fixed in Bouin’s fixative, sectioned in 5μm sections and stained with H&E.  

10 sections from each ovary were examined and the number of follicles counted.   

The individual sections that were assessed were 10 sections apart ensuring that each 

pre-ovulatory follicle was counted only once per ovary.  The follicles were 

enumerated in a blind manner to eliminate bias.  The results presented are the mean 

number of follicles per ovary summed from 10 representative sections.  These clearly 

illustrate the alteration in the follicle repertoire occurring in the ovaries from BALB/c 

mice over time after inoculation with rK181-mZP3.    The results per ovary were 

analysed statistically using Kruskal-Wallis non-parametric analysis so as not to 

violate the assumption of normality. 

 

There was no statistical difference in the mean number of any category of follicles 

per ovary from mice inoculated with K181 at any time post-inoculation (Figure 5.5A, 

C, E, G, I: Primordial follicles p=0.1, Primary follicles p=0.25, Secondary follicles 

p=0.05, Early antral follicles p=0.094, Pre-ovulatory follicles p=0.79). However, 

considerable variation was seen in the number of secondary follicles observed at 

different time points (Figure 5.5E). 

 

There was no significant difference in the number of primordial follicles observed in 

mice inoculated with rK181-mZP3 over time (p=0.32).  However, there was an 

increase observed over time in the number of primary follicles detected.  
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Figure 5.5 Follicle counts from the ovaries of mice inoculated with 

either rK181-mZP3 or K181 (Control virus).  Ovaries from four mice 

(1/mouse) were harvested, fixed in Bouin’s fixative, sectioned and stained 

with H&E.  10 sections from each ovary were examined and the number 

of follicles counted.  Results are presented as Mean number of follicles 

per 10 ovarian sections at 7, 14, 21 or 35 days post-viral inoculation.  

Error bars are standard error of the mean.  A,B. Primordial C,D. Primary 

E,F. Secondary G,H. Early antral I,J. Preovulatory follicles, * = statistically 

significant result (see text). 
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There was no significant difference seen in the number of secondary follicles detected 

in the ovaries of mice inoculated with rK181-mZP3 (p=0.42).  Both early antral 

follicles (Figure 5.5 H) and pre-ovulatory follicles (Figure 5.5 J) showed a decreasing 

trend over time with a statistically significant reduction in follicle numbers (p=0.011 

and p=0.001 respectively).  The reduction in the number of early antral follicles was 

greatest between 7 days post-inoculation and 35 days post-inoculation (p<0.05, 

Dunn’s Multiple Comparison Test).  The reduction in pre-ovulatory follicles was 

statistically significant between ovaries from 7 days post-inoculation and ovaries 

from 21 days post-inoculation (p<0.01, Dunn’s Multiple Comparison Test), 7 vs 35 

days post-inoculation (p<0.01) and 14 vs 35 days post-inoculation (p<0.05). 

 

Ovaries were also collected at the completion of a 100 day breeding study in BALB/c 

mice infected with 2x104 pfu rK181-mZP3 (6 ovaries from separate mice) or K181 (5 

ovaries from separate mice). Ovaries were sectioned and every 10th section was 

examined for the presence of different follicle types, with a total of 10 sections being 

examined for each ovary.  The follicles were enumerated in a blind manner to 

eliminate bias.  The results are presented in Figure 5.6.  These results are confounded 

somewhat by the fact that some of the mice inoculated with K181 were pregnant 

when sacrificed and hence these ovaries were dominated by corpora luteal structures.  

Despite this, there were significant reductions seen in all follicle classifications from 

mice inoculated with rK181-mZP3.  There was a mean (±SEM) of 34.3±5.74 

primordial follicles per ovary in mice inoculated with rK181-mZP3 compared to 

9.0±2.99 in mice inoculated with K181 (p=0.009, Mann-Whitney).  K181-inoculated 

mice had 40.4±3.69 primary follicles compared with 26.3±1.86 in mice inoculated 

with rK181-mZP3 (p=0.02) and 43.6±4.93 secondary follicles compared with 

20.0±5.32 in mice inoculated with rK181-mZP3 (p=0.03).  The most striking contrast 

involved the enumeration of early antral follicles (12.6±1.12 K181; 0.83±0.54 rK181-

mZP3) and pre-ovulatory follicles (8.4±1.44 K181; 0.33±0.33 rK181-mZP3), both of 

which were highly statistically significant (p=0.004 for both follicle types). 
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Figure 5.6 Follicle counts from the ovaries of mice harvested at the end of 

a breeding experiment (100 days post inoculation).  5 or 6 female mice 

respectively were inoculated with 2x104 pfu K181 or rK181-mZP3 and male mice 

were introduced immediately.  Breeding proceeded for 100 days with pups being 

removed on the day of birth.  Female mice were culled on day 100 post 

inoculation and ovaries were harvested and fixed in Bouin’s fixative.  Ovaries 

were moved to 70% ethanol and were embedded in paraffin.  Embedded ovaries 

were sectioned and every 10th section was examined microscopically and the 

number of follicles was enumerated.  
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5.2.4 Changes in other factors that regulate ovarian function. 

There are a number of ovary-specific factors that regulate ovarian function, 

particularly follicle recruitment and development.  As the follicular composition of 

the ovary changes significantly in a relatively short space of time after inoculation 

with rK181-mZP3, it is likely that these tissue-specific factors will provide evidence 

of functional disruption.  Several experiments were carried out in collaboration with 

Dr Sean O’Leary (University of Adelaide, SA, Australia).   

 

All inoculations and ovary harvesting were carried out by Ms Megan Lloyd, and 

subsequent real time reverse transcriptase PCR analysis was performed by Dr 

O’Leary.  Results are used with permission. 

5.2.4.1 Growth Differentiation Factor-9 

Growth Differentiation factor-9 (GDF-9) is produced in the oocyte and plays an 

essential role in directing granulosa cell proliferation and differentiation beyond the 

primary follicle stage (Braw-Tal 2002; Dong et al. 1996).  Whole ovaries were 

harvested from mice at 10, 15 and 21 days post-viral infection, RNA was extracted 

and the GDF-9 transcript was detected and quantified by real time reverse 

transcriptase PCR.  All samples were normalised for β-actin mRNA (between 10 and 

14 samples per group, depending on the quantity of RNA available) and the results 

are presented in Figure 5.7A.  The results from two separate experiments have been 

analysed together.  The data were analysed by a 2-way ANOVA which indicated that 

a significant effect was induced by both variables (virus treatment, p=0.003 and time, 

p<0.0001) on the quantity of GDF-9 transcript, with a highly significant interaction 

occurring between virus treatment and time (p<0.0001).  A Bonferroni post test 

calculated the statistical difference between test and control samples from different 

time points.  At 10 days post-inoculation there was no significant difference between 

the two groups (p>0.05).   However, there was a significant difference in the amount 

of GDF-9 transcript in samples from test and control animals harvested at 15 and 21 

days post-inoculation (p<0.01 and p<0.001 respectively). 
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5.2.4.2 Connexin-43 

Gap junctions provide a portal for cellular connection between the oocyte and 

granulosa cells and between individual granulosa cells.  This interaction is required 

for both oocyte growth and granulosa cell proliferation.  Connexin-43 (Cx43) is a gap 

junction protein that is important in postnatal folliculogenesis (Ackert et al. 2001) and 

general follicular development (Wright et al. 2001).  The absence of Cx43 leads to 

ablation of granulosa cell coupling and impaired oocyte development (Ackert et al. 

2001). 

 

Ovarian RNA was analysed by real time reverse transcriptase PCR to quantify Cx43 

transcription. All samples were normalised for β-actin mRNA and the results are 

presented in Figure 5.7B.  The data were analysed by a 2-way ANOVA which 

showed that both virus treatment and time post-inoculation induced a significant 

difference in the amount of Cx43 message detected (virus treatment, p=0.016 and 

time, p<0.0001) with a highly significant interaction between these variables 

occurring (p<0.0001).  A Bonferroni post test determined the statistical difference 

between test and control samples at different times post-inoculation. Samples 

harvested 10 days post-inoculation showed a significant difference between the 

amount of Cx43 transcript detected from the two groups (p<0.001).  However, 

samples harvested from K181 and rK181-mZP3 infected mice at 15 and 21 days post-

inoculation were not significantly different from each other (p>0.05). 

 

5.2.4.3 Newborn ovary homeobox gene (Nobox) 

Newborn ovary homeobox gene (Nobox) is a transcription factor that is produced in 

the oocytes during folliculogenesis and is responsible for regulating oocyte-specific 

gene expression in primordial oocytes, including GDF-9 expression, in the mouse 

(Pangas and Rajkovic 2006). 

 

Ovarian RNA was analysed by real time reverse transcriptase PCR to quantify nobox 

transcription.  All samples were normalised for β-actin mRNA and the results are 

presented in Figure 5.7C.  The data were analysed by a 2-way ANOVA and this 

demonstrated that both virus treatment and time had a significant effect on the 

amount of transcript detected (virus treatment, p<0.0001 and time, p=0.028) with a 

significant interaction between these variables (p=0.028).  
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 A Bonferroni post test determined the statistical difference between test and control 

samples at different times post-inoculation. Samples harvested 10 days post-

inoculation were not significantly different between the two groups (p>0.05).  

However, samples harvested from K181 and rK181-mZP3 infected mice at 15 and 21 

days post-inoculation were significantly different from each other (both p<0.001). 

 

These results indicate that gene transcription within the ovary was significantly 

altered after infection of the mouse with rK181-mZP3.  Whether these effects cause 

ovarian tissue damage or reflect the damage that is occurring via other means remains 

to be determined. 
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Figure 5.7 Relative mRNA of ovary-specific growth factors detected in 

ovarian tissue from mice inoculated with rK181-mZP3 or K181.  5 mice per 

group were inoculated with 2x104 pfu rK181-mZP3 or K181 (control virus).  

Ovaries were harvested 10, 15 and 21 days post-inoculation and RNA was 

extracted.  Real time PCR analysis was carried out and mRNA levels for each 

sample were normalised to β-Actin. Results are two combined experiments.  A. 

Growth differentiation factor-9, B. Connexin-43, C. Nobox homeobox gene. ^ 

p<0.01, * p<0.001 

A 

B 

C 
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5.2.5 Oestrus cycling in mice infected with rK181-mZP3 

To determine the overall effect of the changes to ovarian structures and growth 

factors, the oestrus cycles of individual mice were analysed.  12 mice inoculated with 

rK181-mZP3 and 12 mice inoculated with K181 were examined daily by vaginal 

smear for 50 days.  The different stages were identified by the differing proportions 

of leukocytes and/or epithelial cells present in the vaginal smears (Appendix 2).  The 

results for individual mice are presented in Figure 5.8 and 5.9.  There was no 

significant difference in the cycle length between mice inoculated with rK181-mZP3 

and K181, mean cycle length 5.08 days and 5.17 days respectively.  There was no 

significant difference in the length of the cycles as the experiment proceeded and no 

difference in the amount of time spent at different stages of the cycle (results not 

shown). 
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Figure 5.8 Oestrous cycle variation in mice inoculated with K181 
(control virus).  Mice were inoculated with 2x104 pfu K181.  Vaginal 
smears were obtained daily for 54 days and were examined by light 
microscopy after methylene blue staining.  Each smear was assigned 
an oestrous stage depending on the cellular composition (see text).  
Data were graphed D=diestrus, P=proestrus, O=oestrus, 
M=Metestrus.
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Figure 5.9 Oestrous cycle variation in mice 
inoculated with rK181-mZP3.  Mice were 

inoculated with 2x104 pfu rK181-mZP3. Vaginal 
smears were obtained daily for 54 days and 

were examined by light microscopy after 
methylene blue staining.  Each smear was 

assigned an oestrous stage depending on the 
cellular composition (see text) D=diestrus, 

P=proestrus, O=oestrus, M=Metestrus.
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5.3 Discussion 

This research has sought to better define the morphological and physiological 

anomalies occurring within the mouse ovary as a result of infection with rK181-

mZP3.   

  

The immunocontraceptive effect was complete in BALB/c mice mated 21 days after 

inoculation with rK181-mZP3.  This confirms and extends the long term breeding 

group results from the previous chapter (Figure 4.10) that indicated that mice 

inoculated 21 days earlier would not become pregnant.  There was a significant 

reduction in the number of embryos present when female mice were mated 14 days 

post-inoculation.  This corresponds to the time at which antibody was detected bound 

to follicular oocytes in vivo (Chapter 4.4).  This result suggests that antibody either 

intervenes in successful fertilization or affects the early stages of pregnancy.  The 

disruption of fertilization is the basis of the “classic” model of immunocontraception 

in which antibody physically coats the ovum, reducing the ability of the spermatozoa 

to penetrate through the ZP (East et al. 1984).  The absence of resorptions from 

females inoculated with rK181-mZP3 and mated 14 or 21 days later provides further 

evidence that pregnancy is being restricted rather than resorptions occurring. 

 

 Mice that were mated 7 days after inoculation with rK181-mZP3 exhibited no 

reduction in the number of embryos present; however there was a small but 

significant reduction in the mean fetal weight.  This effect in the embryo may reflect 

early oocyte damage, which was evident histologically in paraffin embedded ovaries 

examined microscopically.   

 

Additionally, mice inoculated with K181 TCV and mated 14 days later showed a 

small but significant reduction in fetal weight, as well as a reduction (though not 

statistically significant p>0.05) in the number of embryos detected compared to 

sham-inoculated controls.  Previous reports investigating the effect of non-

recombinant MCMV on embryonic growth and development, indicated that infection 

with MCMV 14 days prior to mating did not significantly reduce implantations 9 

days post mating (Neighbour 1976).   The results reported here suggest that MCMV 

infection 14 days prior to mating had a detrimental effect on fetal health at a later 

stage of gestation.   
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However, there were two noteworthy differences between these experiments.  Firstly, 

the earlier experiment used salivary gland passaged virus rather than tissue culture 

passaged virus.  This is an important distinction as salivary gland passaged MCMV is 

more virulent and accordingly generates far more morbidity and tissue damage than 

tissue culture passaged MCMV (Chong and Mims 1981).  The reduction of visceral 

organ titres is particularly evident after inoculation with tissue culture virus (Osborn 

and Walker 1970; Selgrade et al. 1981). Several previous reports investigating the 

maternal transmission of MCMV have shown a correlation between fetal health and 

maternal MCMV disease (Neighbour 1976; Lansdown and Brown 1978).  This 

suggests that tissue culture passaged virus is likely to have a reduced effect on fetal 

health due to improved maternal health.  

 

Secondly, the effect of MCMV infection on the growth of older embryos was not 

investigated (Neighbour 1976).  Any small variations in fetal weight present at this 

earlier time may have been difficult to quantify accurately. 

 

The reduction in early antral and pre-ovulatory (late stage) follicles noted at 21 and 

35 days post inoculation was suggestive that little ovulation was taking place.  This 

aspect of the immunocontraceptive effect has not yet been investigated.  The 

maintenance of the number of primordial, primary and secondary follicles between 7 

and 35 days post-inoculation with rK181-mZP3 suggests that the number of 

primordial follicles being induced to develop is increasing.  This may be in response 

to a reduction in successful ovulation.  

 

 Compared to mice inoculated with K181, the number of follicles from every 

category was reduced after 100 days of infection with rK181-mZP3.  The greatest 

statistical significance was detected in the early antral and pre-ovulatory follicles as 

well as the primordial follicles, suggesting that the ovarian store of follicles had been 

depleted by increased follicular development over approximately 20 cycles (assuming 

a cycle length of 5 days). 

 

GDF-9 transcription increased at 10 days post inoculation and decreased significantly 

thereafter, perhaps reflecting the loss of late stage follicles and the reduction in 

granulosa proliferation that this represents.  This transcription factor may also reflect 

granulosa cell health given that GDF-9 is required for granulosa cell proliferation.  
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The significant increase in Cx43 gene transcription at 10 days post inoculation was 

suggestive of disruption of the ZP and an attempt to ameliorate this damage.  By 15 

days post inoculation, when antibody had bound to the ZP in vivo (Chapter 4.1), the 

level of Cx43 gene transcription had returned to normal.  By 21 days post inoculation, 

Cx43 expression was declining, although not significantly (p>0.05).  The deficit in 

nobox transcription indicates that oocyte steady state in primordial follicles was 

deteriorating at day 10 post-inoculation, albeit at a non-significant level (p>0.05).  At 

15 and 21 days post-inoculation, nobox transcription was further reduced suggesting 

that the oocyte steady state was deteriorating.   

 

The results from the oestrus cycling experiment were surprising as there was no 

significant difference detected in the cycles of mice inoculated with rK181-mZP3 and 

those inoculated with K181.  There was considerable individual variation and there 

was some early disruption evident in mice infected with rK181-mZP3.   
 

One explanation for the maintenance of essentially normal oestrus cycling is the 

accumulation of thecal lutein-like cells present in the ovarian stroma at later times 

post inoculation.  Similar aggregates of thecal lutein-like cells have been reported in 

mice immunized with recombinant ectromelia virus expressing mZP3 (Jackson et al. 

1998).  These cells may be producing sufficient steric hormones to maintain oestrus 

cycling.  However, the persistence of oestrus cycling in mice inoculated more than 70 

days earlier was unexpected.   
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5.4 Summary 

This chapter described the effects of rK181-mZP3 infection on ovarian health and 

physiology.  The immunocontraceptive effect was apparent by 14 days post 

inoculation and complete infertility was present by 21 days post inoculation.  The 

fetal weight of mice inoculated with rK181-mZP3 7 days earlier was slightly, but 

significantly reduced.  This may indicate that oocyte damage sustained by 7 days post 

inoculation has influenced fetal growth.  Histologically, damage to the oocytes and 

ZP layers within the follicles was evident from 7 days post inoculation. Over 100 

days of infection with rK181-mZP3 the ovaries of infected mice showed a 

progressive decline in all follicle types.  As early as 21 days post inoculation there 

was a decline in early antral and pre-ovulatory follicles.  Perturbations in the ovary-

specific transcription factors GDF-9 and nobox, and in the structural component Cx43 

were demonstrated, indicating that tissue damage and functional impairment was 

occurring.  Finally, there was no consistent deficit detected in the oestrus cycle of 

rK181-mZP3 infected mice. 
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6.1 Introduction 

The infection of laboratory mice with MCMV has been well characterised and studies 

using inbred mouse strains have revealed differences in susceptibility between 

strains.  Certain strains are susceptible (BALB/c and A/J), moderately resistant 

(C56BL/6) or resistant (CBA) to acute MCMV disease (Grundy et al. 1981; Allan 

and Shellam 1984; Lawson et al. 1988).  The survival of MCMV-resistant mouse 

strains is largely attributed to the ability of these mice to control viral growth in 

visceral organs (Allan and Shellam 1984).  This control has been linked to particular 

H-2 associated haplotypes, and to non-H-2 associated genes (Grundy et al. 1981).  

Resistance attributable to non-H-2 genes is largely due to innate immune 

mechanisms, principally mediated by natural killer (NK) cells (Scalzo et al. 1990; 

Scalzo et al. 1992).  A host resistance allele, Cmv1, which controls NK cell- mediated 

clearance of MCMV has been identified within the natural killer cell gene complex 

on chromosome 6 (Scalzo et al. 1992). Moderately MCMV-resistant C57BL/6 mice 

(Cmv1r) exhibit low levels of MCMV replication in the spleen, while in MCMV-

susceptible (Cmv1s) strains such as BALB/c and A/J, MCMV reaches 1000 fold 

higher titres in the spleen.  Resistance attributable to Cmv1r is mediated by the Ly49H 

activation receptor on NK cells of resistant C57BL/6 mice (Brown et al. 2001; 

Daniels et al. 2001; Lee et al. 2001).  Recently, additional NK-mediated resistance 

mechanisms have been described (Desrosiers et al. 2005; Adam et al. 2006). 

 

Because innate immunity can restrict viral growth in the host (Karrer et al. 2004; 

Lawson et al. 1988), it was hypothesized that it would impair the ability of an 

MCMV-based immunocontraceptive vaccine to induce infertility in MCMV-resistant 

mouse strains.  Accordingly, the ability of rK181-mZP3 to induce infertility in inbred 

and congenic strains of mice differing in innate resistance to MCMV was studied.   
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6.2 Results 

6.2.1 rK181-mZP3 is effective in the MCMV-susceptible A/J mouse strain. 

 

BALB/c mice are known to be susceptible to the lethal effects of MCMV.  A mouse 

strain with a lower MCMV LD50 than BALB/c is the A/J mouse strain, that has a 

relative LD50 of 0.5 (Table 1.2, page 22).  Nine A/J mice per group were inoculated 

with 2x104 pfu rK181-mZP3, 2x104 pfu RM427+ or were sham-inoculated with 

100μL MOBS diluent.  The results are presented in Figure 6.1. 
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Individual results are not available for these mice, so the data has been presented as 

the cumulative number of pups born over 100 days.  There was a marked reduction in 

the number of pups born to mice inoculated with rK181-mZP3 compared with the 

two control groups. The degree of infertility achieved resembled that seen in BALB/c 

mice (see Figure 4.8, page 115).  

 

Figure 6.1.  The fertility of A/J mice in response to inoculation with 

rK181-mZP3.  9 female mice per group were inoculated with rK181-

mZP3, RM427+ or were sham-inoculated.  After 21 days male mice 

were introduced and the number of pups born was recorded over 100 

days. 



Chapter 6: The effect of innate immunity to the viral vector on immunocontraceptive success 

 

  154

6.2.2 C57BL/6 mice are moderately resistant to the immunocontraceptive effect of 

rK181-mZP3. 

 

C57BL/6 mice are known to be more resistant to the lethal effects of MCMV than 

BALB/c mice (LD50 relative to BALB/c is 3-4, see Table 2, page 19).  To determine 

whether innate resistance to the viral vector would affect the fertility of C57BL/6 

mice vaccinated with the recombinant vaccine, 6 female mice per group were 

inoculated with 2x105 pfu rK181-mZP3, 2x104 pfu rK181-mZP3 or 2x104 K181 

control virus.  Male mice were immediately introduced at a ratio of 1 male to 2 

female mice and breeding was allowed to proceed for 100 days.  Results are 

presented as number of pups per female mouse. 
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C57BL/6 mice inoculated with 2x104 pfu of rK181-mZP3 showed a 43% reduction in 

pups (mean pups per female 11.8±1.81, p=0.7) compared with the control mice 

(20.7±6.47), and a 66% reduction in pups when inoculated with a 10 fold higher dose 

(2x105 pfu) of rK181-mZP3 (mean pups per female 7.0±1.48, p=0.24, number of 

fertile females = 5).  The difference in the fertility of C57BL/6 mice inoculated with 

differing doses of rK181-mZP3 was not significantly different (p=0.06). 

 

Figure 6.2 The fertility of C57BL/6 mice in response to inoculation with 

rK181-mZP3. Groups of 6 female mice were inoculated with 2x104 or 2x105 pfu 

rK181-mZP3 or 2x104 pfu K181 (control virus).  Males were introduced on the day 

of inoculation and the number of pups born was recorded for 100 days. 
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The pattern of infertility observed in the C57BL/6 mice inoculated with 2x105 pfu 

rK181-mZP3 strongly resembled the results obtained in BALB/c mice inoculated 

with 2x104 pfu rK181-mZP3 (Figure 4.9, page 116), where an initial litter was 

produced with complete infertility being subsequently induced 
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6.2.3 Resistance to the immunocontraceptive effect in C57BL/6 mice is related to 

innate resistance to the MCMV viral vector. 

 

The innate resistance mechanism that protects C57BL/6 mice from the lethal effects 

of MCMV at doses lethal to BALB/c mice has been well described.  The resistance 

allele Cmv1r found within the natural killer cell complex on mouse chromosome 6 in 

C57BL/6 mice encodes the Ly49H activating receptor present on the NK 1.1+ cells of 

C57BL/6 mice.  BALB/c mice possess the Cmv1s allele and lack the same Ly49H 

receptor on their NK cells.  The availability of BALB/c and C57BL/6 congenic 

mouse strains differing only at the Cmv1 locus allowed us to explore the effect of this 

innate immune mechanism without altering the H-2 haplotype (Scalzo et al. 1999).    

The congenic mouse strains B6.BALB-Cmv1s and B6.BALB-TC1 (TC1) mice have 

the susceptible Cmv1s allele on the susceptible BALB/c genetic background and show 

levels of splenic infection similar to the BALB/c parental strain.   

 

6.2.3.1 The immunocontraceptive effect of rK181-mZP3 in 

C57BL/6.Cmv1s congenic mice. 

In three separate experiments, groups of 6 or 9 female mice B6.BALB-Cmv1s or TC1 

mice were inoculated with 2x104 pfu rK181-mZP3, 2x104 pfu K181 (control virus) or 

were sham-inoculated. Male mice were introduced on the day of inoculation in 

breeding trios.   The experimental design allowed one litter to be born to fertile mice 

prior to the immunocontraceptive effect occurring.  These congenic strains naturally 

exhibited poor fecundity, and mice that failed to litter during the experiment were 

excluded.   

 

The combined results of 3 experiments are presented as the number of pups produced 

per fertile female over 100 days (Figure 6.3A).  A total of 21 female mice were 

inoculated with 2x104 pfu rK181-mZP3 of which, 14 were proven to be fertile; 21 

were inoculated with 2x104 pfu K181, of which 18 were proven to be fertile, and 12 

mice were sham-inoculated with 100μL MOBS diluent (2 experiments only), of 

which 9 were proven to be fertile.  Mice inoculated with rK181-mZP3 had a mean 

number of pups per fertile female of 6.2±0.99 compared with those inoculated with 

the control virus, K181 (number of pups per fertile female 11.5±1.04), and sham-

inoculated mice (12.2±2.55) a statistically significant result (p=0.007, Kruskal-
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Wallis).  The number of pups born to mice inoculated with rK181-mZP3 was 

significantly different to those born to mice that were sham-inoculated (p=0.02, Mann 

-Whitney) or inoculated with a control virus (p=0.003, Mann-Whitney).  This 

indicates that rK181-mZP3 has induced a similar immunocontraceptive effect in 

B6.BALB-Cmv1s and TC1 mice, to that exhibited by BALB/c mice (Figure 4.9, page 

116).  This suggests that susceptibility to the vaccine was due to the presence of the 

Cmv1s allele. 

 

6.2.3.2 The immunocontraceptive effect of rK181-mZP3 in 

BALB.Cmv1r congenic mice. 

CT3 mice have a BALB/c genetic background (H-2d) with the Cmv1r allele from 

C57BL/6, and have similar splenic MCMV titres to C57BL/6 mice.  Due to the poor 

fecundity of CT3 mice, two separate experiments were performed and the combined 

results are presented (Figure 6.3B).  Any mice that did not produce a litter for the 

duration of the experiment were excluded.  

 

Twelve female CT3 mice (BALB.B6-CT3, Cmv1r) were inoculated with 2x104 

rK181-mZP3 (all were fertile), 12 mice were inoculated with 2x105 pfu rK181-mZP3 

(11 were fertile) and 12 were inoculated with 2x104 pfu K181 control virus (10 were 

fertile).  CT3 mice inoculated with K181 had 17.3±1.65 pups per female.  This result 

was not significantly different from CT3 mice inoculated with rK181-mZP3 

(12.8±2.06 pups per female, p=0.12, Mann-Whitney).  There was a reduction in the 

number of pups born to mice inoculated with a tenfold higher dose of rK181-mZP3 

(6.9±1.08) and this result was statistically significant over 100 days (p=0.07 

compared with 2x104 pfu rK181-mZP3, p=0.0001 compared with the control virus, 

Mann-Whitney).  The Kruskal-Wallis evaluation of the combined results (indicating 

the overall significance of the experiment) was p=0.002.  These data indicate that the 

presence of the Cmv1r allele has resulted in resistance to the immunocontraceptive 

effect of rK181-mZP3, strongly resembling the data obtained for C57BL/6 mice 

(Figure 6.2). 
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Figure 6.3. The Cmv1 locus influences susceptiblity or resistance to the 
infertility effect conferred by rK181-mZP3. Female mice were inoculated with 

2x104 pfu rK181-mZP3, 2x104 pfu K181 or 2x105 pfu rK181-mZP3 (Cmv1r mice 

only) or were sham-inoculated.  Males were introduced immediately after 

inoculation and breeding was allowed to proceed for 100 days.  The number of 

pups born was recorded.  A. Cmv1s mice. B. Cmv1r mice 
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6.2.4 CBA mice are resistant to the immunocontraceptive effect of rK181-mZP3. 

CBA mice are significantly more resistant to the lethal effects of MCMV than 

BALB/c mice and have an LD50 relative to BALB/c mice of 20 (Table 1.2, page 

122).  This resistance has been attributed to the presence of the resistant H-2k 

haplotype (Grundy et al. 1981). Groups of six female CBA mice were inoculated with 

2x104 or 2x105 pfu rK181-mZP3 or the control virus K181 and were set up in 

breeding trios and the number of pups born was recorded for 100 days (Figure 6.4).   
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CBA mice inoculated with 2x104 pfu rK181-mZP3 showed no reduction in the mean 

number of pups per female (18.2±1.89) compared with the control group inoculated 

with K181 (20.0±1.73).  However, there was a 50% reduction in cumulative pups 

when a 10-fold higher dose (2x105 pfu) of recombinant virus was inoculated resulting 

in a mean number of pups per female of 11.8±3.06.  This result was statistically 

significant (p=0.004 rK181-mZP3x10 against K181 control, p=0.06 between the two 

doses of ZP3).   

Figure 6.4 The fertility of CBA mice in response to inoculation with rK181-

mZP3.  Groups of 6 female mice were inoculated with 2x105 or 2x104 pfu rK181-

mZP3 or 2x104 pfu K181 (control virus).  Males were introduced on the day of 

inoculation and the number of pups born was recorded for 100 days. 
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6.2.5 H-2 related resistance to MCMV does not significantly affect the 

immunocontraceptive effect. 

6.2.5.1 The effect of the H-2k haplotype on the efficacy of 

immunocontraception 

To determine whether the H-2k haplotype of CBA mice was the cause of resistance to 

the immunocontraceptive effect demonstrated in response to inoculation with 2x104 

rK181-mZP3, congenic mice that have altered H-2 haplotypes were used in long term 

breeding experiments. 

 

BALB.K mice have the MCMV-resistant H-2k haplotype on the susceptible BALB/c 

genetic background.  BALB.K mice are more resistant to lethal infection with 

MCMV than BALB/c mice (LD50 of BALB.K mice relative to that of BALB/c mice, 

is 10, Table 1.2, page 22).  Three separate experiments were performed and the 

combined results are presented in Figure 6.5A.   Due to the naturally poor fecundity 

of this strain, the data from three experiments, performed separately, have been 

statistically analysed together using Kruskal-Wallis analysis.   

 

The mean number of pups born to females inoculated with the control virus (n=20) 

was 10.6±1.01, and for those inoculated with rK181-mZP3 (n=20) it was 5.1±0.90 

(Figure 6.5A).  The difference was statistically significant (p=0.0002, Kruskal-

Wallis).  These data show a similar trend to that seen for BALB/c mice.  Generally, 

BALB.K mice infected with 2x104 pfu rK181-mZP3 produced a litter of pups 

immediately post inoculation, but were subsequently rendered infertile.  This suggests 

that generally, H-2k did not influence the susceptibility to the immunocontraceptive 

effect of rK181-mZP3. However, some individual mice regained fertility towards the 

end of the experiment, suggesting that H-2k may have a small effect on the long term 

success of the viral vaccine.  
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6.2.5.2 The effect of the H-2d haplotype on the efficacy of 

immunocontraception 

B10.D2 mice (MCMV-susceptible H-2d haplotype on a moderately resistant 

C57BL/10 background), were inoculated with 2x104 pfu rK181-mZP3, 2x105 pfu 

rK181-mZP3, the control virus RM427+ or were sham-inoculated (Figure 6.5B).  The 

mean number of pups born to sham-inoculated mice was 18.2±2.46, the number born 

to mice inoculated with the control virus was 17.7±1.63 and to mice inoculated with 

rK181-mZP3 was 14.8±1.65.  The female mice inoculated with 2x105 pfu rK181-

mZP3 (10 x ZP3) showed no decrease in fertility, with a mean number of pups per 

female of 19.8±4.03 (p=0.63 Kruskal-Wallis).  Combined results for two separate 

experiments are shown.  These results indicate that H-2d does not contribute to 

susceptibility to the immunocontraceptive effect elicited by rK181-mZP3.    
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Figure 6.5 The H-2 haplotype does not clearly influence the 

immunocontraceptive effect.  BALB.K or B10.D2 mice were infected with 

2x104 pfu rK181-mZP3 or K181 control virus.  Additional groups of B10.D2 

mice were also infected with 2x105 pfu rK181-mZP3 or were sham-inoculated.  

Males were introduced immediately post-inoculation in breeding pairs or trios.  

Breeding was allowed to proceed for 100 days.  Results presented are the 

sum of 3 (BALB.K) or 2 (B10.D2) experiments and only those females that 

were proven to be fertile are included. A. BALB.K  B. B10.D2 
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6.2.6 The effect of rK181-mZP3 on an outbred mouse population 

Although the efficacy of the immunocontraceptive vaccine was affected by NK cell-

related innate immunity, the relevance of this data to outbred populations needs to be 

assessed.  Two outbred mouse strains were examined for their susceptibility to 

immunocontraception induced by rK181-mZP3.  The first was ARC/s, a 

commercially available outbred albino mouse strain.  The second outbred mouse 

strain tested was a colony of specific pathogen free (SPF) wild mice, that were 

derived from wild caught Australian mice.  This colony has been maintained as 

outbred by random breeding (details are in Materials and Methods 2.5.1, page 65) 

6.2.6.1 ARC/s Short term breeding experiment 

10 female ARC/s mice per group were inoculated with 2x104 pfu rK181-mZP3, 2x104 

RM427+ or were sham-inoculated with MOBS diluent.  21 days post-inoculation, 

male mice were introduced at a ratio of 1 female: 1 male.  Breeding was allowed to 

proceed for 35 days and the number of pups and implantation scars was recorded.  

Any mice that had not littered 35 days after the addition of the males were sacrificed, 

and the number of embryos counted.  The results from this experiment are presented 

in Figure 6.6.  Figure 6.6A shows the time taken by inoculated mice to litter within 

the 35 days of the experiment, expressed as a survival curve.  The curves are 

significantly different (p=0.019) and show that the majority of female ARC/s mice 

infected with rK181-mZP3 were rendered infertile in this experiment. 

 

There was a significant increase in the time taken for a litter to be born in mice 

inoculated with rK181-mZP3 compared with mice that were sham-inoculated 

(p<0.05), or mice inoculated with the control virus (p<0.01). There was no significant 

difference in the time taken to deliver the first litter in sham-inoculated mice 

compared to mice inoculated with the control virus (Figure 6.6A, Log rank test, Chi 

squared analysis, p>0.05).   

 

Figure 6.6B shows the number of pups born to each ARC/s female mouse.  The 

results were analysed using Kruskal-Wallis analysis.  There was no significant 

difference between the number of pups born to the sham-inoculated group and the 

control virus inoculated group (p>0.05), however there was a significant difference in 

the number of pups born to mice inoculated with rK181-mZP3, and both the sham-

inoculated mice (p<0.05) and the mice inoculated with control virus (p<0.01). 
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There were 10.6±1.58 pups per female born to ARC/s mice that were sham-

inoculated, 13.0±0.62 pups per female born to mice inoculated with the control virus, 

RM427+, and 2.1±1.31 pups born to mice inoculated with 2x104 pfu rK181-mZP3.  

These results suggest that inoculation with rK181-mZP3 significantly reduces the 

fertility of ARC/s mice. 
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Figure 6.6 The effect of rK181-mZP3 on the fertility of ARC/s outbred mice in a 

short term experiment.  10 female mice per group were inoculated with 2x104 pfu 

rK181-mZP3, RM427+ or were sham-inoculated.  21 days post-inoculation male 

mice were introduced 1 male: 1female.  Pups were removed over 35 days and 

remaining females were sacrificed and any embryos counted. A. Survival curve 

showing the time taken for female mice to produce a litter.  B. Number of pups born 

A 
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6.2.6.2 The effect of rK181-mZP3 on ARC/s mice in a long term breeding 

study. 

ARC/s female mice were also set up in long term breeding groups.  Nine female mice 

per group were inoculated with 2x104 pfu rK181-mZP3, RM427+ or were sham-

inoculated with MOBS diluent.  21 days later, male mice were introduced at a ratio of 

3 females: 1 male.  Breeding was allowed to proceed for 200 days.  The results are 

presented in Figure 6.7 showing firstly the cumulative number of pups born (Figure 

6.7A), and secondly the number of pups born per group (Figure 6.7B).  Data from 

individual mice were not obtained.  The individual box results show that there was 

variation in the number of pups produced in the different boxes of mice inoculated 

with rK181-mZP3.  These results are not significantly different from each other by 

Student’s t-test.   
 

These experiments suggest that short term (one breeding round) experiments may be 

inadequate for assessing the effect of immunocontraceptive antigens in mouse strains 

with a high fecundity. Additionally, the poor breeding performance in 2/3 boxes of 

ARC/s mice infected with rK181-mZP3 suggests that there may be some genetic 

susceptibility present, which is overcome by the high fecundity of genetically-

resistant individuals. 
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Figure 6.7 The fertility of ARC/s mice in response to inoculation with 

rK181-mZP3, in a long term breeding experiment.  A.  Groups of 9 female 

mice were infected with 2x104 pfu rK181-mZP3.  21 days later males were 

introduced, 1 male: 3 females.  Breeding was allowed to proceed for 200 days. B. 

Number of pups per box of three female mice, born over 200 days of the 

experiment. 
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6.2.6.3 Specific Pathogen Free wild mice are rendered infertile by rK181-

mZP3 

A population of specific pathogen free (SPF) wild mice was obtained by caesarean 

rederivation and a random bred colony has been developed in Perth (Mus musculus 

domesticus/ARC).  Six female mice were inoculated with rK181-mZP3, RM427+ 

(control virus) or were sham-inoculated with MOBS diluent, and were set up as 

breeding pairs (Figure 6.8).   The mean number of pups per fertile female (5) born to 

mice inoculated with rK181-mZP3 was 4.8±0.97 compared with the control virus 

RM427+ (5 were fertile, 19.3±2.43, p=0.004, Mann-Whitney) or sham-inoculated 

mice (17.2±2.01, p=0.008 Mann-Whitney), demonstrating the efficacy of this virus as 

an immunocontraceptive agent for the proposed target population, Mus domesticus.  

To date 31 wild mice have been inoculated with rK181-mZP3 and observed for 

fertility over 100 days.  The combined number of pups per fertile female (5.4±0.60) is 

presented in Figure 6.8.  This is an underestimation of the infertility effect of rK181-

mZP3 on wild mice as 10 of the 31 mice failed to have a single litter and were 

eliminated from this calculation.  All females that were infertile for the duration of 

the experiment had the original male replaced with one that had been proven fertile.  

No litters were recorded indicating that the infertility was likely to be related to the 

female mice.  The reduction in fertility in mice inoculated with rK181-mZP3 was 

highly statistically significant compared with mice inoculated with a control virus 

(p<0.0001, Kruskal-Wallis.  This result closely resembles that seen in genetically 

susceptible BALB/c and A/J mice. 
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Figure 6.8 The fertility of SPF wild mice in response to inoculation 

with rK181-mZP3. Groups of SPF wild mice were inoculated with 2x104 pfu 

rK181-mZP3, RM427+ or were sham-inoculated.  Breeding was allowed to 

proceed for 100 days.  Results are presented as the number of pups per 

fertile female.  Additionally, combined results from 3 experiments are 

presented for mice inoculated with rK181-mZP3. 
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6.3 Discussion 

As shown here, the success of the recombinant MCMV immunocontraceptive vaccine 

is affected by the innate genetic susceptibility of the recipient mouse strain to the 

viral vector itself.   Both A/J and BALB/c mice are highly susceptible to lethal 

infection with MCMV (Grundy et al. 1981) and are readily rendered infertile after 

inoculation with 2x104 pfu of recombinant MCMV (rK181-mZP3).  The LD50 of 

C57BL/6 mice is 3-4, and this corresponds to an impaired immunocontraceptive 

response after inoculation with rK181-mZP3.  CBA mice have an LD50 of 20, and 

correspondingly, these mice exhibit considerably more resistance to rK181-mZP3 –

induced immunocontraception. 

 

Congenic mouse strains were used to determine the effect of particular innate 

immune mechanisms on the level of infertility induced by the recombinant virus.  The 

resistance exhibited by CBA mice suggested that the H-2k haplotype may reduce 

vaccine efficacy.  Although BALB.K mice (H-2k haplotype on the BALB/c genetic 

background) showed a 52% reduction in litter output over 100 days (p=0.0002), the 

immunocontraceptive effect was clearly less pronounced in these mice compared to 

BALB/c mice.  Conversely, the fertility of B10.D2 mice (H-2d haplotype on a 

C57BL10 genetic background) was not affected by inoculation with either 2x104 or 

2x105 pfu rK181-mZP3.  Taken together, these experiments suggest that the H-2 

haplotype of the recipient strain is not itself responsible for vaccine failure, although 

few H-2 haplotypes were tested.  The reduced immunocontraceptive response in 

BALB.K mice may reflect differences in the presentation of ZP3 epitopes to the 

immune system, rather than innate resistance to the MCMV vector itself.  The 

complete resistance of the B10.D2 mice to the immunocontraceptive virus is 

surprising given the success of immunocontraception in the genetically similar 

C57BL/6 mice to the vector. However, this result emphasises that H-2 susceptibility 

does not improve vaccine success.   

 

Resistance to MCMV in C57BL/6 mice is conferred by an innate immune mechanism 

controlled by the Cmv1 genetic locus via the regulation of NK cells (Scalzo et al. 

1999). The availability of BALB/c and C57BL/6 congenic mouse strains differing 

only at the Cmv1 locus allowed us to explore the effect of this innate immune 

mechanism without altering the H-2 haplotype.                  
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CT3 mice have a BALB/c genetic background (H-2d) with the Cmv1r allele from 

C57BL/6 (Scalzo et al. 1999) and the fertility of these mice mimics that of the 

C57BL/6 mice.  Conversely, mice with a C57BL/6 (H-2b) genetic background having 

the Cmv1s allele from BALB/c (TC1 or Cmv1s mice) mimicked the 

immunocontraception seen in BALB/c mice.  These complementary results strongly 

suggest that Cmv1-associated innate immune control of MCMV affects the 

immunocontraceptive success of rK181-mZP3 independently of the H-2 haplotype. 

 

As the immunocontraceptive virus was proposed to aid in the control of populations 

of wild mice (Shellam 1994), the effect of innate resistance to the viral vector 

exhibited by CBA and C57BL/6 mice might suggest that host resistance may reduce 

the efficacy of this technology in wild mice.  Accordingly, both the ARC/s strain of 

outbred mice and a laboratory colony of outbred wild mice were used to estimate the 

efficacy of rK181-mZP3.  The results from the short-term and the long-term breeding 

studies of ARC/s mice were conflicting, as the short term study showed significant 

reductions in the number of pups born in the longer term experiment.  However, the 

long term study indicated that the overall ability of ARC/s mice to produce pups was 

still intact.  The results obtained per box suggest the presence of both susceptible and 

resistant individuals, although genotypic differences have not been assessed.  

Importantly however, the viral vaccine was very effective in inducing sterility in wild 

mice derived from free-living Australian mice.  This population was repeatedly found 

to become infertile after an inoculation with 2x104 pfu rK181-mZP3.  The pathology 

exhibited in the ovaries from these mice was similar to that described for BALB/c 

mice (results not shown), with few follicles remaining after 100 days of infection. 
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6.4 Summary 

This chapter described the immunocontraceptive response in a variety of inbred and 

outbred laboratory mouse strains.  The susceptibility of the different mouse strains to 

the immunocontraceptive effect of rK181-mZP3 reflected their susceptibility to the 

lethal effects of MCMV.  Further investigation of this phenomenon associated the 

reduced success of the immunocontraceptive effect with the Cmv1r allele in C57BL/6 

mice (i.e. NK-cell mediated protection).  However, there was no clear relationship 

identified between the H-2 haplotype and immunocontraceptive success.  In the 

ARC/s outbred population, fertility was successfully reduced in a one round breeding 

experiment; however, this effect was diluted by the overwhelming fecundity of 

ARC/s mice in a long term breeding experiment.  Infertility was successfully induced 

in a colony of wild-derived mice, providing a proof of concept for the successful 

reduction in populations of wild Australian mice by an MCMV-based 

immunocontraceptive vaccine. 
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7.1 Introduction 

The previous chapters have described the effect of the recombinant virus, rK181-

mZP3 on both the fertility and the ovarian physiology of laboratory mice.  It is likely 

that the immune response affecting infertility is antibody-mediated.  This chapter 

seeks to determine the importance of antibody to successful immunocontraception as 

well as to characterise, in part, the effect of other acquired immune responses to the 

immunocontraceptive vaccine.  Although the presence of antibody accompanied 

ovarian damage and the loss of late stage follicles, damage was also present at 7 days 

post-inoculation before peripheral antibody is detected and before it is bound to the 

ovaries in vivo.  For this reason, we have begun to characterise the effect of T cells on 

the early stages of immunocontraception.  This chapter characterises the both the T 

cell response in BALB/c mice and the importance of the antibody response to the 

immunocontraceptive vaccine. 

 

7.2 Results 

 CD4+ and CD8+ T cells 

7.2.1 Mice infected with rK181-mZP3 show a sustained CTL response against the 

viral vector, K181. 

 

The major histocompatibility complex (MHC) class I Ld-restricted CD8+ T-

lymphocyte response against the immunodominant peptide YPHFMPTNL of the ie1 

phosphoprotein, pp89,  has been well characterised (Reddehase et al. 1984; Lyons et 

al. 1996).  An active CTL response is essential for the control of MCMV in BALB/c 

mice (Jonjic et al. 1989; Lathbury et al. 1996).  As the in vivo growth of the 

recombinant virus was so poor (Chapter 4.4), there was a possibility that the CTL 

response to MCMV antigens would be reduced or absent late in infection.  To this 

end, an in vivo CTL assay was performed.                                                                                                            

 

BALB/c mice were infected with 4x104 pfu K181 (control virus), rK181-mZP3 or 

rK181-OvaTFR, a recombinant MCMV expressing ovalbumin with a transferrin 

receptor to direct protein expression to the cell surface.  The in vivo growth of rK181-

OvaTFR was attenuated in BALB/c mice, however, infection was lethal in IFN α/β/γ 

R-/- mice by 8 days post infection (van Dommelen 2000).   In contrast, when IFN 

α/β/γ R-/- mice were infected with rK181-mZP3, viral titres increased, although the 
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mice did not exhibit signs of severe morbidity and had recovered from the infection 

by 15 days post inoculation Chapter 4.5).   

 

Target cells for detecting the CTL response to the K181 pp89 peptide were prepared 

by pulsing spleen cells from uninfected mice with K181 peptide and labelling them 

with CFSE.  These cells were then inoculated intravenously into virus-infected mice 

at early (5 and 7 days), late (21 days) and very late (153 days) time points post-

infection.  Ten hours post-inoculation, spleen cells were harvested from the recipient 

animals and the percentage of the CFSE labelled target cells and hence the strength of 

the CTL response was determined by FACS analysis.  The results are presented in 

Figure 7.1 and show the percentage of target cells killed in mice that were vaccinated 

at various times previously with virus. 

 

These results show a characteristic peak in the CTL response at 7/8 days post-

inoculation with a subsequent reduction in the response at 19/20 days post-

inoculation.  The CTL response of mice infected with rK181-mZP3 was significantly 

reduced compared to that of mice infected with K181 at 19/20 days post-inoculation, 

probably reflecting attenuated growth of rK181-mZP3.   The mean CTL response 

generated by rK181-OvaTFR was also reduced, although this was not statistically 

significant.  At 153 days post-inoculation there was a significant reduction in the CTL 

responses of mice infected with the recombinant viruses compared to those of mice 

inoculated with K181.  
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Figure 7.1 CTL responses present at various stages of infection with 

recombinant viruses.  3 BALB/c mice per time point were inoculated with 4x104 

pfu virus to target cells.  Spleen cells from uninfected mice were pulsed with the  

K181 peptide, YPHFMPTNL and lablelled with CFSE before iv inoculation into 

infected mice.  Spleens were havested 10 hours later and the number of target 

cells counted by FACS analysis.  Results are presented as mean+SEM of three 

mice.  Statistical analysis was by Student’s t test against the virus control, K181. 

*p=0.01, ‡p=0.008. 
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7.2.2 CD4/CD8+ T cell depletion does not increase virus growth in BALB/c mice. 

 

CD8+ T cell-depleted BALB/c mice are not able to control MCMV growth in the 

visceral organs, while CD4+ T cell-depleted mice are not able to clear MCMV from 

the salivary gland.  Additionally, MCMV-specific antibodies are not produced in 

CD4+ T cell-depleted BALB/c mice ( Jonjic et al. 1989; Jonjic et al. 1994; Lathbury 

et al. 1996).  BALB/c mice in which both CD4+ and CD8+ T cells were depleted, or 

control, undepleted mice were infected with 2x104 pfu K181 or rK181-mZP3.  At 5 

and 15 days post inoculation, the spleen, liver, lung and salivary glands were 

harvested from 3 mice per group and plaque assays were performed.  Spleen cells 

were analysed by flow cytometry using fluorescent anti-CD4 and CD8 antibodies to 

determine the level of depletion achieved at the time of organ harvesting.  Table 7.1 

shows the level of depletion achieved.   

 

Table 7.1.  Depletion achieved after inoculation of α-CD4 and α-CD8 monoclonal 

antibody into BALB/c mice. 

Virus  
Days post-inoculation 

                 K181
CD4+ 

 

CD8+ 

rK181-mZP3
CD4+ 

 

CD8+   

5 85.96% 91.05% 80.55% 88.10% 

15 99.79% 99.67% 99.95% 99.67% 

 

Unfortunately the depletion was not complete at 5 days post-inoculation.  This 

probably reflects the protocol that involved inoculation of monoclonal antibody at 

Days -3, -1, 1, 5, 9 and 13.  A previous experiment had demonstrated a >99% 

depletion on the day of inoculation (Day 0, results not shown).   

 

The effect of T cell depletion on virus titres is shown in Figure 7.2.  At 5 days post-

viral inoculation, one of three non-depleted mice infected with K181 had virus was 

detected in a liver sample (approx 400 pfu/organ).  No virus was detected in spleen or 

lung tissue.  No virus was detected in matched samples from CD4/CD8+ T cell 

depleted mice.  The organs harvested from immunocompetent BALB/c mice infected 

with rK181-mZP3 showed no evidence of virus growth 5 days post-inoculation in the 

lung, liver or spleen.  In matched samples from CD4/CD8+ T cell depleted mice 

inoculated with rK181-mZP3, one spleen sample had virus detected at the limit of 

detection.  No virus was detected from the liver or lung tissue homogenates. 
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At 15 days post-inoculation with K181, immunocompetent BALB/c mice had virus 

detected from only salivary gland homogenates while in CD4/CD8+ T cell depleted 

mice, virus was present in all organs assayed.  There was no virus detected in any 

organs assayed from immunocompetent mice inoculated with rK181-mZP3, and virus 

was only detected in the lungs of CD4/CD8+T cell depleted mice, but not in the 

salivary gland, liver or spleen.  Only two mice were available for assay that had been 

inoculated with rK181-mZP3.  The remaining mouse was found dead by Animal 

Facility staff.  This mouse was not observed to be sick prior to this, and was probably 

not suffering from MCMV-related disease.  
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Figure 7.2 The effect of depletion of CD4 and CD8+ T cells on viral titres at 15 

days post inoculation. 3 mice per timepoint were depleted from CD4/CD8+ T cells with 

monoclonal antibody prior to inoculation with 2x104 K181 or rK181-mZP3.  Mice were 

inoculated with monoclonal antibody on day -3, -1, 1, 5, 9 and 12.  Organs were 

harvested on day 5 and day 15 post-inoculation, homogenised and viral titres were 

assessed by plaque assay.  Results are presented for day 15 as pfu virus per g organ 

homogenate (results from day 5 presented in text). ^, no virus was detected (non-

depleted mice inoculated with K181) *, no virus was detected from depleted mice 

inoculated with rK181-mZP3.   One mouse had died in the D15 CD4/CD8+ T cell 

depleted rK181-mZP3 infected group.

† 

† 

† † 

† 
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7.2.3 T cell infiltration into ovarian tissue after inoculation with rK181-mZP3. 

One interesting feature of the physiological effect of inoculation with rK181-mZP3 is 

that inflammation is not a feature of the pathology.  In other induced autoimmune 

syndromes, inflammatory foci are generally caused by pathogenic T cells and have a 

distinct pathological appearance (Rhim et al. 1992).  In collaboration with Dr Sean 

O’Leary, we stained frozen sections of ovary using immunohistochemistry 

techniques.   
 

Ovaries were harvested from mice at various times post-inoculation (2x104 pfu K181 

or rK181-mZP3) and were immediately embedded in OCT compound.  Ovarian 

sections were incubated with rat monoclonal antibodies specific for CD45, CD4 or 

CD8, and then incubated with a biotinylated rabbit anti-rat conjugate.   After 

incubation with a horse radish peroxidase-streptavidin conjugate, diaminobenzidine 

hydrochloride was used to develop an insoluble colour.  Video image analysis was 

employed using Video Pro software (Leading Edge Software, Adelaide, Australia) to 

examine 10 randomly selected fields from each ovary. Leukocytes were quantified in 

all areas of ovarian tissue excluding obvious atretic follicles.  Data are expressed as 

‘percent positivity’, calculated as the mean area of DAB stain as percentage of the 

area of total stain in the ten fields (average of proximal and distal sections). Repeated 

measurements of a single test field validated the precision of this method (less than 

10% within assay variation).  

 

Mouse inoculations and ovary harvesting was performed by Ms Megan Lloyd.  

Frozen sections, staining and quantification were performed by Dr Sean O’Leary.  

Results are used with permission and are shown in Figure 7.3.   

 

There was a diffuse inflammatory infiltrate present throughout the ovarian stroma of 

mice inoculated with rK181-mZP3, at most times post inoculation.  The notable 

exception was the absence of CD8-staining leukocytes in the ovaries taken from mice 

inoculated 21 days earlier.  There was some fluctuation in the ovaries of mice 

inoculated with the control MCMV, K181. Ovarian tissue from mice inoculated with 

rK181-mZP3 or K181 has been examined for the presence of MCMV by quantitative 

PCR on 1, 3 and 5 days post inoculation, with no evidence of virus detected  (Megan 

Lloyd, unpublished results). 
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Figure 7.3 Characterisation of cellular infiltrate present in ovarian 

tissue. Mice were inoculated with rK181-mZP3 or K181 (control virus) and 

harvested at 10, 21 and 35 days post inoculation.  Ovarian frozen sections 

were fixed and stained with CD-specific rat monoclonal antibodies.  Slides 

were incubated with a rabbit anti-rat biotinylated conjugate, an HRP- 

streptavidin conjugate and diaminobenzidine hydrochoride.  Stained 

leukocytes were enumberated by Video pro analysis of 10 randomly 

selected fields per ovary  A. CD45 stained leukocytes. B. CD4 stained 

leukocytes. C. CD8 stained leukocytes.  * = no cells detected 
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Antibody is vital for an effective immunocontraceptive response 

As discussed in Chapter 1, antibody has long been considered to play an important 

role in successful immunocontraception in animal models and in humans.  Generally, 

the titre of antigen-specific antibody has determined whether the individual will 

regain fertility or remain infertile (Mahi-Brown et al. 1985; Liu et al. 1989; Lou et al. 

1995; Jackson et al. 1998). A subsequent inoculation with the immunogenic protein 

boosts the antibody titre and maintains the infertile state. In addition, the passive 

transfer of monoclonal antibodies specific for ZP glycoprotein epitopes into naïve 

mice induced infertility over several months (Dean and East 1986; East et al. 1985; 

East et al. 1984).  In murine models of oophoritis the presence of antibody was 

related to a redirection of pathogenic T cells towards growing and apparently healthy 

follicles rather than to follicles already showing signs of atresia (Lou et al. 2000).  In 

addition, the presence of ovarian damage in the absence of ZP3 antibody was not 

predictive of infertility (Bagavant et al. 1999).   

 

When the recombinant vaccine, rK181-mZP3, was inoculated into immunocompetent 

BALB/c mice, a significant decrease in fertility was apparent in mice inoculated as 

early as 14 days prior to mating (Chapter 5.1).  In a separate experiment, at 14 days 

post-inoculation antibody was bound to the follicles in vivo (Chapter 4.4).  These 

complementary data suggest that infertility induced by rK181-mZP3 is antibody-

mediated, although direct evidence of a role for antibody in this model has not been 

obtained. 

 

To test this hypothesis, antibody-deficient mice on a BALB/c genetic background 

were obtained from Dr Lynda Morrison (St Louis University, MO, USA).  The 

antibody deficiency was  generated by a neomycin insertion in the membrane exon of 

the immunoglobulin mu chain constant region (Kitamura et al. 1991).  Antibody 

deficient-mice are hereafter referred to as μMT (BALB/c) or μMT mice.   
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7.2.4 Confirmation of the antibody-deficient status of μMT (BALB/c) mice. 

Initially, the antibody deficiency in the serum of μMT (BALB/c) mice was 

determined by spotting serum onto nitrocellulose, and incubating this with goat anti-

mouse immunoglobulin conjugate.  Mice able to produce antibody show a 

characteristic brown staining (Figure 7.4A).  Genetic confirmation of the antibody-

deficient genotype was obtained by extracting genomic DNA from tail snips and 

performing a multiplex PCR (Figure 7.4B, details of primers are in Appendix 1).  

Details of this PCR were obtained from the Jackson Laboratory web site.   The 

multiplex PCR results in a 210bp fragment in background control (immunocompetent 

BALB/c) mice and a 451 and a 1500bp fragment in μMT (BALB/c) mice.  All DNA 

samples had earlier been tested using Universal primers (Wang et al. 2000) to ensure 

they were of adequate quality to enable μMT genotyping (results not shown). 

 

 
 

 

 
 

 

                   
 

 

 

 

 

 

 

 

 
 
1500 bp 

   451 
   210 

B 

Figure 7.4 Confirmation of the antibody-free status of μMT (BALB/c) mice. 

 A. Dot blot of mouse serum to show the presence or absence of serum 

immunoglobulin. Serum was collected from mice and spotted onto nitrocellulose 

membrane.  Once dry, the membrane was blocked in Skim milk powder and 

incubated with 1:1000 Goat-anti mouse immunoglobulin Alkaline Phosaphase 

conjugate.  Colour was detected with NBT/BCIP.  B. PCR analysis of genomic 

DNA.  Tail snips were collected and genomic DNA extracted.  DNA was analysed 

by PCR (Appendix 1) to confirm the presence of the neomycin insertion. 

  1    2    3    4 
1. 1 kb ladder 

2. BALB/c background  

3. μMT positive 

4. Negative control 

A μMT serum                             BALB/c serum 
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7.2.5 Fertility in antibody knockout mice after inoculation with rK181-mZP3 

 

Antibody-deficient μMT mice were inoculated with 2x104 pfu rK181-mZP3 or K181 

(control virus) and were set up in breeding pairs to determine the effect of the 

recombinant virus on fertility in the absence of antibody.  As a control, 

immunocompetent BALB/c mice were inoculated at the same time with the same 

dilution of rK181-mZP3.  Results are presented in Figure 7.5 as the number of pups 

per fertile female.  This experiment has been carried out twice with the same end 

result. 
 

Antibody-deficient μMT (BALB/c) mice infected with K181 produced a mean of 

17.0 pups per female, μMT (BALB/c) mice infected with rK181-mZP3 produced a 

mean of 17.67 pups per female and immunocompetent mice infected with rK181-

mZP3 had a mean of 5.17 pups per female.  Mann-Whitney testing of individual 

results calculated that the difference between the two μMT (BALB/c) groups was not 

significant (p=0.84).  However, the difference between both μMT groups and the 

immunocompetent BALB/c was significantly different (p=0.016 for μMT infected 

with K181 control virus and p=0.0008 for mice infected with rK181-mZP3).  This 

highly significant result shows that the fertility of antibody-deficient mice is not 

affected by the recombinant vaccine.  This antibody-deficient mouse model has 

confirmed the absolute importance of antibody to the immunocontraceptive response. 

 

Additionally, ovaries were obtained from μMT and BALB/c mice infected with 

rK181-mZP3 at the completion of the experiment.  Figure 7.5B i) shows that 

antibody has bound to the ovary of BALB/c mice in vivo.  Figure 7.5B ii) shows that 

no antibody is bound to the ovary of μMT mice inoculated with rK181-mZP3. 
 

BALB/c mice were imported from the National Cancer Institute (Bethesda, MD, 

USA).  These mice provided the genetic background to the μMT μ-chain inactivation 

(Chapter 2.5.1).  BALB/c (NCI) were set up in a breeding experiment with the same 

aliquot of virus as was simultaneously inoculated into BALB/c (ARC) and 

μMT(BALB/c) mice.  BALB/c (NCI) became completely infertile as with the same 

kinetics as BALB/c (ARC) mice (results not shown).  This experiment confirmed that 

different BALB/c lineages were equally susceptible to the infertility effect elicited by 

rK181-mZP3. 
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Figure 7.5 Antibody-deficient mice are resistant to the 

immunocontraceptive effect of rK181-mZP3. A. 8 female μMT (BALB/c) 

mice per group were inoculated with 2x104 pfu rK181-mZP3 or K181.  

Immunologically competent BALB/c mice (6) were also infected with rK181-

mZP3 as a postitive control.  Males were introduced on the day of inoculation 

and breeding was allowed to proceed for 100 days. B. Analyses of ovaries 

from breeding experiments by direct immunofluorescence.  i. Control BALB/c 

inoculated with rK181-mZP3  ii. μMT(BALB/c) inoculated with rK181-mZP3.  

A 

B 
i) BALB/c (Control) ii) μMT (BALB/c)

μMT (BALB/c) 



Chapter 7: The immunological basis of rK181-mZP3-induced infertility 

 

  185

7.2.6 Passive transfer of ZP3 antibody in BALB/c mice 

To determine whether antibody induced by rK181-mZP3 in the absence of infection 

is able to induce infertility, a hyperimmune serum (HIS) generated by serial 

inoculation with rK181-mZP3 or a control virus rK181-mOvaTFR was inoculated 

intravenously into female BALB/c mice.  All serum had previously tested negative 

for the presence of live virus.  24 hours later, male mice were introduced at a ratio of 

2 females: 1 male and breeding was allowed to proceed until the first litter was 

produced.  Results are presented in Figure 7.6 as a Kaplan-Meier survival curve. 

 

The median time to litter for the mice inoculated with rK181-OvaTFR HIS was 24.5 

days.  The median time to litter for mice inoculated with HIS generated by 

vaccination with rK181-mZP3 was 35 days.  The median time to litter for mice 

inoculated with the ZP3 monoclonal antibody, IE10, was 44 days.  The Kaplan-Meier 

curves were significantly different compare to the control serum (p=0.008 for rK181-

mZP3 HIS and p=0.0006 for IE10 monoclonal antibody). 
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This experiment demonstrates that ZP3-specific antibody alone is able to induce a 

period of infertility in inoculated mice. 

Figure 7.6 Passive transfer of ZP3 antibody into BALB/c mice.  6 female mice 

per group were inoculated intravenously with a single 100μL dose of hyperimmune 

serum generated by vaccination with rK181-mZP3, rK181-OvaTFR or IE10 (ZP3 

monoclonal antibody).  24 hours later, male mice were introduced (1 male:2 

females).  The endpoint of this experiment was the birth of the first litter. * p=0.008, 

‡ p=0.0006 

* ‡ 
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7.2.7 Passive transfer of ZP3 antibody in μMT (BALB/c) mice. 

 

To confirm the ability of ZP3-specific antibody to induce infertility in antibody-

deficient mice, ZP3 monoclonal antibody was inoculated intravenously into μMT 

(BALB/c) mice.  Male mice were introduced one week after inoculation.  Results are 

presented as a Kaplan-Meier survival curve in Figure 7.7.   
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One female mouse that was sham-inoculated did not produce a litter until 37 days 

post addition of the male. Six out of seven mice passively transferred with PBS 

produced litters within 23 days of the introduction of the male mouse. The median 

time to litter for μMT mice inoculated with PBS was 23 days and the median time to 

litter for μMT mice inoculated with IE10 monoclonal antibody was 37 days.  The 

Kaplan-Meier curves were significantly different (p=0.048).   

 

7.2.8 Antibody production in mice of different genetic backgrounds inoculated with 

rK181-mZP3. 

To determine whether the antibody titre plays a role in the variable success of vaccine 

induced immunocontraception in mice of different genetic backgrounds reported in 
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Figure 7.7 Passive transfer of IE10 (ZP3 monoclonal antibody) into μMT 

(BALB/c) mice. 7 mice per group were inoculated intravenously with a single  150μL 

dose of IE10 (ZP3 monoclonal antibody) or PBS (sham-inoculated).  7 days later, male 

mice were introduced and breeding was allowed to proceed until the first litter was 

born.  The curves were significantly different (p=0.048) 
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the previous chapter, serum was obtained at the end of breeding experiments (100 

days post inoculation) from BALB/c, C57BL/6 and CBA mice.  The results are 

presented in Figure 7.8 and these clearly show that higher antibody titres were related 

to an improved immunocontraceptive response (See Figure 4.9, Figure 6.2 and Figure 

6.4 for the corresponding fertility data.) 
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CBA antibody titres were clearly lower than those induced in C57BL/6 or BALB/c 

mice and this effect has been demonstrated repeatedly (data not shown).   

 

 

Figure 7.8 ZP3-specific antibody titres from mice with different genetic 

backgrounds.  Serum was taken from female mice inoculated with either 

2x104 pfu rK181-mZP3 or 2x105 pfu rK181-mZP3 at the completion of 

breeding studies (100 days post inoculation) and analysed using the ZP3 

ELISA.  Results are the mean of 6 samples. Error bars are standard error of 

the mean.  A. IgG1 B. IgG2a. 

A 

B 
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DFA analysis of frozen sections of ovaries obtained from C57BL/6 or CBA mice that 

were inoculated with the standard 2x104 pfu rK181-mZP3 demonstrated that antibody 

was bound to the follicular ZP by 14 days post inoculation (Figure 7.9).  There was 

no difference in the intensity of the fluorescence seen for BALB/c (infertile), 

C57BL/6 (intermediate response) or CBA (fertile) at any time.   

 

 
 

 

 

7.2.9 The avidity of ZP3-specific antibody 

To determine whether antibody produced by different methods has different avidity, 

an avidity assay was carried out on hyperimmune antibody produced in two different 

ways: by serial inoculation of rK181-mZP3 or by serial inoculation of HIS-tagged 

ZP3 protein purified from recombinant vaccinia virus (VV-ZP3) kindly supplied by 

Dr Ronald Jackson, CSIRO Division of Wildlife and Ecology (ACT, Australia) 

resuspended in TDM adjuvant (Sigma Aldrich, MO, USA).   

Day 7         Day 14       Day 35 
B/c 

 

 
B/6 

 

 
CBA 

 

 

 

 

Figure 7.9 Antibody is detected bound in vivo at the same time post 

inoculation with rK181-mZP3 in BALB/c, C57BL/6 and CBA mice.  Mice were 

inoculated with 2x104 pfu rK181-mZP3.  Ovaries were harvested at 7, 14, 21 and 

35 days post inoculation and were embedded in OCT compound.  D21 results are 

not shown, but were identical to other time points.  Frozen sections were incubated 

with goat-anti mouse immunoglobulin (DFA) . 
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Serum produced by both methods had comparable titres by ZP3 ELISA.  The avidity 

assay tests the avidity of the antibody for the particular antigen by the addition of 

differing concentrations of chaotropic agent to try to disrupt the antigen-Fab bonding.  

The results are presented in Figure 7.10, and show that hyperimmune serum produced 

in response to inoculation with the viral vaccine had better avidity than that induced 

by vaccination with protein and adjuvant. 
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Figure 7.10 Comparison between the avidity of hyperimmune serum 

generated by three serial inoculations of rK181-mZP3 and hyperimmune serum 
genrated by three serial inoculations of ZP3 protein and adjuvant.  BALB/c mice 

were inoculated on three occasions with either 2x104 pfu rK181-mZP3 or Myxoma-

ZP3 purified ELISA antigen in adjuvant.  Serum was incubated on ELISA trays 

coated with ZP3 antigen and was exposed to different concentrations of chaotrophic 

agent before the addition of alkaline phosphatase-linked conjugate and colour 

reaction.  Results were read at 405nm and are presented as the mean of three 

samples.  Error bars are standard error of the mean. 



Chapter 7: The immunological basis of rK181-mZP3-induced infertility 

 

  190

7.2.10 The avidity of hyperimmune sera generated in different mouse strains  

To determine whether the avidity of hyperimmune serum produced in different 

mouse strains was different, an avidity assay was carried out.  Two separate sera 

samples, produced independently in BALB/c, C57BL/6 or CBA mice, were analysed. 

Results are presented in Figure 7.11. 
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No differences were observed in the avidity of hyperimmune serum that was 

generated in BALB/c, C57BL/6 and CBA mouse strains (Figure 7.11) 

 

 

Figure 7.11 The avidity of hyperimmune serum generated in different mouse 

strains by inoculation with rK181-mZP3 is similar.  Hyperimmune serum (HIS) was 

incubated on ELISA trays and then briefly incubated with different concentrations of a 

chaotropic agent (NaSCN).  Two separately produced batches of hyperimmune serum 

were analysed for each mouse strain, and the results were combined.  Because the titre 

of the sera was variable, the absorbance obtained when no chaotrophic agent (0M) was 

applied, was used as a reference point to calculate the percentage avidity of the 

individual sera. 
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7.3 Discussion 

This chapter has described some of the aspects of CD4 and CD8+ T cell activity on 

viral growth and immune related function.  It has also described the importance of 

antibody on the immunocontraceptive effect generated by inoculation with rK181-

mZP3.   The successful suppression of fertility over 250 days in infected BALB/c 

mice occurs despite the poor in vivo growth described in Chapter 4.   Infection of 

mice with non-recombinant MCMV induces a strong and sustained CD8+T cell 

response to an immunodominant nonapetide with sequence homology to pp89 (Del 

Val et al. 1988; Karrer et al. 2003).  The effect of rK181-mZP3 immunisation on the 

in vivo function of pp89-specific CTLs was explored to provide additional 

information on the long term immune response to the viral vector.  Spleen cells from 

uninfected mice were pulsed with K181 peptide and the percentage of target cells 

killed after their introduction into mice previously infected with either K181 or a 

recombinant virus was calculated.  Overall, there was a reduction in the percentage of 

peptide-pulsed cells killed in rK181-mZP3-infected mice compared to K181-infected 

mice at all time points, however, a significant CTL response was observed at all times 

post inoculation.   The pattern of expansion and contraction of CTL activity at 

different times post inoculation was similar in all mice and has been previously 

described for MCMV (Karrer et al. 2003).   

 

The recombinant virus presumably presents a variety of ZP3 CTL epitopes to the host 

immune system in addition to the multiple epitopes of the viral vector itself (Munks 

et al. 2006).   Recombinant MCMV expressing discrete epitopes from influenza A 

virus or lymphocytic choriomeningitis virus demonstrated a slow accumulation of 

CTL specific for the inserted epitope over time.  These CTL populations provided 

protection from viral challenge with recombinant vaccinia expressing identical 

antigens (Karrer et al. 2004).  However, these data related to the discrete epitope 

rather than an entire glycoprotein.  Currently, there are no CTL epitopes described for 

mZP3.  However, computer models that can predict potential CD8+ epitopes may 

prove useful for future investigation of this aspect of immune defence (Moutaftsi et 

al. 2006).  
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The control of MCMV growth is dependent on both CD4+ and CD8+ T cells. CD8+ T 

cells contribute to the clearance of MCMV from the visceral organs and CD4+ T cells 

are required for salivary gland clearance (Jonjic et al. 1989).  Depletion of both 

CD4/CD8+ T cells resulted in increased control virus titres at 15 days post 

inoculation.  The absence of visceral growth at 5 days post inoculation may reflect 

the inadequacy of T cell subset depletion at this time, but may simply reflect the fact 

that tissue culture-passaged virus was inoculated rather than salivary gland passaged 

virus.  Inoculation with 2x104 pfu tissue culture virus generally results in extremely 

low viral titres in the visceral organs at early times post inoculation (Chapter 4.1, 

RM427+ results are representative of K181 virus titres).  The increase in the growth 

of control MCMV observed by 15 days post inoculation demonstrated that the normal 

viral defence was abrogated by the CD4/CD8+ T cell depletion.  It is difficult to reach 

conclusions about the contribution of T cells to the immune control of rK181-mZP3 

as data was only collected from two mice.  However, detection of rK181-mZP3 

plaques from the lung tissue of CD4/CD8+depleted mice suggests that T cells 

contribute to the control of virus growth in this organ.   
 

The immunohistochemical staining of ovarian tissue from virus-infected mice 

demonstrated that more CD4+, CD8+ and CD45+ cells were present in rK181-mZP3-

infected mice than in K181 infected mice at most time points.  The only variation to 

this trend was the CD8+ T cell count in rK181-ZP3-infected mice at 21 days post 

inoculation.  The decline in CD8+ T cells at this time point corresponded with a 

reduction in CD45+ staining cells in these animals.  Interestingly, the examination of 

ovarian sections described in Chapter 5 (Figure 5.2, Figure 5.3 and Figure 5.4) did 

not show evidence of an overt inflammatory response.  However, 

immunohistochemistry of frozen sections enabled a diffuse, inflammatory infiltrate to 

be detected throughout the ovarian stroma.   
 

The production of high titres of antigen-specific antibody has long been considered 

vital for a successful immunocontraceptive response to occur in various species. Mice 

with a deletion of the transmembrane exon of the Ig μ chain, that do not produce 

antibody (Kitamura et al. 1991), were obtained and inoculated with rK181-mZP3.  

These mice subsequently remained fertile and were unable to induce a ZP3-specific 

antibody response.  When ZP3 monoclonal antibody was passively transferred to 

μMT mice, fertility was significantly delayed.  Additionally, when ZP3 antibody 
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(hyperimmune serum or monoclonal antibody) was passively transferred to 

immunocompetent BALB/c mice, fertility was delayed.  Higher ZP3-specific 

antibody titres were observed in both C57BL/6 and CBA mice inoculated with a 10-

fold increased dose of rK181-mZP3, and the use of this dose correlated with 

improved suppression of fertility.   

 

Finally, antibody produced after serial inoculation of BALB/c mice with rK181-

mZP3 was shown to be more avid than that generated by serial inoculation with ZP3 

protein in adjuvant.  The higher avidity of antibody induced by the viral vector 

suggests that antigen presentation by MCMV is efficient, resulting in the induction of 

high quality antibody.  The variation in antibody quality induced by these two 

vaccination preparations suggests that this factor should be carefully assessed in the 

development of efficacious vaccines.  Interestingly, there was no difference in either 

the time that antibody is detected bound to the ZP in vivo in vaccinated mice, or the 

avidity of anti-ZP3 antibodies in virus-vaccinated BALB/c, C57BL/6 or CBA mice. 
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7.4 Summary 

This chapter addressed some of the immunological aspects of infertility induced by 

the recombinant virus, rK181-mZP3.  The CTL response to the K181-pp89 

immunodominant peptide was present in vivo at all times tested, albeit with a reduced 

percentage of peptide-specific target cells being killed.  This suggests that immune 

defence is active, even though in vivo growth was severely restricted (Chapter 4.1).     

There was a modest increase in the titre of rK181-mZP3 in the lungs of CD4 and 

CD8+ T cell depleted mice at 15 days post inoculation.  CD4+ and CD8+ T cells 

infiltrated the ovary at early times post inoculation, but the relationship between 

cellular infiltration and damage to ovarian tissues or subsequent infertility are 

unclear.  Antibody was clearly required for virus-induced infertility as antibody-

deficient mice showed no reduction in fertility after inoculation with rK181-mZP3.  

Additionally, ZP3-specific antibody that was passively transferred into uninfected 

mice significantly delayed the production of the first litter.  Moreover, increasing 

antibody titres in C57BL/6 and CBA mice that were inoculated with a 10-fold 

increased virus titre were correlated with enhanced infertility.  The time that antibody 

reached the ovary was the same for these three mouse strains and the avidity of 

hyperimmune serum generated in these different strains was not significantly 

different.  However, hyperimmune serum produced by the serial inoculation of 

BALB/c mice with rK181-mZP3 had a greater avidity to ZP3 ELISA antigen than 

hyperimmune serum produced by inoculating ZP3 protein and adjuvant.  This 

suggests that strong antibody avidity assists successful immunocontraception.
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8.1 Introduction 

 

In Australia, the incidence of mouse plagues is increasing, and the approved methods 

of control are limited (Singleton et al. 2005).  It was hypothesised that a recombinant 

vaccine constructed using a mouse-specific β-herpesvirus incorporating a fertility 

antigen, would freely disseminate and control Mus domesticus populations by the 

induction of specific immunity towards the fertility antigen (Tyndale-Biscoe 1991; 

Tyndale-Biscoe 1994; Shellam 1994).  Therefore, a recombinant murine 

cytomegalovirus (MCMV) expressing the ovarian glycoprotein murine zona pellucida 

3 (ZP3) was constructed (Lloyd et al. 2003).  This vaccine successfully reduced the 

fertility of inoculated BALB/c mice for more than 250 days after inoculation.  

Vaccine efficacy was related to the presence of antibodies bound to the ZP in vivo, 

and to a progressive depletion of ovarian follicles.  Pre-ovulatory follicle depletion 

was first evident at 21 days post inoculation and by 150 days post inoculation, the 

ovary was nearly devoid of follicles (Lloyd et al. 2003). 

 

Further investigation of the immunocontraceptive effect in inbred mouse strains with 

differing susceptibility to MCMV, established that vaccine efficacy reflected the 

susceptibility of these strains to the virus.  This observation led to an investigation of 

the genetic basis for this variation (Lloyd et al. 2007).  It was demonstrated that 

resistance to MCMV mediated by the Ly49H NK-cell activation receptor in C57BL/6 

mice, reduced the efficacy of MCMV-vectored immunocontraception.  However, H-2 

related innate resistance to MCMV (as demonstrated in CBA mice) did not show 

such a strong association.  However, the outbred mouse strain representing the 

proposed target population was successfully rendered infertile by the recombinant 

vaccine.  These results provide insights into the complications inherent in vaccine 

design and emphasise the difficulty associated with obtaining uniform vaccine 

efficacy in a genetically outbred population.   

 

Ultimately, poor in vivo growth resulted in inadequate transmission of the 

recombinant virus to naïve mice (personal communication, Dr Sonia Nikolovski, 

University of Western Australia, WA, Australia), and accordingly, vaccine was found 

to be impractical for mouse control.  There were also concerns raised about the 

species specificity of MCMV (Greenwood and Sanchez 2002), although some of 

these concerns were allayed by the failure of rK181-mZP3 to elicit infertility in rats 
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(Smith et al. 2005).  Additionally, the regulatory complications involved with the 

potential inadvertent transportation of genetically modified organisms to other 

countries were significant problems in terms of liability. 

 

However, the application of this vaccine as a tool for improving the understanding of 

some fundamental aspects of ovarian physiology is currently being explored.  

Fertility suppression is routinely apparent by 21 days post-viral inoculation.  This 

readily reproducible effect has allowed a more complete investigation of the 

alterations in ovarian morphology and physiology that occur during the progression 

of this autoimmune disease process to be carried out.  This research may lead to 

insights into follicular activation and atresia and other aspects of ovarian function and 

disease. 

 

8.2 Impairment in the in vivo growth of the recombinant vaccine (rK181-mZP3)   

The growth of rK181-mZP3 was indistinguishable from the parental (LacZ 

recombinant) and control (non-recombinant) viruses when tested in vitro using a one 

step growth curve and a multistep growth curve.  The one step growth curve is 

designed such that every cell is infected allowing the virus growth per cell to be 

analysed over 48 hours (Chapter 3.7).  The ability of the virus to infect adjacent cells 

was analysed by the multistep growth curve (Chapter 3.8).  In this assay, infection is 

established with a low multiplicity of infection and viral replication is followed in the 

initially infected and adjacent cells over 4 days.  Using these two methods, there was 

no statistically significant difference in the in vivo growth kinetics measured for any 

of the viruses tested.  Although there was a small increase apparent in the multi-step 

growth curves of some of the recombinant viruses (Figure 3.7), this reflected slight 

differences in the initial inocula that were exacerbated over time.  The growth of 

rK181-mZP3 was not significantly impaired at any time post inoculation.   

 

However, when the recombinant vaccine was inoculated i.p. into BALB/c mice, there 

was virtually no plaquing virus detected from the organ homogenates obtained from 

either juvenile or adult mice (Chapter 4.1).  This result has been repeated many times 

in many mouse strains with the same effect (results not shown).  
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Two organs were chosen for quantitative PCR analysis: the salivary gland, for which 

MCMV has demonstrated strong growth tropism (Manning et al. 1992), and the lung, 

because it is an important site of MCMV latency (Kurz et al. 1997).  The analysis of 

DNA extracted from salivary gland and lung tissue homogenates by quantitative PCR 

showed that the recombinant virus was reproducibly detected at most time points 

from 7 to 35 days post inoculation, albeit at a low level and not in every homogenate 

(Chapter 4.2).  However, this result demonstrates that recombinant virus dispersed 

from the site of inoculation in the peritoneal cavity to distal organs.  The possibility 

that the transfection process contributed to this in vivo growth deficit can not be 

discounted, however, no specific deletion or mutation was detected by sequencing or 

RFLP of viral DNA (Chapter 3.5, 3.6).   

 

Other recombinant viruses constructed in this laboratory expressing a range of 

fertility antigens have also exhibited normal in vitro growth but have exhibited poor 

in vivo growth in immunocompetent BALB/c mice (Redwood et al. 2005; Smith et al. 

2006; Redwood et al. 2007).  These viruses have been constructed either by 

homologous recombination as described in Chapter 2.3.5, or by using an infectious 

bacterial artificial chromosome (BAC) (Redwood et al. 2005).   

 

The best evidence that rK181-mZP3 is competent to replicate in vivo was obtained 

from IFN α/β/γ receptor knock-out mice (Chapter 4.3).  These mice showed an 

increase in the titre of recombinant virus isolated from spleen, liver and lung tissue 

homogenates obtained 3 and 6 days post inoculation.  Additionally, rK181-mZP3 was 

isolated from salivary gland homogenates harvested at 6 days post inoculation.  

Recovery from infection subsequently occurred by 15 days post inoculation in all 

organs.   

 

In contrast, IFN α/β/γ R-/- mice inoculated with other recombinant vaccines 

expressing non-self antigens such as ovalbumin or haemagglutinin succumbed to the 

infection by 8 days post inoculation (van Dommelen 2000) as did mice inoculated 

with the lacZ-expressing parental virus, RM427+ (Figure 4.3).  The overwhelming 

virus growth in IFN α/β/γ R-/- mice may have been caused by CTL exhaustion 

(Vandenbroek et al. 1995). In any case, the growth of rK181-mZP3 in this 

immunodeficient mouse strain suggests that immune-mediated attenuation may have 

contributed to the reduced in vivo growth of this and other recombinant viruses.   
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 It is tempting to speculate that the ability of IFN α/β/γ R-/- mice to control rK181-

mZP3 was due to their endogenous expression of the zona pellucida self-antigen 

(Garza et al. 2000), resulting in the induction of immunological memory to this 

antigen.  The autoimmune response to rK181-mZP3 will be further explored in future 

work, and is discussed further in Chapter 8.6.   

 

8.3 The influence of innate resistance to the MCMV viral vector on 

immunocontraceptive efficacy. 

The use of the well-defined viral vector, MCMV, has illustrated that mechanisms 

controlling innate susceptibility to the vector itself, may influence the overall 

effectiveness of immunocontraception.  The extent of the infertility induced in 

response to a dose of 2x104 pfu rK181-mZP3 correlated well with H-2 resistance to 

MCMV.  BALB/c and A/J mice (LD50 of 1 and 0.5 respectively) were almost 

completely infertile after inoculation with 2x104 pfu rK181-mZP3 (Figure 4.8, Figure 

6.1 respectively), C57BL/6 mice (LD50 3-4, relative to BALB/c) showed an 

intermediate (not significant) reduction in fertility (Figure 6.2), and the fertility of 

CBA mice (LD50 20, relative to BALB/c, Figure 6.4) was not affected by this viral 

dose. 

 

Resistance to MCMV in C57BL/6 mice is conferred by the Cmv1r allele which 

encodes the Ly49H receptor on NK cells.  Ly49H interacts with the virally-expressed 

m157 ligand and leads to rapid, NK cell mediated clearance of the virus in vivo 

(Bubic et al. 2004). Susceptible BALB/c mice possess the Cmv1s allele and do not 

have Ly49H activation receptors (Brown et al. 2001; Daniels et al. 2001; Lee et al. 

2001).   

 

The resistance to immunocontraception in C57BL/6 mice was investigated using 

Cmv1 congenic mouse strains.  A C57BL/6 congenic mouse strain engineered to 

contain Cmv1s (therefore, does not possess Ly49H activation receptors) was 

susceptible to immunocontraception induced by 2x104 pfu rK181-mZP3, and 

displayed a “BALB/c-like” response to the vaccine.  Conversely, BALB/c congenic 

mice that had been engineered to possess the Cmv1r allele (therefore, possessing 

Ly49H activation receptors) were resistant to immunocontraception with 2x104 pfu 

rK181-mZP3, but were susceptible to 2x105 pfu.   
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These mice were therefore “C57BL/6-like”.  This suggested that Ly49H-mediated 

NK cell control of the recombinant virus was responsible for the differential effect.  

A definitive experiment would be to deplete Cmv1r mice of NK cells prior to 

infection with the recombinant virus.  However, the technical difficulty with 

maintaining NK cell depletion in breeding mice over a long term experiment is 

substantial.  We would expect NK cell-depleted Cvm1r mice to be analogous to 

Cmv1s mice and be susceptible to the immunocontraceptive effect of rK181-mZP3. 

 

Recently, it has been demonstrated that m157 mutations are present in many strains 

of MCMV isolated from wild mice, and the presence of Ly49H provides no 

additional host protection from these viruses (Voigt et al. 2003).  Additionally, 

studies investigating the genetic resistance to MCMV exhibited by the MA/My 

mouse strain (Scalzo et al. 1995), have identified an NK-cell mediated control 

mechanism that utilises the Ly49P receptor and requires the presence of polymorphic 

H-2k genes on MCMV infected cells (Dighe et al. 2005; Desrosiers et al. 2005).  

These intriguing studies emphasise the complexity of innate MCMV defence.   

 

The pronounced resistance exhibited by CBA mice to the immunocontraceptive 

vaccine may not be related to the H-2k haplotype.  BALB.K mice that possess the H-

2k haplotype on a BALB/c genetic background showed an overall susceptibility to the 

immunocontraceptive vaccine (Figure 6.5A).  However, the fertility of some of these 

mice improved towards the end of the 100 day experiment.  This suggests that at best, 

there may be a minor contribution of H-2k to resistance to the immunocontraceptive 

effect.  

 

When B10.D2 mice were inoculated with rK181-mZP3, they were not rendered 

infertile, even when an increased dose (2x105 pfu) was inoculated (Figure 6.5B).  

B10.D2 mice have the H-2d haplotype, (as do BALB/c mice) on the C57BL/10 

background.  This experiment was repeated twice, with the same result indicating the 

resistance in the C57BL/10 background.  The inability to successfully control the 

fertility of these mice was surprising, given the similarity of the B10 genetic 

background to C57BL/6 (Allan and Shellam 1984).  Perhaps there are either 

additional factors conferring resistance in the C57BL/10 background, or increased 

resistance resulting from interactions between genes in the C57BL/10 background 

and H-2d molecules. 



Chapter 8 – General Discussion 

 

  201

 

The two outbred mouse populations inoculated with rK181-mZP3 provided 

contrasting results.  A short term (35 day) breeding experiment using the ARC/s 

outbred mouse strain indicated that the recombinant vaccine induced a significant 

reduction in the number of pups born.  However, when mice of this strain were used 

in a long term (200 day) study, there was no significant reduction in the number of 

pups produced (Figure 6.7A).  The number of pups per box delivered over 200 days 

(Figure 6.7B) suggests that some individuals in two of the three boxes were not 

fertile.  Unfortunately, data were not obtained for individual females in this 

experiment.  The average litter size for control ARC/s mice was 9.98 pups per litter.  

This work suggests that short term (one breeding round) experiments are not 

necessarily predictive of population control in a species where pregnancy occurs as 

rapidly and consistently as it does in the mouse.  

 

The second outbred population used was the specific pathogen free wild mouse 

colony that was derived from free-living mice caught at a variety of locations (details 

in Chapter 2.5.1, page 72).  This population was susceptible to the 

immunocontraceptive effect of rK181-mZP3 (Figure 6.8).  To date, a total of 31 

female mice have been vaccinated with the recombinant virus and have remained 

infertile over 100 days.  This establishes that the target population for virally vectored 

immunocontraception, Mus domesticus can be readily sterilized with this vaccine.  

These mice have polymorphisms in the natural killer cell complex and do not exhibit 

significant innate resistance to the viral vector, MCMV (Scalzo et al. 2005).     

Interestingly 16% of mice regained their fertility after 100 days and proceeded to 

have several litters (results not shown), although the time taken to regain fertility is 

likely to be sufficient to prevent significant population increases by compensatory 

breeding in the field (Singleton et al. 2002).   

 

These results also establish the principle that innate resistance to the viral vector used 

in a recombinant vaccine can significantly reduce vaccine efficacy.  To ensure 

vaccine efficacy, it may be necessary to have an understanding of underlying 

resistance to the viral vector and control of the host over viral replication and 

dissemination.   
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8.4 The importance of antibody to the immunocontraceptive effect 

It has been apparent for many years that successful immunocontraception requires a 

strong, sustained antibody response that is directed towards a fertility antigen.  The 

creation of monoclonal antibodies specific for various ZP glycoproteins and their 

passive transfer into breeding mice, demonstrated that antibody alone was capable of 

delaying pregnancy (East et al. 1985; East et al. 1984).  Additionally, the success of 

protein and adjuvant inoculation regimes aimed at inducing infertility in recipient 

animals, have been correlated with the production of high titres of ZP-specific 

antibodies (Garrott et al. 1998; Liu et al. 1989; Miller et al. 2000; Hardy et al. 2003).  

The maintenance of fertility suppression in free-living animals such as horses and 

African elephants has been reliant on an annual booster, and the subsequent elevation 

of antibody levels (Kirkpatrick et al. 1991; Fayrer-Hosken et al. 2000).  In mice, the 

manufacture of an immunocontraceptive chimeric peptide that was comprised of a 

ZP3 B cell epitope linked to a promiscuous foreign T cell peptide, induced ZP-

specific antibodies and infertility without obvious tissue pathology (Lou et al. 1995).  

Conversely, the transfer of pathogenic ZP3-specific T cell lines induced ovarian 

inflammation in recipient mice, but there was no ZP-specific antibody produced and 

the mice remained fertile (Bagavant et al. 1999).   

 

It was therefore hypothesised that antibody would be an important component of a 

successful virally-vectored immunocontraceptive vaccine response.  The use of 

antibody-deficient BALB/c mice (μMT) allowed this theory to be conclusively tested.  

The μMT mice did not show any reduction in fertility after inoculation with rK181-

mZP3.  In contrast, immunocompetent BALB/c mice that were simultaneously 

inoculated with the same dilution of recombinant virus were rendered completely 

infertile (Figure 7.5).  Therefore, the production of antibody is vital in the successful 

immunocontraceptive effect elicited by rK181-mZP3 in BALB/c mice. 

 

After the inoculation of immunocompetent BALB/c mice with rK181-mZP3, 

antibody was detected, and shown to be localised to the follicular ZP.  This was 

strong evidence that the ZP3 antigen was expressed by the recombinant vaccine, and 

that the antibodies produced in response to this antigen were physiologically relevant 

(Figure 4.4).  Further evidence for the production of ZP3-specific antibodies in 

response to vaccination was obtained by IFA, where sera from infected mice were 

incubated on frozen ovarian sections from uninfected mice.  A fluorescein-labelled 



Chapter 8 – General Discussion 

 

  203

conjugate was used to detect antibody, bound to the ZP of developing follicles in a 

characteristic “ring” formation (Figure 4.5).  Sera from mice that had been inoculated 

with a control virus did not show this characteristic fluorescence on ovarian sections.   

 

In the immunocontraceptive process, fertility suppression mediated by ZP-specific 

antibody may involve several different mechanisms.  One mechanism is likely to be 

the inhibition of fertilization due to the blocking of sperm binding to oocytes.  The 

principle that antibodies to ZP3 protein can block fertilization was established some 

years ago in vitro when a monoclonal antibody specific for ZP3 blocked the 

fertilization of oocytes by sperm (East et al. 1985, Dean and East 1986).  In the 

studies reported here, the inoculation of BALB/c mice with rK181-mZP3 resulted in 

partial infertility by 14 days post inoculation and complete infertility by 21 days 

(Figure 5.1).  In a separate experiment, antibody was detected, bound to the follicular 

ZP at 14 days post inoculation (Figure 4.4).  The fertility impairment that occurred 

from 14 days post inoculation is likely to have been caused by interrupted 

fertilization.  This may have been induced by physical obstruction of the sperm by 

ZP-specific antibody bound to the ovulated ova or to impairment of the acrosome 

reaction due to the reduced ZP binding (Barber and Fayrer-Hosken 2000), thereby 

preventing the penetration of sperm into the perivitelline space.  Antibody mediated 

infertility was the basis for the immunocontraception model favoured by both recent 

Australian Cooperative Research Centres, the Vertebrate Biocontrol Cooperative 

Research Centre and the Pest Animal Control Cooperative Research Centre (McLeod 

2004; Tyndale-Biscoe 1991; Hardy et al. 2006; Chambers et al. 1999).  Further 

characterisation of this effect will involve the isolation of fertilized ova from the 

fallopian tubes of receptive female mice that have been inoculated with rK181-mZP3 

between 7 and 14 days earlier.  We predict that many unfertilized ova would be 

coated with antibody. 

 

However, the inhibition of fertility may not be the only immunocontraceptive effect 

of anti-ZP3 antibody.  A characteristic feature of this model is the steady loss of 

ovarian follicles after vaccination, leading to the nearly complete loss of follicular 

structures by 150 days post inoculation.  
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 No immunoglobulin was detected bound to the follicular ZP of vaccinated 

immunoglobulin deficient μMT mice, and there was no evidence of an alteration in 

the ovarian morphology or follicle concentrations 100 days after inoculation 

(personal communication, Professor John Papadimitriou, University of Western 

Australia, WA, Australia).  Clearly then, antibody alone is likely to be involved in the 

loss of ovarian follicles, although how this occurs is unclear.   

 

Considering this mechanism, it is likely that the various types of follicles are affected 

by antibodies.  Primary follicles through to pre-ovulatory follicles have a well 

developed ZP matrix and are targets for ZP antibody. The bound antibody may 

induce immune pathology, such as the activation of the complement cascade.  This 

may result in a physical disruption of the ZP matrix.  The ZP is an important conduit 

of metabolites and small molecules between the oocyte and the surrounding 

granulosa cells, and disruption of this communication has been demonstrated to affect 

follicular development (Ackert et al. 2001).  Damaged ZP may promote atresia of the 

affected follicle (Familiari et al. 1989).  Certainly, there is a loss of early antral and 

pre-ovulatory follicles that begins at 21 days post inoculation.  This may relate to 

increased apoptosis, however, this has not yet been assessed.  By 35 days post 

inoculation, there were no pre-ovulatory follicles detected (Figure 5.5).  This suggests 

that ovulation does not occur in these mice.  Further evidence of damage to the ZP 

was obtained by examining connexin-43 (Cx43) mRNA concentrations.  Cx43 is a 

gap junction protein that is important in follicular development (Wright et al. 2001).  

A significant increase in Cx43 mRNA was detected at 10 days post inoculation, 

suggesting that ZP remodelling occurred (Figure 5.7). The subsequent reduction in 

Cx43 mRNA to normal levels may suggest an inability to regenerate normal ZP 

channels after sustained ZP antibody binding.  Certainly, by 35 days post inoculation, 

the quantity of Cx43 mRNA was reduced.  The reduction in GDF-9 and nobox 

transcription by 15 days post inoculation suggests that granulosa cell replication and 

transcription in general has been adversely affected by infection with rK181-mZP3. 

 

A further but indirect effect of anti-ZP3 antibody may be the depletion of primordial 

follicles.  This is suggested by the reduction of primordial follicle numbers observed 

100 days after infection with rK181-mZP3.  This result was not expected given that 

primordial follicles do not contain a ZP layer.  However, the progressive loss of late 

stage follicles after vaccination may trigger enhanced maturation of primordial 
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follicles into primary follicles, thus depleting the pool of primordial follicles.  An 

alternative possibility is that there may be sufficient ZP3 expression in growing 

primordial follicles to permit low levels of antibody binding.  Certainly, the 

transcription of ZP mRNA is initiated in a proportion of such follicles in the rabbit 

(Grootenhuis et al. 1996), the human (Eberspaecher et al. 2001) and the marmoset 

(Bogner et al. 2004).  In the mouse, no ZP1 or ZP3 message was detected in RNA 

isolated from fetal ovaries or from individual oocytes by in situ hybridization with an 

RNA probe (Philpott et al. 1987; Epifano et al. 1995).  However, very low levels of 

ZP2 transcription were detected in resting primordial follicles from the mouse 

(Epifano et al. 1995).    Transcripts from all three zona glycoproteins were detected in 

the earliest growing follicles and the quantity of transcript that was detected increased 

as oocyte growth continued (Epifano et al. 1995).   

 

The initiation of ZP3 glycoprotein translation in a subset of primordial follicles that 

are at the earliest stage of growth, would theoretically allow ZP-specific antibody to 

adhere and other immune mediated effects to drive the follicle towards atresia.  This 

would explain the progressive depletion of primordial follicles described in Chapter 

5, which is clearly evident by 100 days post inoculation.  Sustained follicle 

destruction including the loss of primordial follicles would result in long term 

infertility.  Previous immunocontraceptive models have also attributed infertility to 

follicle depletion (Paterson et al. 1998; Jackson et al. 1998; Srivastava et al. 2002; Gu 

et al. 2004; Stoops et al. 2006).   

 

An important aspect of antibody production that is often overlooked in 

immunocontraceptive studies is that of antibody avidity.  Whilst the aim of many 

immunocontraception models is the production of high titre antibody with specificity 

for the antigen, the avidity or biological activity is rarely assessed.  ZP3-specific 

antibody produced by the serial inoculation of ZP3 protein and adjuvant was of 

similar titre to antibody produced by serial inoculation of rK181-mZP3.  When the 

avidity of the different antibodies was assessed by incubation with a chaotropic agent 

(NaSCN), the antibody produced in response the recombinant vaccine was clearly 

more avid (Figure 7.9).   The biological activity of this hyperimmune serum was 

confirmed by the intravenous passive transfer of 100μL of serum into BALB/c mice 

that were subsequently mated. There was a significant extension of the time to litter, 

indicating that circulating antibody impeded fertilization (Figure 7.6).            
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Differing biological activity of antibody was noted in a study looking at βHCG 

conjugated to either multiple T helper epitopes or diphtheria toxoid.  

Antibodies induced by the former treatment delivered in alum had improved 

biological activity (Mandokhot et al. 2000). ZP3 antigen produced by vaccinia virus 

or baculovirus expression systems was unable to elicit significant infertility in 

infected mice (Hardy et al. 2003).  These affinity purified proteins were inoculated 

with Freund’s complete adjuvant. Moreover, bacterially or yeast-expressed human 

ZPB (equivalent to mouse ZP1) were not effective immunocontraceptive antigens, 

compared with human ZPB produced in Chinese hamster ovary cells (Harris et al. 

1999). 

 

8.5 Other immune-mediated effects of vaccination with rK181-mZP3 

Microscopic examination of ovarian sections showed that ZP fragmentation was 

present in the follicles by 7 days post inoculation.  This is suggestive of immune-

mediated pathology occurring prior to antibody binding.  For this reason, the number 

of CD45+, CD4+ and CD8+ staining leukocytes were analysed at various time points.  

This produced a somewhat surprising result.  Although no sections displayed clinical 

signs of inflammation, there was a diffuse infiltrate of leukocytes that was evident in 

the ovarian stroma from 10 days post inoculation (the earliest time-point examined), 

that was revealed by immunohistochemical staining.   

 

A similar pathological picture was described in mice inoculated with a recombinant 

ectromelia virus expressing mZP3 (Jackson et al. 1998).   Additionally, an infiltrate 

was described in rabbit ovaries after immunohistochemical staining of ovarian 

sections.  However, T cells were only detected in specific individuals   The diffuse 

leukocytic infiltrate seen after inoculation with rK181-mZP3 may be of interest in 

further defining human ovarian dysfunction where the aetiology is unclear, such as 

premature ovarian failure.  Autoimmune disease of the ovaries has generally been 

associated with a clinically defined inflammation, and this work suggests that more 

subtle evidence of tissue damage may be present. 

 

8.6 Oestrus cycling in female mice inoculated with rK181-mZP3 

One of the more unexpected results was that of the unaltered oestrus cycles in mice 

inoculated with rK181-mZP3.  Although there was some cycle variation, this was 

seen in both control mice as well as those inoculated with the recombinant vaccine.  
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The length of cycle was similar in both groups, and there was no statistical difference 

in the time spent at any part of the cycle.  An unaltered oestrus cycle was described in 

elephants inoculated with porcine ZP that did not become pregnant (Fayrer-Hosken et 

al. 2000).  Similar results have also been reported in dogs (Mahi-Brown et al. 1985; 

Srivastava et al. 2002) bonnet monkeys (Govind et al. 2002) and horses (Kirkpatrick 

et al. 1992).   It seems likely that the oestrus cycles of infected animals would 

eventually be affected by the alterations in the ovarian morphology. 

 

To maintain oestrus cycling, hormone levels must be maintained.  Aggregates of 

thecal lutein-like cells in the ovarian stroma at 100 days post inoculation may have 

produced sufficient hormones to enable essentially normal cycling to continue 

(Chapter 5.2).  However, hormone concentrations have not been assessed in mice 

infected with rK181-mZP3.  The determination of estradiol, progesterone and follicle 

stimulating hormone concentrations at different stages of the infection will provide 

additional information on the status of the ovary.   

 

8.7 Autoimmunity induced by rK181-mZP3  

It has been demonstrated that female mice have a greater immunological tolerance for 

ZP proteins than male mice, and that this tolerogenic status is dependent on continual 

endogenous presence of the ZP antigen (Garza et al. 2000).  However, such tolerance 

can be overcome by inoculation with an appropriate concentration of ZP3 peptide in 

adjuvant (Garza et al. 2000; Rhim et al. 1992).   Mice inoculated with rK181-mZP3 

also develop a ZP3-based autoimmune disease.  The increasing efficacy of the 

vaccine in response to an increasing viral dose demonstrated in most mouse strains 

suggests that the quantity of ZP3 antigen that is encountered contributes to the 

“breaking” of immunological tolerance to endogenous ZP3.  Reduced fertility in 

response to an increasing dose of recombinant virus was described for BALB/c, 

C57BL/6 and CBA mice (Figure 4.8, Figure 6.2 and Figure 6.4 respectively). The 

extent of ovarian morphological damage present in these mice reflected the results of 

the breeding experiments.   Mice inoculated with a higher dose of virus displayed 

more pathological changes and reduced numbers of corpora lutea, reflecting the 

impaired breeding results (personal communication, Professor John Papadimitriou, 

University of Western Australia, WA, Australia).    
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The autoimmune response that develops after vaccination establishes that there has 

been a fundamental change in the way that the ZP3 antigen is viewed by the immune 

system.  One mechanism by which this could have occurred is cross presentation.  

This is a process whereby exogenous antigen is engulfed by antigen presenting cells 

(APC), usually dendritic cells, and antigenic peptides are presented on MHC class I 

molecules.  This leads to CD8+ T cell activation and proliferation (Heath and Carbone 

2001), and may lead to autoimmune responses in association with tissue damage.  

Apoptotic cells are a favourite target for cross-priming APCs (Sigal et al. 1999).   It is 

thought that CD8+ T cells activated by this pathway are deleted if there is no CD4+ T 

cell help present, thus maintaining the tolerogenic state and reducing the chances of 

autoimmune disease occurring.  However, if CD4+ T cell help is present, CD8+ T cell 

proliferation could lead to further autoimmunity and related tissue damage.  

Therefore, the antibody-related mechanisms described here could potentiate 

autoimmunity by providing both an increased antigenic presence through an increase 

in the number of atretic follicles, and associated CD4+ T cell activation.  CD4+ T 

cells were shown to infiltrate the ovarian stroma as early as 10 days post inoculation 

(Figure 7.3). 

 

An additional factor in ovarian autoimmune disease is the role played by T regulatory 

cells (Treg) in the maintenance of ZP tolerance.  The absence of CD4+ CD25+ T cells 

is responsible for the ovarian dysfunction and atrophy associated with day 3 

thymectomy of certain mouse strains, and is also a function of autoimmune ovarian 

disease induced by molecular mimicry (Tung et al. 2001).  Although CD4+ T cells 

have been enumerated in ovarian tissue, the participation of Treg cells in the 

development of autoimmune disease in this model has not yet been evaluated.  

Exploration of this disease process will provide further knowledge about the 

progression of ZP-mediated ovarian autoimmunity. 

 

8.8 MCMV as a vaccine vector 

MCMV is an excellent vaccine vector for several reasons.  (i) Having a large genome, 

it accommodates the stable insertion of foreign genes, and recombinant genomes 

remain stable.  We have not seen evidence of gene deletion in any of the recombinant 

viruses constructed to date in this laboratory (Lloyd et al. 2003; Gorman et al. 2006; 

Redwood et al. 2007; Redwood et al. 2005).  (ii)  Genetic elements that are inserted 

in the immediate early region of the viral genome induce antibody that is specific for 
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the incorporated antigen.  This is demonstrated by an increase in the titre of ZP-

specific antibody after inoculation with rK181-mZP3 (Table 4.2). The antibody 

present in the sera from infected animals readily binds to the follicular ZP in 

uninfected ovary sections (Figure 4.5).  The ovaries of infected mice have bound 

antibody attached in vivo (Figure 4.4). (iii) The antigen produced by the recombinant 

MCMV is correctly presented to the immune system, and able to induce an effective 

antibody response, inducing reliable and long lasting infertility. This is suggested by 

both the fertility data from Chapters 4 and 6, and the data in Figure 7.8. (iv) A 

significant antibody response was elicited even though in vivo growth was extremely 

poor.  When rK181-mZP3 was inoculated into rats, the inoculated animals produced 

antibody towards mouse ZP.  No viral DNA was detected by quantitative PCR from a 

variety of tissues, demonstrating the strong adjuvant effect of the recombinant 

vaccine in the absence of in vivo growth (Smith et al. 2005).  (v) MCMV is an 

effective adjuvant being rich in CpG DNA motifs and interacting with the pattern 

recognition receptors Toll-like receptor 3 and Toll like receptor 9, resulting in 

cytokine production and enhanced immune activation (Tabeta et al. 2004; Boehme 

and Compton 2004).  Additionally, the ability of MCMV to persist in a latent state 

ensures that the immunity induced is long-lasting. 

 

8.9 The species specificity of rK181-mZP3 

Although the species specificity of the recombinant virus was outside the scope of 

this thesis, this is another factor that was important in a regulatory sense for the future 

use of the vaccine to control free-living Mus domesticus populations.  Recent work 

has suggested that the species specificity of MCMV is related to the production of 

insufficient progeny virions in vivo, coupled with DNA degradation at late stages of 

viral growth (Tang and Maul 2006).  There was no block to immediate early or early 

gene translation, suggesting that recombinant MCMV can probably persist in a very 

limited capacity in the cells of other species.  This is supported by the increasing 

titres of mouse ZP3-specific antibody detected  from rats infected with rK181-mZP3, 

with no infectious virus being detected from a range of organs (Smith et al. 2005).  

Before any controlled release could be contemplated, the species specificity of the 

virus would have to be tested by inoculation of the vaccine into a number of closely 

related and unrelated animal species.  
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Given that the breeding of certain important native species is poor in captivity, such a 

study would require the use of surrogate markers for infertility.   The experiments in 

laboratory mice presented here have demonstrated that the only parameters that 

clearly described vaccine success were fertility and a reduction in follicles. The 

presence of ZP3-specific antibody, either peripherally or bound to the follicular ZP in 

vivo, was not predictive of infertility.  This was demonstrated in CBA mice, which 

when inoculated with 2x104 pfu rK181-mZP3 were not rendered infertile (Figure 

6.4), but produced sufficient antibody by 14 days post inoculation to bind to follicular 

ZP in vivo (Figure 7.9).    

 

8.10 Conclusions 

It is unlikely that the experimental vaccine which was developed during these studies 

will be utilised for immunocontraception in wild mice in Australia as originally 

intended because it is not transmitted freely by natural means.  However, this 

research has resulted in several intriguing outcomes.    Firstly, the results presented 

here underscore the potential for MCMV, and possibly other herpesviruses, as 

effective vaccine vectors.  Secondly, the effect of innate immunity on vaccine 

efficacy is of interest in the future formulation of virally-based vaccines. Thirdly, and 

most importantly, rK181-mZP3 provides a tool for the study of ovarian autoimmune 

disease, the cellular and molecular processes that induce follicular development, and 

those that induce follicular atresia.  Future work will focus on improving the 

understanding of this important aspect of reproductive health. 
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