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ABSTRACT

In this thesis the biological and biochemical properties 
of 6 strains of rubella virus (vaccine strains RA27/3 and 
HPV77, laboratory strain Judith, and three wild type 
isolates) were compared.

The growth characteristics of all virus strains were 
similar although they could be distinguished by 
neutralisation kinetics, foci morphology in RK13 cells 
and rate limiting ELISA. In neutralization kinetics the 
homologous reaction is, in general, faster than the 
heterologous reaction. The morphology of the foci of 
infection varies from strain to strain, some strains 
produce many small foci (0.1mm in diameter), resulting 
in extensive CPE whilst others produce large discrete 
foci (>0.5mm in diameter) with localised CPE (identified 
by histochemical staining). Rate limiting ELISA shows 
that the reaction of post vaccination sera with different 
rubella strains is more varied than that of acute sera or 
sera from a remote natural infection. These results 
suggest a degree of antigenic diversity in rubella virus 
strains.

All virus strains show similar structural proteins by 
western blotting. However different antigenic peptides 
were identified by limited protease digestion of the 
virus followed by western blotting. This result suggests
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a difference in amino acid sequence between strains.

The biological and chemical properties of the 
immunodominant rubella El protein (cloned from laboratory 
strain Judith and expressed in E. coli) were also 
studied. Its antigenicity was assessed using sera from 
individuals with natural or vaccine induced rubella 
immunity. The results obtained showed that the reaction 
of specific sera to the recombinant antigen distinguished 
between strains of virus and RA27/3. The reaction of 
RA27/3 was significantly slower at 20% of the reaction 
rate of other strains of virus.

Overall the results presented in this thesis demonstrate 
a difference in antigenic specificity between strains of 
virus, particularly between RA27/3 and other strains, 
possibly explaining the high rate of reinfection after 
vaccination compared with naturally immune individuals.
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1. Introduction

Rubella virus (from new Latin rubellus - reddish), the 
sole member of the genus rubivirus of the Togaviridae is 
the causative agent of German measles and is endemic in 
the UK. The disease occurs throughout the year with most 
cases in the spring and epidemics at approximately 7 year 
intervals. There are approximately 10 times more cases 
during epidemics than in interepidemic periods. Rubella 
is a childhood disease with the majority of children 
being infected between the ages of 3 and 10 years. Before 
a vaccination program was introduced, at puberty about 
70% of children were seropositive. Although most children 
acquire natural immunity or are vaccinated a proportion 
of women remain seronegative (1.2%) and at risk of 
contracting rubella during pregnancy. Seronegative 
pregnant women usually contract rubella from their own 
children. (Horstmann et al 1970, Haukenes 1989, Miller et 
al 1990),

Rubella infection during pregnancy can lead to foetal 
involvement with the risk of congenital malformations. A 
vaccination program was introduced in 1970 in an attempt 
to reduce the seronegative rate amongst women of child 
bearing age. There is a high rate of reinfection after 
vaccination (up to 80%) compared with only 4% after 
natural infection suggesting a difference in the 
antigenic specificity of the neutralizing epitopes of
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wild type and vaccine strains of virus (Horstmann et al 
1970, Gould and Butler 1980, Horstmann et al 1985).

The object of this thesis is to determine if there are 
any significant differences between the vaccine strain of 
virus (RA27/3) and other strains. A comparison of the 
biological, biochemical and antigenic properties of 6 
strain of virus, RA27/3, HPV77, Judith and 3 low passage 
wild types was made.

2. Properties of the virus

2.1. Morphology

The morphology of rubella virus has been studied by 
electron microscopy after negative staining, or staining 
with heavy metals such as osmium tetroxide that increases 
electron opacity of the sample (Horzinek et al 1971, 
Murphy et al 1968). Thin sections of infected cells have 
also been examined (Edwards et al 1969, Liebhaber et al 
1969).

Negative staining of purified virus showed the virion to 
be enveloped with a diameter of 45-85 nm and although 
spherical, rather pleomorphic. The envelope is covered 
with 6nm spikes that have enlarged distal ends 
(Liebhaber et al 1969, Horzinek et al 1971, Payment et al
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1975, Bardeletti et al 1975).

Degradation of the virion with sodium dodecylsulphate, 
deoxycholate, triton X100, urea or heat treatment reveals 
a 30-33nm nucleocapsid with icosahedral symmetry. The 
nucleocapsid is formed by the condensation of genomic RNA 
with capsomers that are made up of llnm repeating units 
of the capsid protein (Horzinek et al 1971, Payment et al 
1975).

Thin sections of infected cells stained with lead acetate 
or uranyl acetate show the virion to be round or oval 
with an electron dense 28-35nm capsid and an electron 
lucid halo (Murphy et al 1968). The capsid contains an 
electron dense core 18.5nm in diameter (Edwards et al 
1969). The envelope is a bilayered membrane with a 
diameter of 45-75nm. When budding the diameter of the 
virus particle can be up to 240nm. (Oshiro et al 1969).

It is not known if the capsid protein makes contact with 
the RNA or if the envelope proteins make contact with the 
capsid. Although there are regions at the carboxy 
termini (-COOH) of the envelope proteins (see section
2.2.) that could be trans-membrane with sequences to the 
-COOH side of the trans-membrane portion that may reside 
within the virus, contact between the capsid and the 
envelope proteins has not been observed by electron 
microscopy.
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2.2. Structural proteins.

Rubella virus contains three structural proteins, one 
capsid protein (C) and two envelope proteins (El and E2). 
The envelope proteins are glycosylated, E2 more than El, 
the capsid protein is not glycosylated (Ho-Terry and 
Cohen 1982, Kalkkinen et al 1984). Both El and E2 are 
acylated, El more them E2 (Hobman et al 1990).

The structural proteins of rubella have been studied 
extensively by polyacrylamide gel electrophoresis (PAGE) 
the main results are summarized in table 1.

In the native form El occurs as monomers, homodimers (El- 
El) and heterodimers (E1-E2). E2 is only found as the 
heterodimer (E1-E2). The capsid protein only occurs as 
the homodimer (C-C). The ratios of E1:E2:C have been 
reported as 1:1:1 (Bowden and Westaway 1984) and 5:1:5 
(Vaheri and Hovi 1972, Waxham and Wolinsky 1985). The 
ratio of the structural proteins in the mature virus has 
not been clearly resolved, other togaviruses have a ratio 
of 1:1:1 (Garoff et al 1974). As the structural proteins 
are translated as a single precursor, they must be 
synthesized in equimolar amounts. Bowden and Westaway 
point out that the ratio calculated by Vaheri and Hovi 
was based on radioactive proteins eluted from sliced gels 
whereas they used densometric tracings of fluorograms of 
slab gels employing a mixture of 3H-amino acids.
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| Authors SDS-PAGE conditions
Proteins (Kd)

Major Minor
Liebhaber & Gross 1972 Reducing with urea and DTT 63 60 32 29.8 47 52 54 56

Vaheri A Hovi 1972 Reducing with 2Me 63 48 35
Payment et al 1975 Reducing with 2He 63 50 35

Bardeletti et al 1975
Reducing with low conc. of 

urea and 2Me
58 48 31 17 75 40 26 10

Bardeletti et al 1975
Reducing with high conc. of 

urea and 2Me
63 42 30 88 76 54 36 24

1 Van Alsyne et al 1981 Reducing with 2Me 44 41 24 19
tao-Terry k Cohen 1980/82 Reducing with low conc. 2Me 55 47 45 33 95 100

Ho-Terry A Cohen 1980 Reducing with high conc. 2Me 56 46 33
Waxham St Wolinsky 1983 Reducing with 2Me 62 54-47 38 95 105
Vaxham A Kolinsky 1983 Nonreducing 78 62 50 95 105

I Oker-Bloa et al 1983 Reducing with 2Me 58 47 42 33 96 101
Toivonen et al 1983 Reducing with 2Me 62 51-44 35 90 105

Bowden A Westaway 1984 Reducing with 2Me 59 43-48 34
I Zheng et al 1989 Reducing with 2Me 58 35 34

Table 1. Molecular weights of the structural proteins of 
rubella virus observed by various authors. All groups 
used sodium dodecyl sulphate (SDS) in buffers and 
samples (SDS-PAGE). DTT = Dithiothreitol, 2Me = 2-
Mercaptoethanol.
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However E2 has an intracellular function (see virus 
maturation) and so could be used in the infected cell 
without the majority associating with the mature virus. 
Assuming the ratio of 5:1:5 the following model for the 
virion was proposed: The envelope spikes are composed of
5 molecules of El and 1 molecule of E2. The E2 molecule 
forms a heterodimer with one El molecule, the remaining 
El molecules are free to remain as monomers or to 
interact and form homodimers. The spikes are trans 
membrane with a hydrophilic region each side of the lipid 
bilayer. A fatty acid moiety of the glycoproteins serves 
to anchor the spikes within the bilayer (Waxham and 
Wolinsky 1985).

The capsid is built up of multiple dimeric units of the C 
protein that associate with the genomic RNA to form the 
capsid (an icosahedral structure). All the dimers are 
disulphide bonded.

a) Envelope protein El

The envelope protein El (diagrammatically represented in 
figure 1) is 481 amino acids long with a molecular weight 
of 55-60Kd and is rich in proline and cysteine (Frey et 
al 1986, Clarke et al 1987, Vidgren et al 1987, Terry et 
al 1988). There are three potential asparagine linked 
glycosylation sites (G in figure 1) of the form Asn-X- 
Thr. There is a 22 amino acid hydrophobic region at the -
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COOH terminal end (■■ in figure 1) that could span the 
envelope bilayer (Frey et al 1986). This is followed by 
13 amino acids (= in figure 1) that could act as a bridge 
between the envelope and the capsid, however this has not 
been observed by electron microscopy. The molecular 
weight of the unglycosylated El, calculated from the 
amino acid sequence, is 51.5Kd (Frey et al 1986). This 
agrees well with the experimental value of 53Kd for El 
from virus grown in the presence of tunicamycin (this 
drug inhibits N-linked glycosylation of asparagine) 
(Oker-Blom et al 1983). At least 2 of the 3 glycosylation 
sites are occupied. The total sugar content per molecule 
is ca. 6.3K daltons. El has an isoelectric point of 6.0- 
6.5 with a net charge at neutral pH of +4.5 (Ho-Terry and 
Cohen 1982, Waxham and Wolinsky 1985, Vidgren et al
1987).

NH2
G
1

G G
I I 11K .COOH

I 76 17) 2(!)9 461

Figure 1. The structure of glycoprotein E l . The amino 
acid numbers, glycosylation sites (G), the 22 amino acid 
hydrophobic region (■■) and the 13 amino acid peptide 
that resides inside the viral envelope are indicated.
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b) Envelope protein E2

The E2 envelope protein is 262 or 282 amino acids long 
and is rich in proline and cysteine (figure 2). The size 
of E2 is uncertain as it is not known if the 20 amino 
acid signal peptide for El is included. This is not known 
since the -COOH terminus of E2 has not been identified. 
There are 3 or 4 potential asparagine linked 
glycosylation sites of the form Asn-X-Ser/Thr (G in 
figure 2) (Vidgren et al 1987, Clarke et al 1987, Zheng 
et al 1989). If the El signal peptide is included there 
are 3 stretches of hydrophobic amino acids of 19 (=» in 
figure 2), 18 (#$ in figure 2) and 20 (■■ in figure 2)
amino acids at the -COOH terminus of E2.

Figure 2. The structure of glycoprotein E2 . The amino 
acid numbers, neutral dipeptide (n), arginine rich
heptapeptide (a), glycosylation sites (G) and the 19 
(ss), 18 ($$) and 20 (■■) amino acid hydrophobic regions
are indicated. The 20 amino acid hydrophobic peptide 
forms the El signal peptide.
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The most -COOH terminal of the hydrophobic regions is the 
signal peptide for El (20 amino acids, n  in figure 2). 
This is followed by 7 amino acids (a in figure 2), five 
of which are arginine and then the 18 amino acids 
hydrophobic region (#$ in figure 2) that is the most 
hydrophobic of the three regions. This can form a 
membrane spanning domain followed by a hydrophilic 
anchor, the 7 amino acid peptide. The 19 amino acid 
region (s« in figure 2) is separated from the 18 amino 
acid region by a neutral dipeptide (His-Arg, n in figure
2) so the 18 and 19 amino acid peptides could interact 
to form a long hydrophobic region that may associate with 
with the membrane. Since there is an arginine rich region 
between the El signal peptide and the membrane spanning 
domain it is possible that the signal peptide is cleaved, 
the arginine rich site being a typical cleavage site for 
trypsin like enzyme activity. This would give an E2 262 
amino acids long.

E2 occurs in 2 forms that differ only by the degree of 
glycosylation. These two forms are designated E2a and 
E2b. E2a has a molecular weight of 47-50Kd and an 
isoelectric point of 8.2. E2b has a molecular weight of 
42-45Kd and an isoelectric point of 6.0 (Ho-Terry and 
Cohen 1982). The net charge on E2 at neutral pH is +18 
(Vidgren et al 1987). The unglycosylated molecular weight 
of E2 is 30.1Kd with the signal peptide for El or 28Kd 
if this peptide is cleaved (calculated from the amino
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acid sequence). The calculated molecular weight of the 
longer E2 (282 amino acids) agrees with the value of 30- 
34Kd for E2 extracted from virus grown in the presence of 
tunicamycin (Oker-Blom 1984). The sugar moiety of E2a is 
17-20Kd and that of E2b is 12-15Kd. This high sugar 
content gives a diffused band to E2 on PAGE, E2a and E2b 
are often not resolved (Vaheri and Hovi 1972, Waxham and 
Wolinsky 1983, Toivonen et al 1983, Bowden and Westaway
1984).

c) The capsid protein C

The capsid protein is 293-300 amino acids long (figure
3). It includes a 21-23 amino acid signal peptide for E2 
(Marr et al 1991, Takkinen et al 1988). The molecular 
weight of C calculated from the amino acid sequence is 
32.9Kd. This is very close to the experimental value of 
30-35Kd by PAGE (Ho-Terry and Cohen 1982). The net charge 
on the capsid protein is +14 at neutral pH ariof has 
isoelectric points of 8.8 and 9.5 (Waxham and Wolinsky
1985). The capsid is very hydrophilic at the N- terminal 
end with one hydrophobic region of 21 amino acids at the 
-COOH end this forms part of the E2 signal peptide (■■■ 
in figure 3) (Takkinen et al 1988). Unlike the 
alphaviruses the rubella capsid protein does not have 
proteolytic activity to cleave itself from E2 (Clarke et 
al 1987).
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s s
NH2-j-— — ®®®®®®®®®®® . . iiitCOOH 

360

Figure 3. The structure of the capsid protein. The amino 
acid numbers, hydrophilic region between amino acids 21 
and 120 (®®«), the 2 possible start positions of the
capsid (s) and the hydrophobic signal peptide (■■■) for 
E2 are indicated.

The capsid is rich in arginine and proline both occurring 
in clusters. At the N-terminal end of C there is 
pronounced clustering of arginine whilst the -COOH 
terminal is rich in the basic amino acids (Frey and Marr
1988). The hydrophilic domain at the N- terminal 
(-®®®®- in figure 3) could interact with the genomic RNA.

The capsid protein is phosphorylated, differences in the 
degree of phosphorylation could account for the 2 
isoelectric points and the doublet sometimes observed in 
PAGE (Marr et al 1991). At the start of the structural 
protein ORF there are 2 in frame start codons seven amino 
acids apart (figure 3). The use of both of these codons 
to initiate translation of the structural proteins would 
also account for the doublet sometimes observed in PAGE 
(Vaheri and Hovi 1972, Liebhaber and Gross 1972).
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2.3. Sugars

The rubella virion will incorporate 3H-Mannose, 3H- 
Fucose, 3H-Glucosamine and 3H-Galactose.

Only El and E2b incorporates significant amounts of 
mannose. El incorporates more mannose than glucosamine 
and vice versa for E2. This is indicative of 
oligosaccharide side chains of the simple and complex 
type respectively (Waxham and Wolinsky 1983, Bowden and 
Westaway 1984). Both El and E2 will incorporate fucose 
but E2a contains more than E2b (Ho-Terry and Cohen 1980).

Neuraminidase treatment of the glycoproteins increases 
the mobility of E2 slightly but the mobility of El is 
unaffected indicating that E2 contains sialic acid as the 
terminal sugar on some of the carbohydrate side chains 
(Oker-Blom et al 1983). Weak neuraminidase activity has 
also been reported for rubella. Bardeletti et al (1975) 
found that viral neuraminidase would attack the 2,6-bond 
between N-acetyl neuraminic acid and D-galactose in mucin 
preferentially to the a-ketose 2,3 bond in other sugars. 
This result is likely to be erroneous, if rubella had 
neuraminidase activity one would expect elution to occur 
from agglutinated RBC on warming as the enzyme cleaves the 
virus-RBC bond as it does with the Myxoviruses and the 
Paramyxoviruses.
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The glycoproteins can be labelled with 3H-sodium 
borohydride after oxidation with galactose oxidase 
indicating that galactose is a terminal carbohydrate 
(Toivonen et al 1983). The glycans on El and E2 are not 
primarily the high mannose type. The mobility of the 
glycoproteins seems to be unaffected by treatment with 
endoglycosidase-H which cleaves high mannose type glycans 
between the two N-acetylglucosamine residues. This 
finding suggests that the virion contains primarily 
complex type glycans (Oker-Blom et al 1983). More 
sensitive analysis of the carbohydrate side chains shows 
them to be composed of a mixture of complex and high 
mannose glycans (Bowden and Westaway 1985).

Digestion of the envelope proteins (Putnam rubella strain 
grown in vero cells) with pronase and analysing by gel 
filtration gives three glycopeptides for El (1.5Kd, 2.1Kd 
and 2.7Kd daltons) and four for E2 (1.5Kd# 2.1Kd, 2.7Kd,
and 3.3Kd) giving a total carbohydrate content for El of 
6.3Kd and for E2 9.6Kd.

The El 1.5Kd and 2.1Kd glycopeptides are formed of 
complex and simple glycans whereas the 2.7Kd is mostly 
made up of complex type glycans. The E2 glycopeptide 
3.3Kd is mainly complex type glycans. The 2.1Kd and 2.7Kd 
are 50% complex and 50% simple glycans. The E2 1.5Kd 
glycan is a high mannose simple glycan (Bowden and 
Westaway 1985).
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The total molecular weight of El carbohydrate and the 
unglycosylated protein is 57.8Kd this agrees well with 
the value for glycosylated El by PAGE (Oker-Blom et al 
1983, Bowden and Westaway 1985, Frey et al 1986).

There is a large difference between the molecular weight 
of glycosylated E2 by PAGE and the calculated value of 
39.7Kd, only taking into account N-linked asparagine 
glycosylation. This apparent discrepancy is explained by 
the presence of several 0-1inked oligosaccharides in 
addition to the N-linked carbohydrate moiety on E 2 . The 
0-1inked oligosaccharides on E2 in rubella strain M33 
contain terminal galactose, sialic acid and N- 
acetylgalactosamine that occur in pronase resistant 
clusters (Lundstrom et al 1991). 0-linked sugars in viral 
glycoproteins are unusual. They have been found in the 
glycoproteins of coronavirus, Vverpes simplex virus, 
vaccinia and cytomegalovirus (Niemann and Klenk 1981, 
Olofsson et al 1981, Shida and Dales 1981, Kari and Gehrz 
1988).

The degree of glycosylation of rubella is much greater 
than other togaviruses (6Kd. in rubella El and 10-20Kd. 
in E2 compared with 4Kd. for El and E2 in sindbis virus 
(Seftan and Keegstra 1974)) suggesting that rubella 
envelope proteins although derived from a polyprotein 
precursor as with other togaviruses undergo far more 
modification on maturation.
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2.4. Lipid content of rubella virus

The lipid content of rubella virus has not received much 
attention as it is a modified host membrane. The most 
comprehensive report is by Bardeletti and Goutheran 
(1976), see section 3.5.

2.5. The rubella genome

The first direct evidence that rubella is an RNA virus 
came in 1966, the replication of the virus in tissue 
culture is not inhibited by actinomycin-D, a drug that 
inhibits the transcription of DNA (Maes et al 1966). That 
rubella is a RNA virus was directly confirmed by the 
incorporation of 3H-uridine into the virus particle (Hovi 
and Vaheri 1970a).

The genomic RNA is RNase sensitive and infectious 
indicating that it is a single positive strand nucleic 
acid (a mRNA). The size has been reported as 38 to 40S, 
9.757Kb (excluding the poly-(A) tract) with a molecular 
weight of 3.8xl06 daltons and a buoyant density of 1.634g 
cm-3 (Hovi and Vaheri 1970(a), Hovi and Vaheri 1970(b), 
Sedwick and Sokol 1970, Norval 1979, Oker-Blom et al 
1984, Terry et al 1985, Dominguez et al 1990). The RNA 
has a 5' capping group with 2 forms of cap structure and 
a 3' poly(A) tract. The exact nature of the 5' cap is 
unclear (Oker- Blom 1984). The poly(A) tract is of
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varying length but only molecules with a poly(A) tract 
greater than 10 nucleotides long are infectious. The base 
composition of the genomic RNA is G 30.8%, A 15.9%, C 
38.7% and U 15.4% with a G/C content of 69.5%. This is 
the highest G/C content reported for any virus. Some 
other viruses have G/C contents greater than 60%, herpes 
simplex type 1 has a G/C content of 67% and herpes 
simplex type 2 has a G/C content of 69% (Roizman and 
Batterson 1986). The normal G/C range is 35 to 53 
percent. The G/C content is fairly constant throughout 
the genome. There are 2 regions with a lower G/C content', 
they are at the start of the genome (51 end, the first 65 
nucleotides, 49%) and at the start of the subgenomic 
sequence (78 nucleotides centred around nucleotide number 
6430, G/C content = 47%). The lower G/C content will give 
a lower melting temperature in the double stranded RF 
which may help in the initiation and synthesis of the 
genomic and subgenomic RNA (Roizman and Batterson 1986, 
Dominguez et al 1990). The base composition and G/C 
content of rubella is different to that of other 
togaviruses suggesting distinct genetic properties (table 
2) (Katow and Matsuno 1980, Dominguez 1990).

Subgenomic species of RNA occur in the virion that 
sediment between 12S and 35S (Vincent et al 1967, Wong et 
al 1969, Sedwick and Sokol 1970, Norval 1979, Terry et 
al 1985, Frey and Hemphill 1988). These species of RNA 
are generated by high multiplicity passage of the virus
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and are thought to be associated with defective 
interfering particles (DI particles). They are 
noninfectious and may play an important part in the 
persistence of rubella infection. No sequence for DI 
particle RNA has been reported.

Percentage of each base in the
Virus virus genome

G A C U G+C

Rubella 30.8 15.9 38.7 15.4 69.5
Sindbis 25.9 30.8 24.7 18.6 50.6

Semliki forest 26.1 27.4 24.4 22.6 50.5
Dengue 26.4 30.6 21.3 21.6 47.7

Table 2. The base composition of some 
positive strand RNA viruses.

The rubella genome has 1 short and 2 long open reading
frames (ORF) (figure 4). The short ORF is located at the
5' end of the genome and is terminated at nucleotide 54 
by an UAG. There is one in frame start codon (AUG) from 
nucleotide 3 for this short ORF. It is not known if this 
ORF is translated, if it is this would give an
oligopeptide of 17 amino acids.

The two long ORF's overlap by 149 nucleotides. The first 
has an AUG start codon from nucleotide 41 and is 
terminated at nucleotide 6656 by a UGA stop codon. This
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ORF has a translated region of 6615 nucleotides and codes 
for a 2205 amino acid precursor to the nonstructural 
proteins.

5'cap|*-«- - - - - - - -

Stop codons in fraae with 
structural protein ORF

start of 24S sRNA

,J#conserved^j410
430

J430
DAA UAA UAA

-rPoly (A)3’ 
9757

3-54 
NS-ORF 41- 4656

SP-ORF 6507-
SP-ORF 6531-

-9696
-9696

Figure 4. The structure of the rubella genome. The 
3 alphavirus conserved sequences (nucleotides 1-67, 224-
270 and 6384-6410) are shown (®) with the third conserved 
sequence expanded to show the UAA termination codons that 
are in frame with the structural protein coding sequence. 
The short 5' ORF (3— 54), nonstructural protein ORF from 
the start codon at nucleotide 41 (NS-ORF) and the 2 
possible structural protein coding sequences (SP-ORF) are 
shown.
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At the 3* end of the genome there is an ORF that codes 
for the structural proteins. The coding region for the 
structural proteins is 3165-3189 nucleotide long and is 
translated as a 1055-1063 amino acid precursor to the 
structural proteins. The precise start of the structural 
protein precursor is unclear as there are 2 in frame 
start codons 21 nucleotides apart, either of which could 
be used. The preferred start is at the first AUG that 
would give a 1063 amino acid precursor (Takkinen et al
1988). There are 3 termination codons (UAA) just before 
the start of the structural protein coding sequence at 
nucleotides 6384-6386, 6408-6410 and 6423-6425. These are 
in frame with the structural proteins and therefore mark 
the beginning of the structural protein ORF although it 
is not translated from the genomic RNA.

The structural proteins are translated from a 24S, 3327
nucleotide, subgenomic mRNA corresponding to the 3' end 
of the genome and is found in the infected cell but not 
in the virion (see nucleic acid in the infected cell, 
sections 3.3. and 3.4.) (Oker-Blom 1984, Frey and Marr 
1988, Dominguez et al 1990).

At the 3' end of the genome there are 57-62 nucleotides 
that are untranslated, this is followed by the poly(A) 
tract (Clarke et al 1987, Frey and Marr 1988, Nakhasi et 
al 1989, Dominguez et al 1990).
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There are 4 main regions of homology between the 
alphaviruses (Strauss and Strauss 1986). Rubella has 
homology with 3 of these regions.

The first conserved region located at the 5' end of the 
genome is 67 nucleotides long. Base pairing can form a 
stem and loop structure. This is thought to be a 
replicase binding site in the negative strand for the 
initiation of replication of the full length positive 
strand. The Gibbs free energy for such a structure is -79 
kj/mol and so will be stable under normal conditions.

The second conserved region that is 46 nucleotides long 
starts at nucleotide 224 in rubella and has 50% homology 
with the alphaviruses. It does not have the stem and loop 
structure found in the alphaviruses. The function, if 
any, of this conserved region is unknown.

The third conserved region is located near the start site 
of the subgenomic RNA from nucleotide 6384 and is 27 
nucleotides long. In the negative strand this may be the 
binding site for a factor that initiates subgenomic RNA 
synthesis.

At the 3' end of the alphavirus genome there is a region 
of homology not found in rubella (Frey and Marr 1988, 
Dominguez et al 1990). In the negative strand RNA there 
are several long ORF's it is not known if any of these
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are translated, there are no long ORF's in the alphavirus 
negative strands.

There is evidence of genetic rearrangement in the 
rubella genome when compared with the alphavirus 
prototype sindbis. The genetic organisation in rubella is 
similar but not identical to that of sindbis. The sindbis 
genome is 11703 nucleotides long. The nonstructural 
protein ORF codes for 2513 amino acids and the structural 
protein ORF codes for 1245 amino acids. The gene order in 
sindbis is 5 1-NSP1-NSP2-NSP3-NSP4-C-E3-E2-6K-E1-3'. There 
is no overlap of the 2 sindbis ORF's (Pettersson et al 
1980, Dominguez et al 1990).

Except for homology of amino acid sequences with other 
togaviruses there is no reason to assume that there are 4 
nonstructural proteins coded for by the rubella genome. 
Regions of homology with sindbis virus nonstructural 
proteins NSP2 (helicase), NSP3 (function not known) and 
NSP4 (replicase) suggests that NSP2 and NSP3 order in 
rubella are reversed (Dominguez et al 1990). This would 
give a putative gene order in the rubella genome of 5'- 
NSP1-NSP3-NSP2-NSP4-C-E2-E1-31, remembering that the end 
of the nonstructural protein ORF in rubella overlaps the 
structural protein ORF in a different reading frame. The 
gene order for the structural proteins was reported some 
years before the first sequence (Oker-Blom 1984).
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The alphaviruses NSP3 amino acid sequence that has 
homology with rubella is the only nonstructural protein 
of the alphaviruses that has no homology with the plant 
viruses. The region of homology with rubella in NSP4 is 
based on a Gly-Asp-Asp tripeptide and is found in all 
positive strand RNA virus replicases that have been 
sequenced (Kamer and Argos 1984).

2.6. Defective interfering particles

In BHK cells high multiplicity passage (>10 PFU per cell) 
of rubella virus results in the development of defective 
interfering (DI) particles in addition to normal virus 
particles. DI particles are noninfectious, the genome is 
shorter than normal, species include 35S (7.1Kb), 26S
(4.2Kb) and 20S (2.5Kb) (Terry et al 1985). In vero cells 
the main sizes of DI particle are 7.5Kb, 1.4Kb and 0.8Kb. 
The 7.5 and 1.4Kb species are seen in early passages, by 
the fifteenth passage the 1.4Kb species is replaced by 
0.8Kb. The 7.5 and 1.4Kb species are encapsidated into 
virus particles whilst the 0.8Kb is not. (Frey and 
Hemphill 1988). The generation of DI particles leads to 
the loss of infectivity whilst at early passage levels HA 
activity is unchanged (Terry et al 1985).

The DI particles that are seen in other togaviruses 
normally lack most of the 26S subgenomic sequence that 
codes for the structural proteins, relying on the
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coinfection of normal virus particles to provide the 
structural proteins (Steacie and Eaton 1984, Hohn et al
1989). It has been shown that in sindbis virus only the 
5' and 3 1 sequences of the genome are required for DI 
particles to be biologically active (Monroe et al 1982, 
Monroe et al 1983). The 5' sequence includes the stem and 
loop structure that is conserved in all alphaviruses as 
well as in rubella and is thought to be a replicase 
binding site in the negative strand, DI particles without 
this structure are inactive (Tsiang et al 1988). The 
genomes of DI particles always retain recognition signals 
for their replication and particle assembly.

Most RNA viruses and some DNA viruses can generate DI 
particles. In the picornaviruses the DI genome is up to 
15% shorter than the normal genome with the deletion at 
the 5' end that codes for the structural proteins (Cole 
1975). The late genes are normally deleted in DI 
particles. Deletion of early genes such as polymerase 
genes would not allow the DI genome to compete with the 
normal virus as it would have to rely on the normal 
genome for its replication (Nomoto et al 1979). In the 
rhabdoviruses deletions normally occur at the 3 1 end of 
the genome although the ends are not deleted so they 
still have the inverted complementary sequence at the 5' 
and 3 ’ termini (Perrault 1976). The first DI particles 
were found in influenza virus, they normally lack the 
large RNA molecules that code for the RNA polymerase
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(Henle and Henle 1943, Nayak et al 1982).

3. Virus components in the infected cell

3.1. Proteins

a) The precursor to the structural proteins

Rubella structural proteins are synthesized as a 106.6Kd 
precursor similar to the 130Kd precursor of the 
alphaviruses (Kaari&inen and Soderlund 1978, Oker-Blom 
1984, Frey et al 1986, Frey and Marr 1988) that is post 
translationally cleaved and modified. The precursor can 
be isolated from infected cells or from cells transfected 
with a plasmid containing the structural protein ORF. In 
vitro expression of the structural proteins has shown 
that the cleavage of the precursor is mediated by a 
signalase. However whilst the signal sequence is cleaved 
from the protein it operates on, it is not cleaved from 
the adjoining carrier protein. The signal sequence for El 
is thought to be located on the mature E2 and that of E2 
is found in the capsid protein as a hydrophobic -COOH 
terminus (Marr et al 1991, Hobman et al 1990, Oker-Blom 
et al 1989) unlike other togaviruses.

Counterparts to El and E2 labelled with 3H-mannose 
extracted from infected cells both migrate in sharp bands 
indicating that the heterogeneity observed in virion E2
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is produced during virus maturation (Bowden and Westaway 
1984) (see changes in glycosylation during virus 
maturation, section 3.2.).

The unglycosylated proteins retain some of their 
antigenic properties. They will precipitate with antisera 
to the glycoproteins (Oker-Blom et al 1984) and will 
react with antirubella sera by ELISA and western blot 
(Terry et al 1988).

b) Non structural proteins

Several putative nonstructural proteins have been 
reported in rubella infected cell extracts. They have 
molecular weights of 17Kd, 20Kd, 27Kdf 87Kdf 75Kd, 78Kd,
150Kd, and 200Kd. The total coding capacity of the 
rubella genome is approximately 300Kd. Since H O K d  of 
this is taken up by the structural protein precursor, the 
200Kd protein will represent most of the remaining coding 
capacity and therefore may be a precursor to the 
nonstructural proteins. This protein is expressed early 
on and is post translationally cleaved to the 150Kd 
protein that may be further cleaved to give the 
functional nonstructural proteins. Other togaviruses 
(semliki forest and sindbis) have a 200Kd precursor to 
the nonstructural proteins that is cleaved to 150K then 
to 4 nonstructural proteins (NSP1-NSP4) (Schlesinger and 
Kaariainen 1980, Bowden and Westaway 1984).
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The nonstructural proteins of rubella have not been 
characterised, however there are regions of homology with 
the alphaviruses on NSP2, NSP3 and NSP4. The function of 
NSP3 is unknown. NSP2 has homology with a helicase 
sequence that is found in many alpha-like viruses (not in 
the picorna-like viruses). The function of NSP2 in 
sindbis virus is as an autoprotease for the post 
translational processing of the nonstructural proteins, 
it also functions in subgenomic RNA synthesis. NSP4 has 
homology with a replicase and functions as an RNA 
polymerase in sindbis. The function of NSP1 in sindbis is 
in negative strand RNA synthesis and has methyl 
transferase activity for 5 1 capping of the positive 
strand RNA (Hahn et al 1989, Mi et al 1989, Ding and 
Schlesinger 1989, Hardy and Strauss 1989).

3.2. Changes in glycosylation during virus maturation

The intracellular counterparts to El and E2 are 
glycosylated to a different degree to the virion El and 
E 2 . Intracellular El has only 2 glycan side chains of 
1.5Kd and 2.1Kd, on maturation a third glycan of 2.7Kd 
is added. Intracellular E2 has 3 glycans and migrates as 
a sharp band on PAGE. Processing of E2 involves at least 
2 stable intermediates, a 39Kd high mannose and a 42Kd 
form bearing some complex sugars. On maturation a fourth 
glycan is added. The mature E2 occurs as 2 species (see 
virion proteins, section 2.2.). The intracellular
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glycosylated counterparts of the structural proteins have 
glycans which are mainly of the simple high mannose type. 
After maturation the glycan moieties are a mixture of the 
complex and simple types. The simple glycans on the 
intracellular forms of the structural proteins are 
processed in the golgi body by a glycan modifying enzyme 
before maturation in a similar way to the modification of 
other togaviruses by host glycosyl transferases (Grimes 
and Burge 1971, Bowden and Westaway 1984, Hobman et al 
1991).

3.3. Nucleic acid in the infected cell

In the infected cell there are four sizes of rubella 
specific RNA. The sedimentation coefficients are 38S, 
29S, 24S, and 19S. The 19S species is double stranded the 
other three are single stranded. The 38S RNA occurs as 
positive and negative strand species, the positive 
strand is the genomic RNA, the negative strand is the 
complementary copy required for replication. The 24S RNA 
is the subgenomic mRNA coding for the structural 
proteins. There is no negative strand 24S RNA so the 
subgenomic RNA must be copied from the full length 
negative strand. A possible binding site for a factor to 
initiate subgenomic RNA synthesis on the negative sense 
genomic RNA has been located. The 29S RNA could represent 
a defective particle (Wong et al 1969, Hovi and Vaheri 
1970a, Sedwick and Sokol 1970, Dominguez et al 1990).
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3.4. Subgenomic RNA coding for the structural proteins

The 24S subgenomic RNA found in rubella infected cells 
has been sequenced. The length of this RNA species that 
codes for the precursor to the structural proteins is 
3327 to 3383 nucleotides excluding the 3' poly(A) tract, 
depending on the strain of virus (figure 5). The total 
coding capacity of the structural protein ORF is 1063 
amino acids, 106.6Kd. This is very similar to the H O K d  
dalton protein reported as the precursor to the 
structural proteins by Oker-Blom (1984). There are 77 
101 nucleotides of untranslated nucleic acid at the 5* 
end of the subgenomic RNA followed by a 3189 nucleotides 
coding sequence for the structural protein precursor 
starting with an AUG codon (si or Sa in figure 5) and 
terminating with a UAG (t in figure 5). This is followed 
by an untranslated region of 57-62 nucleotides and a 
poly(A) tract of variable length of up to 60 nucleotides.
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Si S2
Poly(A)3

Figure 5. The structure of the 24S subgenomic mRNA. The 
two possible start codons (sx and sa, both AUG), the 
termination UAG codon (t) and the stem and loop structure 
(fl) 21 nucleotides from 3249 are indicated. The gene 
order and nucleotide numbers of the genes are shown.

At the 3' end of the sequence coding for El (21 
nucleotides from 3249 in the 24S sequence) there is a 
palindromic sequence that can form a stem and loop 
structure consisting of 13 base pairs (ft in figure 5). 
The Gibbs free energy for such a structure is 
127.6KJ/mol at 25°C and 1 atmosphere, so the stem and 
loop structure will be stable under normal conditions 
(Frey et al 1986). Near the 5 1 end of the ORF there are 2 
in frame ( s x  and S a  in figure 5) and 1 out of frame start 
codon. It is not known which of the 2 in frame start 
codons is used to start the translation of the precursor 
to the structural proteins. It is possible that both are 
used to give the doublet sometimes seen in PAGE for the 
capsid.
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3.5. Lipids

The lipid and phospholipid content of rubella infected 
BHK21 cells is higher than that of uninfected cells 
(table 3). There is a lipid (unidentified) in the 
infected cells that does not occur in the uninfected 
cells or the purified virus. All the lipids and 
phospholipids in the virion are also found in the 
infected and uninfected cells but the phosphatidyl 
choline levels are higher in the virus (44.2%) than in 
uninfected cells (37.1%) and lower than in infected cells 
(48.5%). The phosphatidyl ethanolamine content is lower 
in the virus (19%) than in the cell, both infected 
(27.2%) and uninfected (25%).

The virion may have a maturation site within the cell 
because of the presence of cardiolipin (4.4%) not found 
in the plasma membrane, the lower molar ratio of 
cholesterol to phospolipids (0.26:1 compared with 0.5:1 
in the plasma membrane) and the lower amount of 
sphingomyelin (6.9% in the virion compared with 17 to 24% 
in the plasma membrane) (Bardeletti and Gautheron 1976). 
In contrast the lipid composition of semliki forest virus 
closely resembles that of the host cell plasma membrane. 
This agrees with the electron microscopic observation 
showing that the semliki forest viral nucleocapsid 
acquires its envelope by budding though the plasma 
membrane. Intracytoplasmic maturation by budding through
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the endoplasmic reticulum has been shown to be a minor 
pathway (Renkonen et al 1971).

Electron microscopic observation of rubella infected 
cells have shown that rubella matures by budding through 
both intracellular and plasma membranes (Murphy et al
1968) (see virus maturation).

Percentage of total lipid
Lipid uninfected infected purified

cells cells virus
free cholesterol 5.6 5.8 6.6
1ysophosphat i dy1 

choline
4.8 2.4 5.8

sphingomyelin 5.3 4.5 6.9
phosphatidyl choline 37.1 48.5 44.2
phosphatidyl serine 7.7 5.8 9.4
phosphatidyl inositol 8.9 7.9 9.2

phosphatidyl 
ethanolamine

25.0 27.2 19.0

cardiolipin 6.5 3.8 4.4
molar ratio 

cholesterol/phospholipid
0.17 0.19 0.26

Table 3. The lipid content of rubella virus infected BHK 
cells, uninfected BHK cells and purified virus. From 
Bardeletti and Gautheron (1976).
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4. Virus replication

4.1. Virus entry into the host cell

In tissue culture (BHK cells) the majority of infectious 
virus particles are absorbed from the infecting medium 
within 30 minutes of inoculation (Bardeletti et al 1972). 
The cell surface receptors for rubella virus are 
phospholipids and glycolipids. There is no involvement of 
cell surface proteins in the attachment of the virus to 
the cell surface (Mastromarino et al 1989). After binding 
to the cell surface receptors the virus particle is 
engulfed (endocytosis).

It has been shown that rubella envelope glycoproteins El 
and E2 undergo conformational changes when exposed to an 
acid environment (pH<6.0). In acid conditions the 
resistance of El to trypsin increases whilst E2 becomes 
more sensitive to trypsin digestion. At the same time the 
envelope spikes become fusogenic (Katow and Sugiura 
1988). This modification of the virus by treatment with 
acid suggests that in the acid environment of the 
endosomal compartment the virus particle undergoes 
conformational changes. The modified virus could mediate 
fusion of the envelope with the host membrane. In 
parallel to these changes in the envelope the low pH 
results in the solubilization of the nucleocapsid. Upon 
fusion of the viral envelope with the endosomal membrane
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the viral nucleic acid is released into the cytoplasm. 
This is similar to the mechanism used by other 
togaviruses (Katow and Sugiura 1988, Helenius et al 1980, 
Mauracher et al 1991).

4.2. Replication of viral components

Intracellular virus antigen is detectable 12 to 16 hours 
post infection then rapidly increases during log phase 
until 30 hours post infection with the maximum titre at 
48 to 60 hours. Virus release parallels intracellular 
virus specific protein production, lagging 4 hours behind 
and peaking at 48 hours post infection (Hemphill et al 
1988). Virus release can continue for some days depending 
on the cell line and the multiplicity of infection (MOI). 
Persistent infections can be established (Stanwick and 
Hallum 1974).

By immunofluorescence with anti-double stranded RNA 
rabbit serum, double stranded RNA is detectable by 12 
hours post infection. RNA replication is in discrete foci 
in the cytoplasm rather than being distributed uniformly. 
Peak genomic RNA synthesis is at 48 hours post infection 
(Bowden et al 1987).

The structural proteins accumulate in the perinuclear 
region and extend into the reticular cytoplasmic network. 
There is no accumulation of filled capsids (Bowden et al
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1987).

4.3. Vi rus maturat ion

The rubella structural proteins (El, E2 and C) accumulate 
in the golgi region. E2 is required for the transport of 
the virion to the cell surface. El is mostly found in the 
golgi region whereas E2 is also found in the endoplasmic 
reticulum. The capsid protein only accumulates in the 
golgi zone in the presence of E2. Without E2 the capsid 
protein is evenly diffused throughout cytoplasm. This 
suggests that the localisation of the capsid protein is 
mediated by rubella spikes in the golgi membrane (Hobman 
et al 1990, McDonald et al 1991).

Electron microscopic observation has shown that the virus 
matures by budding though the intracytoplasmic and 
marginal membranes. More virus buds from the 
intracytoplasmic membrane into the cisternae than from 
the endoplasmic reticulum (Murphy et al 1968). Virus 
particles accumulate within the cisternae and within 
protected intercellular spaces. Vacuolization of the 
cytoplasm in the golgi area is followed by budding of the 
virus from the vacuole membrane (Oshiro et al 1969, Von- 
Bonsdorff and Vaheri 1969). Virus particles accumulate in 
the vesicles in the golgi zone, 48 hours post infection 
distended golgi vesicles are a notable feature. Virus 
particles are found in 30 to 50% of golgi apparatus at
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this time. Late in infection the virus particles enclosed 
in vacuoles are released from the cell as the vacuoles 
become permeable, dilated and burst at the cell surface 
discharging masses of virions and cell debris (cellular 
organelles such as mitochondria and lysosomes) (Edwards 
et al 1969).

4.4. Effects of virus infection on the host cell

Electron microscopy shows that in the early stages of 
infection there are few noticeable effects on the cell, 
there in no inhibition of cell division during the first 
24 hours, however inhibition occurs thereafter. The rate 
of DNA synthesis is noticeably decreased from 24 to 48 
hours post infection (Vaheri and Cristofalo 1967). The 
nuclei appear normal 12 hours post infection but 24 to 48 
hours post infection they become less dense and are 
elongated and appear to lose nucleoli (Chatterji et al
1969).

Increased aerobic glycolysis 24 to 48 hours post 
infection results in rapid exhaustion of glucose. 
Lactate production, a 50% increase over uninfected cells, 
parallels glucose utilisation. There is a 12% increase in 
the respiration of the cell and alanine synthesis is 
stimulated within the first hour of infection (Vaheri and 
Cristofalo 1967, Bardeletti et al 1972).
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By 16 hours post Infection there are changes in the cell 
actin in both BHK and vero cells. There is a reduction in 
the actin cables and by 24 hours post infection all
cables are gone, the actin depolymerizes and aggregates. 
Other togaviruses (Ross River and sindbis) have no
effect on actin cables. Actin is associated with the
mitotic spindles and may be involved in cell mitosis, a 
possible explanation of mitotic inhibition leading to 
congenital rubella syndrome (Bowden et al 1987).

Other virus infections are associated with changes in 
cell actin, one of these viruses (cytomegalovirus) is 
associated with congenital defects. Changes in cell actin 
are not, as a rule, linked with congenital defects. 
Paramyxovirus infections of human fibroblasts lead to
changes in the actin filaments but these viruses have not 
been involved in congenital defects (Losse et al 1982, 
Fagreus et al 1978). However mumps virus infection in the 
first trimester of pregnancy is associated with an 
increased rate of spontaneous abortion. The virus has 
been isolated from the foetus following such an abortion 
(Siegal et al 1966, Kurtz et al 1982).

The cytoplasm shows a general decrease in electron 
density due in part to the redistribution of ribosomes 
that aggregate into polysomes. The endoplasmic reticulum 
tends to be more prominent than in normal cells 
(Chatterji 1969). In 10% of rubella infected RK13 cells
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closely packed particles that could be crystalline 
inclusions occur (Holmes et al 1968).

In the mitochondria changes are apparent from 24 hours 
post infection, they become less evenly distributed and 
the structure is affected in that they become elongated 
with the loss of cristae and the rupture of the limiting 
membrane (Chatterji et al 1969).

5. Rubella virus strains

Rubella virus strains can be distinguished by the 
morphology of plaques in tissue culture (Oxford 1969, 
Morgan 1969, Laurence and Gould 1969, Fogel and Plotkin 
1969, Gould et al 1972), competitive RIP (Ho-Terry et al 
1982), neutralizing kinetics (Gould and Butler 1980) and 
by the buoyant density of haemagglutinin (Oxford and 
Potter 1969). However rubella strains have not been 
distinguished by HAI kinetics (Best et al 1970). Since 
the wild type of virus gives better protection from 
reinfection than the vaccine strain (Harcourt et al 1980) 
it seems likely that there is a significant degree of 
antigenic diversity between some strains of virus.

The morphology of plaques formed in tissue culture (RK13 
cells) of wild type strains of virus and vaccine strains 
(HPV77, RA27/3 and Cendehill) can be distinguished. The
plaques formed by HPV77 are large and clear (2.25 to
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2.5mm diameter), those formed by RA27/3 are small (1 to 
1.25mm) and indistinct whilst those formed by Cendehill 
are intermediate in size (1.25 to 1.5ram) and are
distinct. The wild type strains of virus normally produce
small plaques. The plaque morphology of vaccine strains 
of virus do not change on passage in various cell lines 
so the diversity in plaque morphology is not the result 
of the passage history of the strain of virus. Similar 
variations in the plaque morphology of wild type 
strains are seen, however, and the occasional wild type 
strain exhibits changes in plaque morphology on serial 
passage (Morgan 1969, Laurence and Gould 1969, Fogel and 
Plotkin 1969). Most wild type strains of virus form small 
plaques that do not change with passage in tissue
culture (Gould et al 1972).

Competitive RIP has demonstrated that whilst post
vaccinated and post natural infection sera both react 
well with laboratory strain Judith (RJ), there is a 
difference in specificity when the reaction is challenged 
with RA27/3. Challenge with RA27/3 reduced the amount of 
3H-RJ precipitated by post vaccinated sera by 39% whilst 
the reaction of 3H-RJ with post natural infection sera 
when challenged with RA27/3 was reduced by 14%. 
This result suggests the existence of strain specific 
epitopes in rubella virus (Ho-Terry et al 1982).

The neutralization of rubella virus by antisera follows
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first order kinetics for at least the first fifteen 
minutes. Using this technique Gould and Butler (1980) 
were able to differentiate strains of virus. They 
compared six strains of virus, 3 wild type (passaged 4 
times) and 3 vaccine strains (HPV77- passaged 78 times in 
MK cells, Cendehill passaged 51 times in YRK cells, and 
RA27/3 passaged 4 times in HEK and 32 times in WI38 
cells). They found that in general the homologous 
neutralization reaction was faster than the heterologous 
reaction indicating a degree of antigenic diversity and 
strain specificity.

A comparison of the buoyant densities of haemagglutinin 
from strains of rubella virus revealed some differences. 
Low passage strains of virus (15 passages) have a lower 
buoyant density for HA antigen (rubella virus in tissue 
culture medium) than high passage strains (55 to 127 
passages), the differences being relatively large at
1.260 and 1.309 g/cm3 (in CsCl) respectively. A possible 
explanation of the differences is that on passage in 
tissue culture the surface of the virus is modified 
giving a higher density for the haemagglutinin. However 
the density of the virus may vary randomly or the 
differences between strains could be the result 
of different degrees of disruption of the virus on 
centrifugation in CsCl (Oxford and Potter 1969).

A comparison of the amino acid sequences of the
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structural proteins of stains of rubella viruses reveals 
differences from strain to strain. The strains that have 
been sequenced are Therien, M33, RA27/3, HPV77, and El
sequence of Judith. The high G/C content (approximately 
70% of bases are G or C) makes sequencing difficult. A 
consequence of this is that some of the observed 
differences between strains may in fact be artefacts 
resulting from sequencing errors. The main differences 
are summarised in table 4. All workers agree on the 
approximate size of the capsid protein, only disagreeing 
on where the capsid starts and ends, this has yet to be 
conclusively resolved. The same applies for E2, the size 
of E2 is 262-282 amino acids depending on whether it 
includes the El signal peptide. However there is a 
disagreement on the size of El.
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Table 4. Comparison of amino acid sequences of the 
structural proteins of rubella virus. The amino acid 
number (AA, using single letter codes) are sequential 
from the N-terminus of the capsid numbered from the first 
start site for the precursor for the structural proteins. 
Sequences compared were RA27/3 (RA) Nakhasi et al 1989, 
HPV77 (HP) Zheng et al 1989, Therien (TH) Dominguez et al 
1990 or (Vidgren et al 1987, Takkinen et al 1988), and 
Judith (RJ) Terry et al 1988. Sequences are compared with 
RA27/3, a space indicates identity with RA27/3.
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Amino acid substitutions in the structural proteins
Capsid E2 El

AA virus strain AA virus strain AA virus strain
No. RA HP TH No. RA HP TH No. RA HP TH RJ
18 T A 306 V A 599 A T T
22 V A 316 N T 609 R G
26 G E 314 P T 650 T A
28 T A 395 D D(A) 673 S A
48 T S 404 S P 702 Q E E E
62 P A 411 S Y 779 L P P
72 R K 412 T I 792 H Y Y
163 E E(Q) 413 T A 830 V A A
207 V R 422 A P 893 S T T
254 T S 472 Y C 905 R G G
258 S P 505 T A 919 A T
272 H R 539 F L 962 F V V
274 S W 1037 I V
292 A T 1041 L P

Table 4. Comparison of amino acid sequences of the 
structural proteins of rubella virus.
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The length of El has been reported as 410, 412, and 481
amino acids. Most workers agree on 481 amino acids for 
El. 410 and 412 amino acids were reported for strain M33 
by 2 different groups (Nakhasi et al 1986, Clarke et al 
1987). The sequence reported by Nakhasi et al probably 
contains many sequencing errors as there are many major 
differences in sequence resulting from frame shifts 
caused by single base deletions. If such differences in 
sequence were genuine one would expect significant 
antigenic differences between M33 and other strains of 
rubella. In the sequence reported by Clarke there is a 
single base deletion at the 3' end of the El sequence 
leading to a frame shift generating a termination codon. 
If this is a genuine difference the molecular weight of 
El of M33 should be approximately 7Kd lower than that of 
other strains. The molecular weight for El (M33) has been 
reported as 58Kd by SDS PAGE (Umino et al 1989). This is 
the same as that reported for El (Therien and HPV77) 
(Oker-Blom 1983, Zheng 1989). A comparison of HPV77 and 
M33 by SDS-PAGE (on the same gel) gives both El (HPV77) 
and El (M33) the same molecular weight (Zheng et al
1989). So it seems likely that the shorter predicted El 
sequence is the result of a sequencing error.

Changes in sequence that would be important are ones that 
effect the neutralizing epitopes. There is an amino acid 
substitution in a neutralizing epitope on El in RA27/3 
and HPV77 compared with other strains (Terry et al 1988,
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Zheng et al 1989, Nakhasi et al 1989, Dominguez et al
1990). Amino acid number 830 is alanine in Judith and 
Therien, in RA27/3 and HPV77 it is valine. With 3 carbon 
atoms in its side chain valine is more hydrophobic than 
alanine with only 1. This difference in the hydrophobic 
nature of the amino acids although slight may be 
important in terms of antibody specificity.

HPV77 has been shown to have only 3 glycosylation sites 
on E2, compared with 4 on other strains. This difference 
is the result of a single base substitution changing a 
threonine to isoleucine and has been confirmed by PAGE, 
HPV77 E2 migrates faster than M33 E2 and only 
incorporates 1/3 the mannose incorporated by M33. It has 
been shown that the difference in molecular weight of E2 
on these two strains of virus is due to a difference in 
the degree of glycosylation (Zheng et al 1989). Strain 
specific antigens are located on E2 (Dorsett et al 1985) 
but since the neutralizing epitopes on E2 have not been 
located it is not known if there are any significant 
differences between the E2 neutralizing epitopes.

The Therien sequence reported by Vidgren et al (1987) (El 
and E2 sequence) and Takkinen et al (1988) (capsid 
sequence) differs from the sequence reported by Dominguez 
et al 1990 at 2 amino acids. Amino acid 163 in the capsid 
is E (glutamic acid) in the sequence reported by 
Dominguez and Q (glutamine) in the Takkinen sequence.
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Amino acid 395 in E2 is D (aspartic acid) in the 
Dominguez sequence and A (alanine) in the Vidgren 
sequence. With respect to these 2 amino acids the 
Dominguez sequence for Therien strain is the same as 
RA27/3.

6 . Rubella Antigens

6.1. Haemagglutinatinq antigen

Rubella HA antigen is located on the El envelope 
protein. Monoclonal antibodies directed against epitopes 
on El inhibit HA activity so the El glycoprotein is 
responsible in part for the HA activity of rubella 
(Terry et al 1988). There have not been any reports of HA 
inhibition by antibodies directed against E2, so the 
role, if any, of E2 in haemagglutination has yet to be 
elucidated. Rubella HA antigen will agglutinate a wide 
range of erythrocytes such as day old chick, pigeon, 
goose and human 0 cells. Day old chick RBC and human 0 
erythrocytes have been used most widely for rubella HAI 
tests. Non specific inhibitors of rubella HA are 
associated with the serum lipoproteins, in particular the 
3-lipoproteins. The agglutination of red cells by rubella 
antigen is calcium dependent, removal of calcium by 
chelation with EDTA inhibits HA activity (Liebhaber 1970, 
Hermann 1979).
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6.2. Complement fixing (CF) antigens

Complement fixing activity is found in four fractions of 
rubella virus. 1) a large particle CF antigen that is 
associated with the whole virus but contains very little 
capsid protein and has a very low infectivity and so can 
not be the mature intact virion. 2) A light small 
particle that represents envelope components. 3) A 
soluble antigen that may be associated with the capsid 
protein. 4) The intact mature virion. The large and small 
CF antigen when prepared by alkaline extraction of 
infected cells contains host protein that can cross react 
with some human sera (Schmidt and Lennette 1966, Schmidt 
et al 1967, Ho-Terry et al 1986).

6.3. Precipitating and platelet aggregating antigens

Two major small antigens are precipitated from alkaline 
extracts from rubella infected cells by immunodiffusion. 
They have been designated "theta" and "iota" (Le Bouvier 
1969 a and b). Detergent treatment of purified virus 
gives a small soluble antigen of 3.5S and the 
nucleocapsid (150S). The small antigen is an envelope 
component and has precipitating (GP), platelet 
aggregating (PA) and CF activities. This is the theta 
antigen.

The iota antigen is a sub unit of the nucleocapsid and
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has GP, PA and CF activities (Salmi 1969 , Le Bouvier 
1969 a and b, Salmi 1972).

All sera after natural infection with HAI titres >1/64 
have antibodies to the theta antigen. GP activity is seen 
7 days after the appearance of HAI antibodies. The iota 
antigen is not seen in sera with HAI antibodies <1/256, 
then in only 32% of sera. Iota antibodies develop 5 weeks 
after exposure. No post vaccination sera have iota 
antibodies but all sera with HAI titres >1/64 have theta 
antibodies (see antibody response to structural proteins, 
section 12.) (Paul et al 1974).

6.4. Epitopes of rubella virus

Rubella envelope protein El has been shown to be immuno 
dominant (Cusi et al 1988, Terry et al 1989). However, it 
has been suggested that E2 carries strain specific 
epitopes (Dorsett et al 1985, Green and Dorsett 1986). 
The epitopes of the structural proteins have been defined 
by monoclonal antibody (MCAB) reactivity and epitope 
mapping of E l .

Three major epitopes have been defined on El, they have 
been designated EP1, EP2 and EP3. They have been located 
between amino acids 245 and 285 (827 to 867 on the 106 Kd 
structural protein precursor). EP1 and EP2 have 
neutralizing and HAI activity whilst EP3 exhibits only Nt
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activity (Ho-Terry et al 1985, Terry et al 1988). These 
epitopes on El have been confirmed and further localised 
by Lozzi et al (1990) using overlapping octapeptides 
spanning El amino acids 243 to 286. They showed that EP1 
consists of two epitopes the first corresponding to a 
tripeptide EVW (AA 273 to 275) and the second 
corresponding to an octapeptide PVIGSQAR (AA 278 to 285). 
EP2 is based on a tripeptide PER (AA 250 to 252). EP3 is 
based on a tetrapeptide ADDP (AA 260 to 263). These 
peptides form the core of the epitope and not the entire 
epitope.

Site directed mutagenesis of El has shown that the 
glycosylation of El at asparaginal residues 177 and 209 
are important for the biological activity of some El
epitopes. The glycosylation at Asn 76 is less important
(Hobman et al 1991). However it has been shown that the
epitopes located between amino acids 245 and 285 maintain 
some biological activity in the unglycosylated protein 
(Terry et al 1989).

MCAB's have been used to identify up to six epitopes on 
El, 1 on E2 and 4 on the capsid (Umino et al 1985, Waxham 
and Wolinsky 1985, Dorsett et al 1985, Ho-Terry et al 
1986, Green and Dorsett 1986, Gerna et al 1987). The El 
epitopes have Nt activity, HAI activity, Nt and HAI
activity or no detectable biological activity. 
Synergistic neutralizing activity occurs between some El
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epitopes (Gerna et al 1987). Very few E2 MCAB's have 
been prepared. Only one epitope has been clearly defined 
on E2 and this has Nt activity only. There are at least 4 
Nt epitopes exposed on the virus surface (3 El and 1 E2). 
Antibodies to these epitopes will precipitate the virus 
(Ho-Terry et al 1986, Green and Dorsett 1986).

Four epitopes have been defined on the capsid, but as 
expected none have HAI or Nt activity (Waxham and 
Wolinsky 1985).

The majority of MCAB’s produced against intact virus are 
directed against El with very few against E2, suggesting 
the immunodominance of E l .

7. Postnatal rubella infection

Rubella is normally a mild self limiting disease. After 
exposure to the virus, by inhalation of infected droplets 
transmitted through the air, tissues of the upper 
respiratory tract are infected. The virus multiplies at 
this site during an incubation period of 14 to 21 days. 
The virus passes from the site of initial infection into 
the blood stream. When the rash appears, rubella antibody 
titres rise and the virus disappears from the blood. 
There is often a prodromal period of 1 to 2 days in which 
fever, malaise, sore throat, suffusion of the eyes and 
lymphadenopathy affecting the cervical and occipital
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regions can occur. The prodromes are most often seen in 
adults but can be absent. Following the prodromal period, 
a generalised maculo-papular rash appears. The rash 
starts from the face and spreads to the neck then trunk, 
reaching a maximum and fading after 2 to 3 days. A low 
grade fever is some times seen during the rash. The 
swelling of the lymph nodes may persist for 2 to 3 
weeks. About 40% of primary infections are subclinical 
(Horstman et al 1970).

There can be complications the most common being 
arthralgia seen most often in women and can persist for 
several months. Other complications include
thrombocytopenic purpura (1 in 3000) and encephalopathy 
(1 in 5000). With both of these syndromes recovery is 
normal (Cooper et al. 1965, Horstmann et al 1965, Rausen
et al 1967).

8 . Intrauterine infection

When rubella occurs during the first trimester of 
pregnancy there is a risk to the foetus. The placenta and 
foetus are exposed to the virus during the viraemia stage 
of infection. The virus infection can be limited to the 
placenta, however in about 50% of the cases of rubella 
infection involving the placenta the virus will be 
disseminated to the foetus (Miller et al 1982). Rubella 
causes a lytic infection leading to cellular damage and
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can also inhibit cell mitosis (Alford et al 1964, 
Horstmann et al 1965, Monif et al 1965, Plotkin et al 
1965, Heggie 1967). This leads to spontaneous abortion in 
about 4% of infections involving the foetus (Manson et 
al 1960, Miller et al 1982). In pregnancies that go to 
term, stillbirth or congenital malformations can occur, 
table 5 lists these defects that are collectively known 
as congenital rubella syndrome (CRS) (Herrmann 1979, 
Hurley 1983). Inhibition of cell mitosis leads to delayed 
and deranged organogenesis and hypoplastic organ 
development that results in structural defects. Chronic 
virus infection of the foetus results in acute illness in 
the neonatal period including bone lesions, hepatitis and 
encephalitis (Monif 1965).
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System Defects
Ophthalmic Cataracts

Glaucoma
Retinal cloudiness

Central nervous Sensorineural deafness 
Speech defects 
Mental retardation 
Microcephaly 
Cerebral calcification

Cardiovascular Persistent patent ductus 
arteriosus 

Intraventricular septal 
defects

Haemopoietic Anaemia 
Lcucopenia 
Thrombocytopenic purpura 
Persistent lymphadenopathy

Skeletal Osseous malformation in 
metaphyses of long bones

Miscellaneous Intrauterine and postnatal 
growth retardation. 

Recurrent infections
Table 5. Defects seen in congenital rubella syndrome 
(Hurley 1983).
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The risk of CRS is greatest when the rubella infection 
occurs in the first trimester (26% overall). The risk is 
greatly reduced after this time (Miller et al 1982). The 
rate of CRS is highest when there is a rubella 
infection in the first month of pregnancy (50%) declining 
to 22% in the second month, 6% in the third month and 1% 
in the fourth month (Sever and White 1968, Miller et al 
1982). Infections in the second trimester give a very low 
rate of CRS and the defects are usually of a minor 
nature. Infections in the third trimester do not usually 
lead to CRS (Miller et al 1982).

The relationship between congenital malformations and 
rubella infection in pregnancy was first reported in 
1941, when congenital cataracts in Australia reached 
epidemic proportions just after a rubella epidemic (Gregg 
1941). The virus was isolated in tissue culture in 1962 
(Weller and Neva 1962, Parkman et al 1962). This lead to 
the development of live attenuated vaccines (Parkman et 
al 1966, Plotkin et al 1967).

9. Rubella vaccination

With the aim of reducing the seronegative population 
amongst women of child bearing age a selective 
vaccination program was introduced in the UK in 1970, 
girls aged 11 to 13 were offered vaccination (Cendehill 
strain) (DHSS 1970). It was assumed that a reduction of
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the seronegative population would reduce the risk of 
rubella infection during pregnancy. The vaccination 
program reduced the seronegative rate from 20% to 3% by 
1984 (Dudgeon 1985, Noah and Fowle 1988). Between 1971 
and 1984 there were 763 CRS cases in the UK (reported). 
The number of CRS cases reported in 1970 (pre 
vaccination) was 60, this rate had dropped to 25 in 1983. 
Although there was a marked downward trend in CRS between 
1970 and 1983 there are a number of high peaks over this 
period in the rubella epidemic years of 1973, 1978 and
1979. Thirty nine percent of CRS children are first born 
(Smithells et al 1985). The rate of CRS in the UK between 
1980 and 1986 was 3.12 per 100,000 live births. In the 
USA the rate of CRS is very low at less than 1 per 
100,000 live births. This figure is misleading as CRS is 
reported on a voluntary basis and only an estimated 20% 
of cases are reported (De la Mata et al 1989). In the UK 
in 1989 there were 68 cases of confirmed rubella 
infections during pregnancies and there are still 20 CRS 
children born each year (Miller et al 1990, Best and 
Banatvala 1990).

In an attempt to reduce the seronegative rate further a 
new mass vaccination program was introduced in 1988. Now, 
in addition to the previously existing program, all 
children (male and female) are vaccinated with measles 
mumps and rubella vaccine (MMR) at 2 years of age (Miller 
et al 1982, Miller et al 1985, Miller et al 1987). The
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seronegative rate amongst pregnant women was 1.2% 
(808/68252) in 1989 (Miller et al 1990).

The 3 viruses in MMR vaccine apparently do not interfere 
with each other and so can be given together. The sero 
conversion rates for MMR are:- measles 92%, mumps 100% 
and rubella 99% (Berger and Just 1988).

10. Reinfection

Reinfection after vaccination is common, 20 - 80% of
those who are successfully vaccinated (successful
vaccination being a detectable seroconversion) compared
with 4% reinfection after a natural infection (Horstmann 
et al 1970, Horstmann et al 1985). The sero-conversion 
rate after vaccination with RA27/3 is 96% (HAI and 
neutralizing antibodies). Eleven years post vaccination 
95% of vaccinees have HAI antibodies and all have Nt. 
antibodies. The geometric mean titre (Nt.) 2 months post 
vaccination is 1/123, by 11 years this has fallen to 1/48 
compared with 1/68 for those naturally immune (Horstmann 
et al 1985).

Reinfection although usually asymptomatic, can elicit a 
primary response with IgM and viraemia (Belfour 1981, 
Forsgren and Soren 1985) and can present some risk during 
pregnancy although much less than a primary infection
(Morgan-Capner et al 1985). Even though reinfection after

75



vaccination is not usually considered a risk 
approximately 7% (1/13) of detected reinfections during 
the first trimester of pregnancy result in CRS (Enders 
and Knotek 1989). CRS has been reported after 
asymptomatic infection during pregnancy (Das et al 1989, 
Best et al 1989). Reinfection resulting in viraemia and 
leading to CRS has also been reported in individuals that 
have previous vaccine induced immunity to rubella 
(Morgan-Capner 1986, Best et al 1989). In 1974 the 
overall risk of CRS on reinfection was estimated to be 2 
in 40,000 (Eilard and Strannegard 1974). The actual rate 
of reinfection is open to question as the immune status 
before "reinfection" can not always be verified. The true 
rate of reinfection may be somewhat lower than the upper 
reported rate of 80%. However it is beyond dispute that 
reinfection results in CRS in a small number of cases and 
that the rate is higher after vaccination than after 
natural infection.

That the rate of reinfection is so high suggests that the 
vaccine strain of virus, RA27/3, differs antigenically 
from the wild type. A sero-positive titre, usually 
measured by HAI, single radial haemolysis (SRH) and ELISA 
using a laboratory virus strain is not necessarily an 
indication of protection against reinfection. A measure 
of neutralizing antibodies against the wild type virus 
would be a better test, although a correlation between 
HAI, SRH, ELISA and neutralizing antibodies has been
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reported (Pattison 1982). It has been suggested that for 
adequate protection against reinfection both HAI and Nt 
antibodies are required (Schluederberg et al 1978).

It is well documented that rubella vaccination induces a 
serological response in most people but the geometric 
mean titre of the antibodies is in general, relatively 
low (Cappel 1975, Harcourt et al, 1980, O'Shea et al
1985). A decline of an initially low antibody level has 
been suggested as the reason for reinfection (Schiff et 
al 1985).

11. Humoral immunity

During a primary rubella infection antibodies develop 
within 1 - 2  days of onset of symptoms (after an 
incubation period of 14 to 21 days). Rubella specific IgG 
and IgM titres rise together. IgM peaks after seven days 
then declines to a low level after 4 to 6 weeks. IgG 
peaks at 7-14 days then declines very slowly and will 
usually persist for life. HAI antibodies are detectable 
within a few days of onset, frequently while the rash is 
still present. They will usually last for life although 
the HAI titre will decline over many years. CF antibodies 
are detectable 1-2 weeks after the rash, peak at 3 weeks 
and then decline to a low level over the course of 
months. Neutralizing antibodies develop within one week 
of onset, often within 1-2 days, peak by three weeks then
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decline very slowly over many years. Reinfection can 
occur, around 2-4% of those naturally immune are 
reinfected. Reinfection is characterised by a rapid rise 
in IgG with little or no detectable IgM and is usually 
asymptomatic (Herrmann 1985).

The antibody response to rubella vaccination is similar 
to natural infection with IgG and IgM detectable in those 
who were sero negative before vaccination. The level of 
the antibody response is lower than that of a natural 
infection and the rate of reinfection is 
significantly higher at up to 80%.

An IgM response on reinfection is more common after 
vaccination than on reinfection after natural infection. 
The overall rate is 31% with titres in the range 1.4 to 
9.7 units (by MACRIA). Asymptomatic primary infection 
elicits a more vigorous response with rubella specific 
IgM titres in the range 7.6 to 40 units. A number of the 
reported reinfections after vaccination could be primary 
as occasionally vaccinees fail to seroconvert, suggesting 
that evidence of vaccination is not necessarily evidence 
of protection (Cradock-Watson et al 1985).

It has been suggested that serum or nasophary ngeal IgA 
does not provide any level of protection against 
reinfection and that local T-cell activity is required, 
with IgA as a marker of such activity. RA27/3 induces a
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similar nasophary ngeal IgA response to natural 
infection. The persistence of nasophary ngeal IgA after 
vaccination with other strains of vaccine (HPV77, To336
or Cendehill) is not as good (O'Shea et al 1985).

12. Antibody response to the structural proteins of 
rubella

After natural rubella infection antibodies are produced 
to all 3 structural proteins. These antibodies persist 
although the antibody titre to the capsid protein does 
decline slowly.

After vaccination antibodies to all three structural 
proteins of the wild type virus are produced but E2 and C 
antibodies decline to undetectable levels after three 
years. When tested against the structural proteins of the 
vaccine strain of virus antibodies to the capsid protein 
are found in all sera three years post vaccination. (Ho- 
Terry and Cohen 1981, de Mazancourt et al 1986, Cusi et 
al 1989).

In CRS children there is initially little or no 
antibody to the E2 envelope protein. With time the E1/E2 
ratio decreases as more E2 antibodies develop. As the E2 
antibodies increase the neutralizing antibodies titres 
rise. This contrasts with the antibody status in young 
adults several years after natural infection who produce
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antibodies to all the structural proteins (de Mazancourt 
et al 1986).

All neutralizing sera have antibodies to El and although 
there is a correlation between HAI and Nt antibodies 
after natural infection. Sera with high HAI titres 
(1/256) and low Nt titres (1/4) are common after 
vaccination (Horstmann et al 1985).

13. Cell mediated immunity in rubella infection

The ability of lymphocyte cultures taken from rubella 
infected individuals to respond to stimulation with 
rubella antigen first appears one week after onset 
reaching a maximum response after two weeks. The response 
rate then declines slowly over many years, 30% of the 
peak activity detectable after 15 years (Buimovici-Klein 
and Cooper 1985).

The response after vaccination seems to be related to the 
batch of vaccine used. The peak at three weeks is later 
than after natural infection and somewhat lower. After 
the peak response the level declines rapidly to a low 
level. Six weeks post vaccination the cell mediated 
response is only 50% of that found 15 years after natural 
infection (Buimovici-Klein and Cooper 1985).

Interferon titres in rubella stimulated lymphocytes are 5
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times higher after natural infection than after 
vaccination. The interferon titres increase rapidly when 
an individual with a remote history of infection or 
vaccination is vaccinated. (Buimovici-Klein and Cooper 
1985).

After a natural infection or vaccination with rubella 
virus there is a transient (1 to 2 days) 
immunosuppression due to virus induced damage to 
lymphocytes. The virus can persist in the lymphocytes 
leading to immunosuppression lasting several weeks 
(Cappel 1975, Buimovici-Klein and Cooper 1979, Arneborn 
et al 1982).

14. Replication of Rubella in Lymphocytes

Rubella virus will infect and replicate in human T cells 
but not in B cells. No intracellular rubella proteins are 
detectable in rubella infected B cells but when they are 
cocultivated with RK13 cells, the RK13 cells become 
infected with rubella. This finding suggests that the B 
cell could be the site of long term persistence of the 
virus. In rubella infected T cells, cellular protein 
synthesis is greatly reduced leading to a reduced cell 
mediated immunity during rubella infection (Chantler and 
Tingle 1980, Van der Logt et al 1980).
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15. Assessment of the immune status

Assessing the immune status of women of child bearing age 
is of great importance if the risk of CRS is to be 
reduced. All pregnant women should be screened and, if 
seronegative, offered vaccination soon after delivery. 
Vaccination during pregnancy should not be considered as 
it can lead to intra-uterine infection resulting in CRS 
in about 3% of vaccinees (Banatvala 1985). Screening of 
women before they become pregnant would be of great value 
in assessing and reducing the seronegative rate.

The presence of rubella specific IgG is assumed to 
indicate a degree of protection against further clinical 
rubella infection. These antibodies can be detected by 
one of several tests such as HAI, SRH, radioimmunoassay, 
or ELISA.

15.1. Haemaqqlutination inhibition

Many protocols for the HAI test have been described. A 
widely used method was described by Liebhaber (1970). 
Before sera can be titrated by HAI, non-specific 
inhibitors have to be removed by treatment with heparin, 
kaolin or dextran sulphate. RBC agglutinins must also 
be removed by treatment with 50% RBC. The minimum immune 
titre is 15 i.u./ml (1/16), the average titre in the UK 
is 60 i.u./ml (1/64). Sera with titres less than 15
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i.u./ml should be considered seronegative. The HAI test 
requires treatment of the sera and standardisation of the 
antigen before the titration can be carried out. For 
routine screening it has been replaced by other tests.

15.2 Passive haemaqqlutination

Passive haemagglutination (PHA), in this test human 
erythrocytes sensitised with rubella antigen are 
agglutinated by rubella specific antibodies in test sera. 
There is a reasonable correlation between HAI and PHA for 
sera from remote infection. Out of 1792 sera tested, 6 
gave false positive results and another 6 false negative 
results (HAI and SRH results concordant) (Haukenes 1980).

15.3. Single radial haemolysis

SRH is simpler to perform than HAI and the test is not 
affected by the nonspecific inhibitors to rubella HA 
antigen found in human serum. HA inhibitors may lead to 
false positive results in the HAI test as the inhibitors 
may not have been adequately removed. SRH gives a result 
on a continuous scale based on the diameter of zone of 
haemolysis, this is more accurate than HAI where the 
result is discontinuous in that it is based on a titre 
found from doubling dilutions of sera. The area of the 
zone of haemolysis is directly proportional to the log of 
the antibody concentration (Russell et al 1978).
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The SRH test has several advantages over HAI or other 
tests. The test sera requires no pretreatment other than 
heating. SRH is unaffected by RBC agglutinins, 
heterophile antibodies or haemagglutination inhibitors. 
Rheumatoid factors can give small halos of unlysed cells 
between the well and the zone of haemolysis but this does 
not affect the result (Appleton and Macrae 1978, Russell 
et al 1978).

15.4. Radioimmunoassay

The radioimmunoassay (RIA) can provide a very sensitive 
measure of specific antibodies in sera and gives a 
relatively good correlation with HAI. The test is 
relatively simple to perform and is suitable for large 
scale screening. The test is 16 to 256 times more 
sensitive than HAI and similar in sensitivity to ELISA. 
In one survey it was found that 17% of sera with HAI 
titres of 1/10 (near the cut off) are negative by RIA. 
When such individuals are vaccinated they seroconvert. 
These may represent false positive HAI results (Harris et 
al 1980).

Since the RIA test involves the use of antiglobulin 
labelled with a relatively high energy gamma emitter 
(125I), it would probably be better to use one of the 
other tests for routine screening.
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15.5. ELISA

Titration of rubella specific IgG by ELISA is more 
sensitive than HAI and the sera does not require any form 
of pretreatment. Various protocols for the ELISA test 
have been described, kits are available from various 
commercial suppliers. False results for ELISA have been 
reported. In one study there were 1.4% false positive 
sera compared with HAI or SRH. It could be that rather 
than showing false positives, the test is more sensitive 
than HAI or SRH (Morgan-Capner et al 1979). Rheumatoid 
factor in the sera can give a slightly lower result in 
the ELISA test for IgG. This is explained by the binding 
of rheumatoid factor to rubella IgG-antigen complex 
(Vejtorp 1980).

Equivocal results occur in ELISA and these present a 
degree of uncertainty. The degree of protection provided 
by these sera at low titres is uncertain, for the purpose 
of assessing the immune status maybe they should be 
considered negative.

15.6. Neutralization

The neutralization of virus by antibodies in test sera 
provides the nearest direct laboratory evidence of 
protection against infection. The test can be carried out 
in several cell lines such as RK13, vero or BS-C-1. In 
RK13 and vero cells the virus produces cytopathic
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effects (CPE), in BS-C-1 cells the virus is detected by 
the interference of echovirus CPE (Herrmann 1985).

Overall there is a good correlation between the 
neutralization and HAI tests. However, the degree of 
correlation depends on the cell line in which the seed 
virus is grown. Virus grown in rabbit cells have little 
or no HA activity and should not be used if a correlation 
between the two tests is required (Suganuma et al 1970). 
Schluederberg et al (1970) suggested that the reason 
virus grown in rabbit cells has lower HA activity is due 
to fewer envelope spikes compared to virus grown in other 
cell lines.

The presence of complement in sera greatly improves the 
neutralization of rubella virus due to lysis of the 
envelope, rapid degradation of the capsid and digestion 
of the viral RNA by serum nucleases (Almeida et al 1969,
Schluederberg et al 1976, Schluederberg et al 1978). For
this reason complement in the test sera must be
inactivated as the concentration will vary between test 
sera. Adding a fixed dose of complement to the
inactivated sera increases the sensitivity of the test.

Although the test provides the ultimate proof of likely 
protection against infection, it is technically difficult 
and time consuming to perform and therefore is little 
used in routine screening.
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16. Laboratory diagnosis of rubella

When primary rubella infection is suspected during 
pregnancy, laboratory confirmation is required as the 
clinical diagnosis of rubella may be very inaccurate. 
Between 1983 and 1985 627 cases with rubella-like illness 
were investigated. Out of these only 229 had a confirmed 
rubella infection. The remainder included parvovirus B19 
(43 cases), measles (7 cases) or other infections (9 
cases). In 339 cases the aetiology was not found (Shirley 
et al 1987).

16.1. Detecting rubella infection

A primary rubella infection can be detected by virus 
isolation. From 7 days before the rash to 10-14 days 
after the rash virus can be isolated from the nasopharynx 
but from blood only in the 7 days before the rash. 
However isolation of virus is technically difficult, 
tissue culture fluid may have to be passaged up to 3 
times before virus can be detected, so it could be up to 
one month before a result is obtained.

The demonstration of rubella specific IgM in sera is 
indicative of a recent primary infection. Specific IgM is 
not normally seen in reinfection. IgM is normally 
detectable for up to 6 weeks after the rash, although it 
can persist for up to 1 year (Stallman et al 1974, Al-
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Nakib et al 1975, Pattison et al 1975).

16.2. Titration of rubella specific IgM

The accurate titration of specific IgM requires its 
separation from other classes of immunoglobulin as the 
reaction of the other immunoglobulins with the virus can 
mask that of the IgM.

Early methods for titration of IgM relied on the 
inactivation of IgM HAI activity by 2Me. Since IgG is 
unaffected by treatment with 2Me, a >4 fold reduction in 
HAI activity when serum is treated with 2Me is indicative 
of the presence of specific IgM (Banatvala et al 1967). 
This test will require relatively high concentrations of 
specific IgM which are only found for a few days after 
the rash. Very few samples will be collected early enough 
for this test to be of any use as it stands. 
Fractionation of serum before treatment with 2Me 
overcomes the problem of relatively low concentration of 
IgM in late samples.

16.3. Fractionation of serum by centrifugation

The difference in the sedimentation coefficients of IgG 
(7S) and IgM (19S) allows their separation by sucrose 
density gradient centrifugation (Best et al 1969, 
Desmyter et al 1971). The fractionated sera can then be
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titrated for specific antibodies by HAI after 2Me 
treatment, IgM titres being reduced by 2Me treatment. 
This is not a very practical method for routine 
diagnosis, although it was the best available for some 
time. Only a limited number of samples can be processed 
at one time and the centrifugation time is prohibitively 
long (16 hours). If the IgG titre is very high, the IgG 
and IgM peaks may overlap. Serum samples have to be 
treated before centrifugation to remove the nonspecific 
inhibitors as they can co-migrate with IgM (Al-Nakib et 
al 1974). Once fractionated the sera could be titrated by 
ELISA. This would allow identification of IgA. However if 
the IgG peak overlaps the IgM peak, rheumatoid factor 
could be a problem (see later).

16.4. Chromatography

Immunoglobulins can be separated by gel filtration 
(eg. Sephadex G200 or Sephacryl S300) or ion exchange 
chromatography (eg. DEAE Sephadex). In gel filtration 
sera should be treated before fractionation, if 
subsequently they are to be titrated by HAI.

In gel filtration fractionation of sera the first peak to 
be eluted is IgM. The IgG peak is usually quite well 
resolved, unless it is of very high titre (>4000 HAI 
titre) when the leading edge of the IgG may overlap the 
IgM peak. On sephadex G200 a high molecular weight IgA
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peak (the dimer) overlaps both IgG and IgM and can 
contribute to HA activity. The high molecular weight IgA 
is more transient than the rubella IgM peak so no 
distinction between IgA and IgM is required (Gupta et al 
1971, Pattison and Mace 1975, Pattison et al 1976).

Fractionation of serum IgG and IgM can be carried out by 
anion exchange chromatography on DEAE sephadex or by fast 
protein liquid chromatography (FPLC) using a Phamacia 
Mono-Q column for example. This column with a CH2N-(CH3 )3 
charged group gives a good resolution of IgG and IgM. The 
FPLC fractionation of sera is fast (20 minutes) and along 
with ELISA detection of specific IgM, the result can be 
obtained in less than 1 day. The serum volume required is 
small (50pl) and false positive results due to rheumatoid 
factor are minimised. Analysis of the IgM peak shows it 
to contain 100% of the IgM, 30% IgA and 4% IgG by ELISA 
(Ho-Terry et al 1984).

16.5. ELISA methods for detecting specific IgM

Rubella specific IgM can be detected in unfractionated 
serum by the ELISA test, however acute sera will also 
contain rubella specific IgG which will compete with the 
IgM for antigen binding sites. For this reason the test 
will not be particularly sensitive.

Rheumatoid factor can give false positive results as it
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is an IgM with IgG binding capacity. It will bind to the 
IgG that is bound to antigen on the ELISA tray. 
Rheumatoid factor will give a false positive result if 
the concentration is >3.5 i.u./ml and the IgG 
concentration is >30 i.u./ml. One in 70 acute sera 
contain rheumatoid factor at a concentration >3.5 i.u./ml 
(Vejtorp 1980). The problem can be overcome by treatment 
of the serum with latex particles coated with aggregated 
human IgG or by removal of IgG by chromatography (ion 
exchange, gel filtration, or protein-A) or by IgM capture 
method or by the use of MCAB's to IgM that do not react 
with rheumatoid factor.

16.6. IgM capture

The IgM capture assay is widely used, kits are available 
from several suppliers. Anti-human IgM coated ELISA trays 
(or beads) are incubated with diluted serum, any IgM in 
the serum is bound to the solid phase. The rubella 
specific IgM is identified by a reaction with rubella 
antigen followed by a MCAB conjugated to an enzyme such 
as alkaline phosphatase (Tedder et al 1982, Bellamy et al 
1985, Bellamy et al 1986). Although theoretically 
possible, this test has been found to rarely give a false 
result because of rheumatoid factor. Out of 258 sera that 
had high rheumatoid factor titres only 6 gave a reaction 
in the rubella IgM capture assay. The titres were very 
low and would normally be considered negative for rubella
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IgM. Acute sera from other infectious diseases gave cross 
reactions in 4 sera out of 84 tested. Three of these 
cross reacting sera were from Epst c.» n-Barr (EB) virus 
infections (heterophile antibodies), the other was from a 
herpes simplex infection. The results were low and would 
probably not lead to a false diagnosis of rubella 
(Bellamy et al 1986). In another report serum from an EB 
virus infection was found to give a false positive result 
for rubella (Cubie and Edmond 1985). The false positive 
result caused by EB virus infection is the result of 
polyclonal activation of B lymphocytes, leading to the 
production of low levels of rubella specific IgM in 
individuals that previously have had a rubella infection 
(Morgan-Capner et al 1983).

16.7. Antibody avidity assay

The avidity of rubella specific IgG is lower after 
primary rubella infections than after reinfection 
(Hedmann and Seppala 1988) and this can be used to 
distinguish between primary infections and reinfections. 
Low avidity antibodies are more readily uncoupled from 
rubella antigen than high avidity antibodies by treatment 
with reagents such as urea or diethanolamine (Morgan- 
Capner and Thomas 1988, Enders and Knotek 1989). The 
difference between the avidity of IgGi and IgG3 is 
greater after a primary infection than after reinfection. 
With a primary infection the diethanolamine shift value
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(DSV) is > 0.8, the DSV for reinfection is < 0.65, so the 
test will allow the differentiation between primary 
infection and reinfection. This would be of value in 
prevention of CRS as a result of asymptomatic primary 
infection (Morgan-Capner and Thomas 1988). There is a 
good correlation between total IgG and IgGi avidities. 
Rubella specific IgGi is the predominant antibody to 
rubella, IgGa is normally only seen in primary acute 
sera. Specific IgGz and IgG* are only rarely seen (Enders 
and Knotek 1989).

16.8. Other methods for detecting a rubella infection

Several other methods for detecting rubella specific IgM 
have been described, they include anti-IgM capture 
radioimmune assay (MACRIA) (Mortimer et al 1981), solid 
phase reverse immunosorbant test (SPRIST) (Denoyel et al 
1981) and fluoroimmuno assay (M-FIAX) (Ectievarria et al
1985). Recent rubella infections can also be detected by 
complement fixation. CF antibodies rise 2 weeks after 
onset. A rise in CF titre is indicative of recent 
infection. A rise in HAI or IgG titre is also indicative 
of recent infection. As CF antibodies rise after HAI, if 
the rise in HAI is missed the infection can still be 
detected by CF titration. Passive haemagglutination 
coupled with HAI can be used to detect a recent primary 
infection (Meurman 1978, Inouye et al 1986). In this test 
the PHA titre after 2Me treatment of the sera is lower
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than the HAI titre (no 2Me treatment) in acute sera as 
the PHA titre rises after HAI. Sera from a remote 
infection have a lower HAI titre than PHA titre.

16.9. Confirmation of foetal infection

Detection of rubella specific IgM in maternal blood is 
indicative of primary maternal rubella infection but does 
not invariably lead to foetal involvement. To confirm 
foetal rubella infection, specific foetal IgM has to be 
assessed. As the foetus does not produce IgM before 18-20 
weeks gestation, testing foetal IgM is not possible in a 
first trimester infection (Morgan-Capner et al 1984, 
Enders and Jonatha 1988).

Infection of the foetus can be detected by virus 
isolation from a chorionic villus sample (CVS). Poor 
sample collection and transport can lead to false 
negative results as the virus is very unstable. An 
alternative to virus isolation is the detection of virus 
specific nucleic acid sequences in the specimen by 
hybridisation with cloned rubella cDNA (Terry et al
1986). The sensitivity of this test can be improved by 
amplifying the viral nucleic acid by polymerase chain 
reaction (PCR) and detecting rubella specific sequences 
in the amplified nucleic acid by Southern blotting (Ho- 
Terry et al 1990).
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If the results from a CVS indicate foetal involvement 
the mother can be advised on therapeutic abortion. 
However if the result is negative, another CVS should be 
repeated at a later stage (eg. at 20-22 weeks of 
gestation). At this time foetal IgM can also be tested.
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1.Tissue culture

1.1. Medium and buffers

1) BHK Growth medium. Minimum essential medium (Glasgow 
modification) supplemented with tryptose phosphate broth 
(10%), foetal bovine serum (10%), penicillin (100 I.U/ml) 
and streptomycin (100 pg/ml).

2) Vero and RK 13 growth medium. 199 (modified) with 
Earle's salts supplemented with foetal bovine serum (5%, 
Vero cells, 10%, RK13 cells), penicillin (100 I.U/ml) 
and streptomycin (100 pg/ml).

3) WI 38 growth medium. Basal medium Eagle (modified) 
with Earle's salts, supplemented with foetal bovine serum 
(10%), nonessential amino acids, penicillin (100 I.U/ml) 
and streptomycin (lOOpg/ml).

The foetal bovine serum in all media was heat treated at 
56°C for 30 mins. before use.

4) Phosphate buffered saline (PBS) NaCl 136mM, KC1 2.7mM, 
Na2HP04 *2H20 7.0mM, KH2P04 0.7mM. pH 7.4 . Buffer made up 
in double distilled water and sterilised by autoclaving 
at 115°C (10 psi) for 10 minutes.
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5) EDTA lOOx conc. EDTA made to 2% in PBS and autoclaved 
at 115°C (10 psi) for 10 minutes.

1.2. Passage of cells

Cells (BHK21, RK13, Vero, and WI38) were obtained from
Flow Laboratories. Monolayers of cells were washed with 
PBS supplemented with EDTA (0.02%) and then treated with 
2.5% trypsin (200pl per 150 cm2 flask). After 2 minutes 
incubation with trypsin the cells were resuspended in 
growth medium (10ml) and counted in a haemocytometer.

Tissue culture flasks were seeded with cells at a density 
of 1x10s cells per ml of medium (3.3xl04 cells/cm2 ). The 
cells were incubated in growth medium at 37°C in 5% CO2 
and used at confluence, 3-7 days after seeding depending 
on the cell line.

1.3. Freezing cells

Cells were frozen in liquid nitrogen in freezing medium 
(growth medium supplemented with 5% dimethylsulphoxide) 
at a density of 7.5xl06 cells/ml, 1ml per vial. The vials 
were slowly cooled to -70°C (vials in a polystyrene box 
to limit the rate of cooling to ca. 1°C per min.) and 
were then transferred to liquid nitrogen.

98



1.4. Recovery of cells from liquid nitrogen

Cells were rapidly warmed to 37°C and then resuspended in 
growth medium (10ml). After pelleting (500g for 10 mins.) 
the cells were resuspended in growth medium (50ml for 
each vial of cells) and incubated at 37°C. The growth 
medium was changed after 24 hours.

2. Growth of virus.

2.1 Virus strains

Rubella strain Judith was obtained from The Hospital for 
Sick Children, Great Ormond Street, London. Rubella strain 
HPV77 was obtained from Organon Teknika, The Netherlands. 
Rubella strain RA27/3 was purchased from Smith, Kline and 
French Laboratories Ltd. Rubella strains RS, RN and RAN 
were wild type isolates.

2.2. Infection in suspension.

Vero cells (5xl06 cell in 1ml growth medium for each 150 
cm2 flask and 3xlOv cells in 5ml for a 850 cm2 RB) were 
mixed with virus (0.1 ffu per cell) and shaken at 37°C 
for 90 minutes. The infected cells were then transferred 
to tissue culture vessels and incubated at 37°C in growth
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medium. At confluence, 3 days after seeding, the growth 
medium was replaced with maintenance medium (same as
growth medium except that 2% foetal bovine serum and
double the concentration of sodium bicarbonate were
used).

2.3. Infection of monolayers.

Monolayers of cells were washed with PBS then inoculated 
with virus (0.1 ffu per cell) and incubated at 37°C for 
90 minutes, the inoculum was then removed and replaced 
with maintenance medium.

For both methods of infecting cells the maintenance 
medium was changed each day. The harvests were titrated
for HA activity and then stored at -70°C. For seed virus
the harvests were titrated for HA and infectivity. The
virus was supplemented with 10% foetal bovine serum
before storing as seed in liquid nitrogen.

2.4. In vivo labelling of virus

Infected monolayers of BHK cells were radioactively
labelled with 5-3H-uridine (26.3 Ci/m mole, 2pCi/ml) from 
24 hours to 72 hours post infection in maintenance 
medium.
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3. In vitro labelling of virus

This was carried out as described by Bolton and Hunter
(1973). Purified virus (lOOjil) in 0.1M borate buffer 
(pH8.5) and lOOpCi of dried N-succinimidyl (2,3-3H) 
propionate (30-60 Ci/m mole ) (Amersham International, 
Amersham, Bucks.) were reacted for 15 minutes at 4°C with 
constant shaking. Unreacted isotope was blocked by the 
addition of 0.2M glycine (1.5ml) in borate buffer, after 
5 minutes incubation at 4°C the conjugate was 
exhaustively dialyzed against PBS.

4. Infectivitv titration.

Virus was serially diluted (logio) using RK 13 growth 
medium as a diluent (lOOpl per well) in microtitre trays, 
104 RK13 cells per well were added. The edge wells, 
which were not used, were filled with sterile distilled 
water. After 3 days incubation at 37°C, the cells were 
fixed with formaldehyde (4% in PBS) for 1 hour. After 
washing the fixed cells with distilled water they were 
stained with 1/10 carbol fuchsin (5min). Micro foci were 
counted, the larger primary foci are easily distinguished 
from the small secondary foci. Alternatively infectious 
centres were visualised using histochemical staining 
methods. The titre was read as foci/ml. A foci forming 
unit (ffu) was defined as the reciprocal of the titre.
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5. Histochemical staining of infected cells

5.1. Buffers and reagents

1) PBS-Tween: PBS (as for tissue culture), Tween-20
(0.05%) and NaN3 (0.02%).

2) Antiserum: Antirubella rabbit serum (0.1%) absorbed
with Vero and RK13 cell extract (acetone powder).
Antisera was diluted in PBS-Tween containing BSA (1%).

3) Antiglobulin: Alkaline phosphatase conjugated 
antirabbit IgG (whole molecule) (SIGMA Chemicals) diluted 
appropriately (normally 1/1000) in PBS-Tween + 1% BSA.

4) Substrate (BCIP): 5-Bromo-4-Chloro-3-Indolyl phosphate 
(0.25mg per ml) in substrate buffer (2-amino-2-methyl- 
1,3-propanediol 10.2g/l, MgCl2*6H20 10mg/l, pH 10.4). The 
substrate was dissolved in substrate buffer at 37°C, just 
before use 0.1M CuS04 (lOyil/ml of buffer) was added.

5.2. Methods

Microtitre trays with infected RK13 cells were prepared 
as described. After 3 days incubation the cells were
washed with PBS and fixed with ethanol (1 hour RT). After 
removing the ethanol the trays were dried at 37°C for 10 
mins.
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Diluted anti serum was added (lOOpl per well) and allowed 
to react for 2 hours at 37°C in a humidified incubator.

The trays were washed 3 times with PBS-Tween with a 2
minute incubation in PBS-Tween at each rinse.

Diluted antiglobulin was added (lOOpl per well) and 
reacted at 37°C for 2 hours.

The Trays were washed thus: 2 times with PBS-tween (5
minutes soak), once with PBS (2 minute soak) and once
with distilled water.

Substrate was added (lOOpl per well) and reacted
overnight at room temperature. The reaction was stopped 
by rinsing the trays with 70% ethanol.

6. Neutralization titrations of sera

Test and control sera were heat treated (56°C x 30 
minutes) and diluted in RK13 growth medium (2 fold serial 
dilutions) in microtitre trays in triplicate. Seed virus 
was added (100 ffu in 10pl). After a 1 hour incubation at 
room temperature RK13 cells (104 per well in lOOpl) were 
added. The trays were incubated at 37°C in a humidified 
incubator for 3 days. The cells were fixed with 
formaldehyde and stained with carbol fuchsin as 
described. The titre of the sera was taken as the
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highest dilution without CPE (ie. the total 
neutralization of 100 ffu).

7. Neutralization Kinetics

Virus (500 ffu in 0.5ml) was mixed with 1ml of diluted 
sera (diluted to neutralize lOOOffu) and incubated at 
37°C. Samples were taken at 5 minutes intervals upto 45 
minutes and were serially diluted in ice cold RK13 growth 
medium in a microtitre tray. RK13 cells were added 
(104/well in lOOpl). The trays were examined for foci 
after 3 days incubation at 37°C.

The rate constant for the neutralization of the virus was 
calculated from the integrated rate law.

In (Vt/VQ ) = -Kt 
Where V0 = the titre of the virus at zero time 

Vt = the titre of the virus at time t 
K = rate constant.

Titration errors give a range on K of ±15%, calculated 
as 2 standard deviations from a series of titrations with 
standard sera and virus.
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8. Antisera

8.1. Human sera

73 sera randomly selected from UCL medical students.
11 acute sera.
13 post vaccination sera obtained from Wellcome 
Laboratories, Beckenham Kent.

8.2. Rabbit sera.

Rabbits were injected once with 50pg of purified virus 
(intravenous) and bled after 1 month for specific sera. 
Hyperimmune sera was prepared by 3 injections 
(intravenous) of purified virus (50jig) at one month 
intervals. The rabbits were bled 1 month after the final 
injection.

8. 3. Monoclonal antibody production

a) Preparation of hvbridoma

Monoclonal antibodies were produced as described by 
Prabhakar et al (1984).

NS1 cells were passaged in RPMI1640 supplemented with 
sodium pyruvate (ImM), 10% IgG free serum substitute 
CPSR3 (Sigma), penicillin (100 I.U./ml), streptomycin
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(lOOpg/ml) and 8-azaguanine (20pg/ml). One week before 
fusion the cells were passaged every other day in medium 
excluding 8-azaguanine to remove all traces of the drug 
from the cells and to maintain them in log phase growth. 
The cells were washed in serum free medium before fusion.

Mice (Balb/c) were immunised with purified virus (50pg) 
in Freund's complete adjuvant (subcutaneous) followed by 
3 intraperitoneal immunisations at four weekly intervals 
with purified virus (no adjuvant). Three days after the 
final immunisation the spleens were removed.

A single cell suspension of lymphocytes as prepared by 
"teasing" the spleens with syringe needles (gauge 23). 
The cells were washed in serum free medium (RPMI1640) and 
pelleted with myeloma cells (NS1) at a ratio of 10:1.

The pelleted cells (spleen cells + NS1) were resuspended 
in lOOpl of serum free medium. Warm 50% polyethylene 
glycol 1450 was added over the course of 1 minute with 
gentle agitation of the cell suspension. For each 10s 
spleen cells 1ml of polyethylene glycol was added. Then 
doubling volumes of serum free medium was added each 
minute over 5 minutes. The fused cells were pelleted by 
centrifugation at 500g and resuspended at a density of 
lxlO6 cells/ml in HAT growth medium (RPMI1640 
supplemented with sodium pyruvate ImM, 1-glutamine 4mM, 
20% IgG free serum substitute CPSR3 (Sigma), hybridoma
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growth factor, 10ml in 500ml of medium (Northumbria 
Biologicals Ltd), hypoxanthine lOOpM, thymidine 16pM, 
aminopterin 0.4pM, penicillin 100 I.U./ml and 
streptomycin 100iig/ml) and dispensed into tissue culture 
microtitre trays at a density of lxl05/well.

The fused cells were maintained in HAT growth medium with 
a change of half the medium every 3 days. After 10 days 
the tissue culture trays were examined for hybridoma 
growth. The wells that showed extensive growth were 
screened for specific antibodies in the medium by ELISA. 
Cells that were producing rubella antibodies were cloned 
by limiting dilution, negative cells were discarded. The 
original hybridoma containing trays were further 
incubated for 10 days and examined once more for slow 
growing cells that were screened by ELISA and cloned if 
positive.

b) Cloning of hybridoma cells

Microtitre trays were seeded with hybridoma cells at 
densities of 10, 5, and 1 cell per well in HAT medium.
The trays were incubated at 37°C for 5 days without being 
moved. At this time the well were examined for single 
colonies of hybrid cells. It is probable that single 
colonies observed at limiting dilution are monoclonal. 
Antibody positive wells were recloned and expanded. Once 
the cloned cells had been expanded, hybridoma growth
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factor was excluded from the medium.

c) Monoclonal antibody purification

Tissue culture fluid from cloned hybridoma cultures was 
clarified by centrifugation at 2000g for 10 minutes. The 
supernatant was mixed with an equal volume of saturated 
ammonium sulphate and incubated at 4°C for 1 hour. The 
precipitated antibody was sedimented by centrifugation 
(3000g for 20 minutes at 4°C). The precipitate was 
resuspended in PBS and reprecipitated with saturated 
ammonium sulphate. The second precipitate was resuspended 
in PBS to 1/4 of the original volume.

d) IgG class determination

This was carried out by indirect enzyme linked 
immunosorbent assay (ELISA) as described in section 11 of 
materials and methods using alkaline phosphatase 
conjugated IgGi, IgGz, IgG3 and IgG4 obtained from SIGMA 
Chemicals.

e) Alkaline phosphatase conjugation of monoclonal 
antibodies

Purified monoclonal antibodies (1ml) were mixed with 
alkaline phosphatase (0.6mg, 600 units, Sigma) and
dialysed against PBS. 25% glutaraldehyde (Sigma) was
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added to the ALP-MCAB mixture to a final concentration of 
0.2%. The mixture was incubated at room temperature for 
90 minutes then dialysed against PBS. The conjugated 
antibodies were stored at 4°C with sodium azide added to 
0.02% (Clark and Bar-Joseph 1984).

f) Competitive ELISA between monoclonal antibodies

Purified monoclonal antibodies either unlabelled or 
labelled with alkaline phosphatase were diluted to the 
same ELISA titre. Labelled antibodies and unlabelled 
competing antibodies were mixed together (50pl of each). 
The antibody mixture was reacted on an ELISA tray coated 
with purified virus (2 fold excess of antibody) for 2 
hours at 37°C. The bound alkaline phosphatase labelled 
MCAB was detected with p-nitrophenyl phosphate. The 
degree of competition was calculated from the equation 
below (Green and Dorsett 1986).

Degree of competition =

O.D. of labelled antibody with competing antibody 
O.D. of labelled antibody without competing antibody

9. Haemaqqlutination (HA) titration

9.1. Preparation of HA antigen

Virus (infected tissue culture fluid) was treated with
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Tween-80 (lpl/ml) and extracted with diethylether, to 
remove nonspecific inhibitors (Norrby 1962).

9.2. Preparation of day old chick red blood cells

Day old chick red blood cells (Flow laboratories) were 
stored in alsevers buffer (2.05% D-glucose, 0.42% NaCl, 
0.055% citric acid and 0.8% sodium citrate) until the day 
of use. Before use the cells were washed three times in 
DGV buffer (1% D-glucose, 0.06% gelatin and complement 
fixing buffer obtained from Oxoid).

9.3. Titration of virus haemagglutinin

Haemagglutination titrations were carried out as 
described by Liebhaber (1970). Tween-ether treated virus 
was serially diluted in HSAG buffer (0.025M Hepes, 0.14M 
NaCl, ImM CaCls, 1% w/v bovine serum albumin and 0.00025% 
w/v gelatin, pH 6.1), dropwise in V-cup microtitre trays. 
25pl of HSAG and 50pl of 0.25% day old chick red blood 
cells (in HSAG buffer) were added to each well and the 
tray was incubated at 4°C for 2 hours. The highest 
dilution of antigen which showed complete agglutination 
represented the haemagglutination titre, the reciprocal 
of which was referred to as the number of 
haemagglutination unit (HAU) per 25pl of virus for the 
purposes of calculation of the total HAU in a virus

110



preparation.

9.4. Haemagglutination inhibition

This test was carried out as described by Liebhaber 
(1970). Nonspecific inhibitors were removed from the sera 
by absorption with dextran sulphate (0.33% w/v) and CaClz 
(0.067M) for 2 hours at 4°C before removal of the
precipitate by centrifugation. Nonspecific agglutinins 
were removed by absorption with 50% day old chick red 
blood cells for 30 minutes at 4°C. After treatment, 25pl 
of serial dilutions of the serum in HSAG buffer were 
incubated with an equal volume of HA antigen containing 4 
HAU in V-well microtitre trays at 4°C for 2 hours before 
addition of 50pl of 0.25% day old chick red blood cells 
in HSAG buffer. After a further incubation of 2 hours at 
4°C the haemagglutination inhibition (HAI) titre of the 
serum was read as the highest dilution of the serum which 
inhibited haemagglutination.

10. Virus purification

Infected tissue culture medium was clarified by 
centrifugation at 2000g for 30 minutes at 4°C and then 
concentrated by centrifugation at 50,000g for 2 hours at 
4°C. The pellet was solubilized in 500pl of TE buffer 
(lOmM tris pH 7.3, 15mM EDTA) by incubation overnight at 
4°C and then purified on a discontinuous sucrose
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gradient, 5%, 15%, 25%, 35% and 45% w/w in TES buffer
(lOmM tris pH7.3, ImM EDTA, lOOmM NaCl). After 
centrifugation at 200,000g for 2 hours at 4°C, 500pl
fractions were collected and dialysed against PBS at 4°C 
overnight. The fractions were titrated for HA activity, 
infectivity and protein concentration. The fractions 
containing peak infectivity were further purified on a 
linear 5-45% w/w sucrose gradient in TES. After 
centrifugation at 200,000g for 2 hours at 4°C. The 
gradient was fractionated as before.

11. Enzyme linked immunosorbent assay (ELISA)

This was performed as described by Vaheri and Salonen 
(1980). Wells of ELISA trays were coated with purified 
virus (lpg in lOOpl) in coating buffer (NazCOa 15mM, 
NaHCOa 35mM pH 9.6) by incubation at 4°C overnight. The 
trays were over coated with 1% bovine serum albumin 
(BSA) in coating buffer. Appropriately diluted serum in 
PBS containing 0.05% (v/v) tween-20 (PBS-Tween) and 1% 
BSA was reacted in the coated ELISA tray for 2 hours at 
37°C. Rubella specific antibodies were identified by 
further incubation with alkaline phosphatase conjugated 
antiglobulin (Sigma Chemicals Ltd) for 2 hours at 37°C 
and p-nitrophenyl phosphate (lmg/ml) in substrate buffer 
(diethanolamine 9.7% v/v pH9.8) at 37°C for thirty 
minutes. The optical density was read at 410nm.
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Between each stage of the ELISA the trays were washed 
three times with PBS-tween and three times with distilled 
water.

11.1. Rate limiting ELISA

This test was carried out during the linear portion of 
the antigen-antibody reaction.

Rubella antigen coated ELISA trays (lpg/well) were 
reacted with diluted sera (1/1000 in PBS-Tween) for 30 
minutes at 37°C. The rest of the test was performed as a 
normal ELISA.

12. Competitive radioimmune precipitation (RIP)

Competitive RIP was performed as described by Six and 
Kasel (1984).

12.1. Titration of antiglobulin

Rabbit serum was serially diluted in PBS, lOOpl of each 
dilution was mixed with antiglobulin (lOpl of antirabbit 
IgG) and incubated at 37°C for 2 hours. The precipitates 
were washed with cold PBS and dissolved in 0.25M acetic 
acid (1ml). The optical density was measured at 279nm and 
plotted against serum dilution. From the results the 
optimum serum:antiglobulin ratio was calculated.
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12.2. Titration of antiserum

3H-rubella virus was diluted to give 2000 cpm in 50pl in 
RIP buffer (PBS supplemented with EDTA ImM, 0.1% BSA, 
0.03% triton-XlOO). Rubella specific rabbit serum (50pl) 
was serially diluted in RIP buffer, diluted virus (50pl) 
and carrier mix (200pl of a 1% solution of preimmune 
rabbit serum in RIP buffer) were added and then incubated 
at 37°C for 4 hours followed by an overnight incubation 
at 4°C. Antirabbit IgG diluted to equivalence with the 
preimmune rabbit serum was added and the mixture 
incubated overnight at 4°C. The precipitates were washed 
with cold PBS and counted. The radioactivity
precipitated was plotted against serum dilutions. The 
dilution of serum that gave 60% precipitation of the 
total TCA precipitatable radioactivity was calculated.

12.3. Competitive RIP

The competition reaction was carried out thus: 
Antirubella rabbit serum diluted to give 60% 
precipitation of a standard dose of 3H-rubella virus was 
mixed with RIP carrier mixture to give a standard (60%) 
precipitating dose in lOOpl. Unlabelled virus, 50pl, 
(homologous or heterologous) was serially diluted in RIP 
buffer, 3H-virus was added. To the virus mixture lOOpl of 
diluted serum was added. After 4 hours incubation at 4°C 
an equivalence dose of antirabbit IgG was added and
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incubated at 4°C overnight. The precipitates were washed 
and counted. The percentage inhibition was calculated for 
each dilution of virus and trend lines constructed from 
the linear portion of the titration curve. From the 
slopes the antigenic relatedness (AR) was calculated.

Slope of heterologous curve
AR  --------------------------------  X 100

Slope of homologous curve

13. TCA precipitation

Virus was mixed with an equal volume of 10% 
trichloroacetic acid (TCA) and incubated at 4°C 
overnight. The precipitate was washed with cold 5% TCA
followed by 2 washes with cold acetone. Precipitates were
sedimented by centrifugation at 10,000g for 10 minutes at 
4 °C.

14. Polyacrylamide gel electrophoresis (PAGE)

This technique was performed as described by Maizel
(1974). 10cm cylindrical or slab resolving gels
consisting of acrylamide and N N 1-methylenebisacrylamide 
at a ratio of 37.5:1 (aery1amide-bis) were cast.
Acrylamide concentrations were 7.5%, 10%, or 15% in
0.375M tris/HCl (pH8.9), 0.1% SDS, ImM EDTA.
Polymerisation was initiated with 0.05% ammonium 
persulphate and catalysed by the addition of 0.05%
NNN'N'-tetramethylethylenediamine (TEMED). After
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polymerisation a 3% stacking gel in 0.125M tris/HCl pH
6.7, 0.1% SDS, ImM EDTA, 0.05% ammonium persulphate, 
0.05% TEMED was cast on top of the resolving gel.

Samples were made up in sample buffer (0.125M tris/HCl pH
6.7, 2% SDS, 0.1M dithiothreitol, 10% glycerol and
0.00125% bromophenol blue) to 50pl and incubated at 100°C 
for 2 minutes before loading onto the gel. Electrode 
buffer was 0.05M tris, 0.38M glycine, 0.1% SDS. 
Electrophoresis was carried out at constant voltage 
(100V) for approximately 4 hours until the bromophenol 
blue had migrated 9cm. Molecular weight markers (bovine 
serum albumin (BSA) 66Kd, ovalbumin (OA) 45Kd, 
glyceraldehyde-3-phosphate dehydrogenase (GPD) 36Kd) were 
included on every gel. All chemicals were obtained from 
Sigma Chemicals Ltd.

15. Peptide mapping

This was performed as described by Clevland et al (1977). 
Purified virus was first electrophoresed through a 
cylindrical polyacrylamide gel (10%). Sections of gel 
corresponding to the molecular weight range of rubella 
structural proteins (Rf 0.1 to 0.65) were soaked in 
sample loading buffer (0.125M tris/HCl pH 6.8, 0.1% SDS,
ImM EDTA) for 30 minutes and were embedded in 0.5% 
agarose (made up in sample loading buffer) on top of a 
slab gel comprising of a 4cm 3% spacer gel with a 15%
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resolving gel. The gel sections were overlaid with 2ml of 
sample loading buffer supplemented with 2% glycerol, 
2pg/ml protease V8 and 0.0025% bromophenol blue. 
Electrophoresis was carried out as before at 100V until 
the bromophenol blue reached the resolving gel when the 
power was switched of for 30 minutes to allow the enzyme 
to act. The power was restored and run at constant 
current (5mA) for 16 hours (until the bromophenol blue 
had migrated 9cm through the resolving gel). After 
electrophoresis peptides were trans blotted
electrophoretically onto nitrocellulose sheets.
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16. Electrophoretic blotting of PAGE gels (Western
blotting)

Scotch brite sheets, 3MM paper and nitrocellulose were 
soaked in trans blot buffer (25mM tris, 192 mM glycine, 
20% methanol). Slab gels were overlaid with 
nitrocellulose sheets (being careful to exclude any air 
bubbles) and sandwiched between 3MM filter paper and and 
scotch brite pads. The transfer was carried out in trans 
blot buffer at 30 volts for 18 hours. After blotting the 
filters were stained with Ponceau-S (0.2% in 2% phenol 
for 5 minutes) to confirm successful transfer of the 
proteins.

16.1. Immunochemical staining of trans blot filters

Ponceau-S stained trans blot filters were destained with 
PBS-Tween (PBS + 0.05% tween-20) (3x 5 minutes) and
blocked with 1% BSA in PBS-Tween, 1ml/cm2 (30 minutes at 
RT with agitation). All further reaction were carried out 
in sealed plastic bags using reagents at the rate of 
100pl/cm2 of nitrocellulose. The blocked filters were 
incubated with antiserum appropriately diluted in PBS- 
Tween containing 1% BSA for 1 hour at RT with agitation. 
After washing the filters ( 3 x 5  minutes in PBS-Tween 
with agitation) the second antibody reaction was carried 
out (alkaline phosphatase conjugated antiglobulin 
appropriately diluted in PBS-Tween containing 1% BSA),
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for 1 hour at RT with agitation. After washing the filter 
twice with PBS-Tween as before, once with PBS (2 minutes) 
and once with distilled water for 2 minutes the substrate 
was added (5-bromo-3-choloro-3-inolyl phosphate,
0.25mg/ml in substrate buffer (2-amino-2-methyl-1,3- 
propanediol 10.2g/l, MgCl2 .6H20 10mg/l pH 10.4). Just 
before starting the substrate reaction 0.1M CuSCU 
(lOpl/ml) was added to the substrate. The substrate 
reaction was stopped after 1 hour at RT (no agitation) by 
washing the filter in 70% ethanol (Turner 1986).

16.2 Dot blot

Samples (lpl) were dotted onto nitrocellulose and air 
dried. Immunochemical staining was carried out as above.

17. Removal of cross reacting antibodies from sera

10s tissue culture cells (vero, RK13 or BHK) were washed 
in cold PBS then resuspended in 250pl of ice cold 0.1M 
NaCl, 1ml of acetone (chilled to -20°C) was added and 
mixed. The suspension was incubated on ice for 1 hour and 
then centrifuged (10,000g x 10 minutes at 4°C). The 
pellet was resuspended in acetone at -20°C and incubated 
on ice for 10 minutes then centrifuged as before. The 
supernatant was removed and the pellet air dried.

To adsorb cross reacting antibodies from sera acetone
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powder was added (1% w/v), mixed and incubated on ice for 
15 minutes. The powder was removed by centrifugation and 
the sera aliquoted and stored at -20°C.

18. Protein estimations

Protein concentrations were determined by the method 
described by Lowry et al (1951). 200pl of protein
containing solution was incubated with 1 ml of alkaline 
copper sulphate solution (made up of 2% Na2C03 in 0.1M 
NaOH and 0.5% CuS04*6H20 in 1% sodium tartrate in a ratio 
of 50 to 1) at RT for 10 minutes before the addition of 
lOOpl of appropriately diluted Folin's reagent. After 
incubating at RT for 30 minutes, the optical density was 
read at 500 nm against standards of known protein 
concentration (BSA) similarly treated.

19. Fast protein liquid chromatography (FPLC)

FPLC was carried out on a Pharmacia system with P500 
pumps, a GP250 programmer and Superose 12 or mono Q 
columns. All buffers were prepared in double distilled 
water, filtered (220p) and degassed.

20. Escherichia coli (E. coli) and plasmids

E. coli and plasmids are described in the results 
section.
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21. Lysis and subcellular fractionation of E. coli

Growth of cultures of E. coli containing rubella El 
expression plasmids is described in the results section.

E. coli cultures were pelleted (1300g x 15 minutes at 
4°C) and resuspended in lysis buffer (50mM tris pH 8.0, 
ImM EDTA, lOOmM NaCl) at 3ml/gm E. coli (wet weight). 
Phenyl-methyl-sulphonyl fluoride (PMSF) (ImM) and 
Lysozyme (0.2 mg/ml) were added and the mixture incubated 
at 4°C for 20 minutes.

Deoxycholic acid (4mg/gm E. coli) was added to the 
mixture while stirring which was then incubated at 37°C 
for 30 minutes, DNase I (20pg/gm E. coli) was added 
followed by a further incubation of 30 minutes at 37°C. 
The lysate was centrifuged (12000g x 15 minutes at 4°C) 
and the supernatant removed and saved for analysis by 
PAGE. The pellet was resuspended in 9 volumes of lysis 
buffer containing triton X100 (0.5%), EDTA (lOmM) and 
PMSF (ImM). After incubating at 37°C for 5 minutes the 
mixture was centrifuged (12000g x 15 minutes at 4°C). 
Samples of the supernatant and pellet were analysed by 
PAGE.
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RESULTS



1. Preliminary studies

1.1 Growth of virus and virus antigens.

Rubella virus isolates (a gift from Dr. J. Cradock- 
Watson) were grown in vero, BHK or RK13 cell lines. 
Conditions required for production of sufficiently high 
titre virus for biochemical and antigenic analysis were 
investigated.

1.2. Harvesting of virus with relation to CPE.

Rubella strain Judith (RJ) was inoculated in vero cells 
in microtitre trays at a multiplicity of infection (moi) 
of 0.1 ffu/cell, with or without a daily change of 
culture medium. The development of CPE was monitored 
daily by microscopy, virus released was titrated for HA 
activity. The results summarized in table 6 show that the 
minimisation of CPE by a daily change of medium increased 
the yield of HA antigen by 8 fold. Figure 6 shows that 
the release of virus could be maintained with the 
development of minimal CPE for at least one month at low 
titre.
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Growth
n-days

Daily 
CPE(%)

Harvest
HAU/cell 

xlO-4

Harvest after n-days
CPE(%) Total HAU/cell 

xl0~4

1 none <1.6 none <1.6
2 none <1.6 none 1.6
3 none 1.6 none 1.6
4 none 3.2 10 3.2
5 5 6.4 50 6.4
6 5 6.4 100 6.4
7 10 6.4 --- ---

8 15 6.4 --- ---

9 15 6.4 --- ---

10 20 6.4 --- ---

11 20 6.4 --- ---

Cumulative HAU per cell 49.6 6.4

Table 6 The growth of virus in vero cells, with or
without a daily change of medium. The CPE is an
estimation of the total CPE per well.
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Figure 6 The growth of rubella virus strain RJ 
the course of 1 month in vero cells.
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1.3. Thermal stability of rubella virus.

a. HA activity.

5ml of rubella strain RJ infected tissue culture medium 
with an HA titre of 1/128 (harvested at peak HA titre 
with minimal CPE) was incubated at 37°C. 450 pi samples
taken at daily intervals for 6 days and were titrated for 
HA activity in triplicate.

Assuming the loss of HA follows first order kinetics 
then:

Rate = -dv/dt = kv

A plot of the integrated rate equation, vt/v0 = e-lct, 
gives a straight line of slope -k passing through the 
origin, where v0 is the titre at zero time and vt is the 
titre at time t. The results (figure 7) show that k = 
0.450/hr. The half life of rubella HA under these 
experimental conditions was 37 hrs. (half life = In 0.5/- 
k).
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42 3 651
Incubation time at 37°C (Days)

Figure 7 Inactivation kinetics of rubella HA at
37°c. |----- 1 = range of 3 determinations.
X = mean value.
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b. Infectivity.

Rubella virus strain RJ (5ml infected tissue culture 
medium 104 ffu/ml) was incubated at 37°C, 200pl samples
were taken at 5 minute intervals for 45 minutes and 
titrated in duplicate for infectivity in RK13 cells. 
Assuming first order kinetics as in (a) the rate 
constant, K, for the loss of infectivity is 0.010/min. at 
37°C. The half life for loss of infectivity is 70 minutes 
at 37°C under the conditions used here (figure 8).

These results showed that the infectivity of rubella is 
highly thermo labile and is lost more readily than HA 
activity.
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Incubation time at 37°C (minutes)

Figure 8. Kinetics of inactivation of rubella virus
at 37°C. |----1 = range of 3 determinations.
X = mean value.
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1.4. Selection of wild type isolates for investigation.

Sixty one rubella isolates were passaged 2 to 9 times in 
vero cells. Virus harvested on day 5 was diluted 1/10 and 
used as inoculum for following pass. Virus, harvested 
daily, was titrated for HA activity. The maximum HA 
titres attained over a period of 10 days are shown in 
table 7. The detailed passage history of 9 isolates from 
group 3 (numbers 1, 3, 4, 6, 7, 8, 9, 10 and 11) and 2
isolates from group 2 (numbers 2 and 5) are shown in 
table 8. Isolates 4, 5, 6 (designated RM, RAN and RS)
were selected for comparison with laboratory strain RJ.

Group HA titre Number of isolates
1 <2 13
2 <32, >2 30
3 £32 18

Table 7 Growth of rubella isolates in 
tissue culture, HA titres at passage 2.
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p
as

HA titre of rubella isolates
s 1 2 3 4 5 6 7 8 9 10 11 RJ
2 32 16 32 32 16 32 32 64 64 64 64 32
3 -ve -ve -ve 32 16 16 16 128 32 128 128 64
4 32 8 16 32 64 32 64
5 32 16 64 -ve 8 4 128
6 32 128
7 128
8 128
9 128

Table 8 Passage of rubella isolates in tissue culture 
(vero cells). The HA titres represent the maximum titres 
attained. Strain RJ is the laboratory strain Judith. 
Pass = passage number.
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1.5. Virus concentration.

Infected tissue culture medium was clarified by 
low speed centrifugation (3000 x g ) . The virus was then 
concentrated by centrifugation (as described in materials 
and methods). A comparison of total virus yield before 
and after centrifugation by HA and infectivity titration 
showed a recovery of 95% and 71% respectively (table 9).

1.6. Virus purification

Concentrated rubella was purified by centrifugation 
through discontinuous sucrose gradients. Fractions 
(0.5ml) were titrated for HA activity and infectivity and 
protein concentration. Figure 9 shows that rubella virus 
was recovered predominantly in fractions 3, 4, and 5.
These fractions were pooled and further purified in 
continuous sucrose gradients (figure 10).

A comparison of virus yields and specific activities 
of the crude and purified virus preparation is shown in 
table 9. The HAU/pg protein ratio of the pooled peak 
fractions from the discontinuous gradient is 109 whilst 
the HAU/pg protein ratio of the peak fraction after 
continuous gradient centrifugation is 128. There is an 
increase of 17% in the specific activity (HAU/pg protein) 
in the peak fraction (3) after the second centrifugation.
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Activity
Crude
Virus

After
Cone.

Discontinuous gradient Continuous gradient
Fract. 3 Fract.4 Fract. 5 Pooled Fract. 3 Fract. 4 Fract. 5

Total
ffu

2.8x10®
(100%)

2.0x10®
(71%)

2.0xl07
(7%)

3.4xl07
(12%)

2.8xl07
(10%)

ND ND ND ND

Total
HAD

2.2xl05
(100%)

2. IxlO5 
(95%)

2.0xI04
(9%)

8.2xl04
(37%)

4.IxlO4
(19%)

1.4xl05
(64%)

5. IxlO4
(23%)

5.IxlO4
(23%)

1.3xl04
(6%)

Protein
lig/il

2500 2100 550 660 280
t

110 200 238 300

ffu/|ig
Protein

3.2xl02 2.4xl04 1.8xl04 2.6xl04 5.6xl04 ND ND ND ND

HAU/pg
Protein

1.0 25 18 62 73
*

109 128 107 21

Table 9. Concentration and purification of rubella virus. 
90ml of crude virus (infected tissue culture medium) was 
concentrated and purified as described. *Pooled fractions 
were diluted 1/5 in PBS leading to the lower protein 
concent rat i o n .
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Total HAU 
xlO-4

Protein
pg/mi

9

6

3

105 15
Fraction number

(A) HA activity

800
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105 15

(B) Protein 
concent rat i on

Fraction number

xlO"7

4

3

2
1

5 10 15

(C)
Infectivity

Fraction number 
Figure 9. Purification of rubella virus on discontinuous 
sucrose gradients. Centrifugation was from right to left.
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Total HAU 
xlO-4

Protein
pg/ml

9
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3

105 15
Fraction number

(A) HA activity

300

200

100

105 15

(B) Protein 
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Figure 10. Purification of rubella virus on continuous 
sucrose gradients. Centrifugation was from right to left.
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2. Comparison of strains of rubella virus

2.1. Growth characteristics

The growth characteristics of wild type isolate RS 
(without passage) and laboratory strain RJ (uncloned) 
were compared in BHK, vero, and RK13 cells.

BHK, vero, or RK13 cells were infected (moi 0.1 ffu per 
cell) either in monolayer or suspended cells which were 
then grown to monolayers. Released virus was harvested 
daily and titrated in duplicate for infectivity and HA 
activity. The results plotted linearly in figure 11 (A)- 
(C) showed that both virus strains grow to approximately 
the same titre (2x10s ffu/ml which is equivalent to about 
100 ffu per cell) for cells infected in monolayer or in 
suspension. Maximum rate of virus release was on day 3 
when infected in monolayer and on day 5 when infected in 
suspension. The titre of both virus strains was lower in 
RK13 cells (<llxl07 ffu/ml) infected in monolayer or 
suspension. Maximum virus release for infected RK13 cells 
was on days 3 and 4.

The appearance of HA activity in the medium coincided 
with the release of infectious virus. Very little HA 
activity was detected from infected RK13 cells.
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Cells infected in suspension
ffu xl07/nl ffu xl07/ml

Cells infected in aonolayer
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HA titre HA titre
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200200
4̂ :
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O 1
3 5 62 4 6 45

Tine (days) Tine (days)

Figure 11 (A) Growth of rubella virus strain RS and 
RJ in BHK cells. RS ( D  ), RJ ( *t )
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Figure 11 (B) Growth of rut 
RJ in Vero cells. RS (Q ),
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slla virus strain RS and 
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Ceils infected in suspension Cells infected in nonolayer
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Figure 11 (C) Growth of rubella virus strain RS and 
RJ in RK13 cells. RS ( Q  ), RJ ( +  ).
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2.2. Structural protein analysis

a) Western blot analysis

i) Rubella virus grown in vero cells

Purified rubella virus strains RJ, RA27/3, HPV77, RM, RAN 
and RS (12.5pg) were electrophoresed on 7.5% PAGE gels 
and transferred to nitrocellulose. Anti-RS rabbit serum 
was used to identify rubella specific proteins.

The three structural proteins corresponding to those 
predicted from the sequence of the 24S mRNA, El, E2 and 
C, were found in all six strains of virus (figures 12 and 
13, table 10) with no detectable difference in molecular 
weights between strains. In all strains except RJ two E2 
bands are present, E2a and E2b, corresponding to the 
different glycosylation states.

A novel 75Kd polypeptide was observed in all virus 
strains (figure 12). Since the polypeptide reacted with 
both anti-El and anti-E2 MCAB's (figure 22) it is most 
probably a E1-E2 disulphide bonded dimer but is 25Kd 
short of the expected size for this dimer. The low 
molecular weight may be explained by proteolytic cleavage 
but it seems unlikely that such cleavage would be so 
specific as to form a discrete band. Anomalous migration 
of the E1-E2 dimer could also account for the apparent 
low molecular weight.
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Very little capsid protein was detected by western blot 
(figure 12). This may be because the RS serum used was 
not hyperimmune and may have had a low capsid antibody 
titre. Figure 13 shows a western blot of RS and RJ virus 
reacted with hyperimmune rabbit serum against RJ strain.

Protein Molecular
Weight

Published
figures

E1-E2 ?
El
E2a
E2b
C

75+5Kd
61±3Kd
45±2Kd
44±2Kd
35±2Kd

95-100Kd
55-63Kd

42-51Kd

30-35Kd

Table 10 The structural proteins of 
purified rubella virus. Published figures 
were derived from table 1 in the 
i nt roduct i o n .

ii) Rubella virus grown in RK13 cells

The PAGE patterns of virus grown in RK13 are 
indistinguishable from virus grown in other cell lines. 
All polypeptides are present in the same proportions, as 
shown by the intensity of staining in the western blot 
(figure 14). The virus had very little HA activity
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but similar infectivity titres compared with BHK or vero 
grown virus (figure 11 C ) . This result shows that the 
lack of HA activity in this virus is not due to a reduced 
concentration of envelope protein.
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M.W. Markers

75Kd

66Kd

RS RJ RM RAN RA HPV

Figure 12 Western blot of rubella virus strains. 
Reaction with anti-RS rabbit serum (not hyperimmune). 
The molecular weight markers were BSA (66Kd),
OA (45Kd) and GPD (36Kd).
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M.W. Markers

66Kd
_ 75Kd

km

L4 5Kd E2

36Kd - C

RJ RS

Figure 13. Western blot of RS and 
RJ strains of virus reacting with 
hyperimmune anti-RJ rabbit serum.
The molecular weight markers were 

BSA (66Kd), OA (45Kd) and GPD (36Kd).
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M.W. Markers

75Kd
66Kd

36Kd “ W W  ~ C

1 2  3 4

Figure 14. Western blot of virus grown in RK13 
cells. Lane 1, RS virus reacting with anti-RS 
rabbit serum, lane 2, RS virus reacting with 
hyperimmune anti-RJ rabbit serum, lane 3, RJ 
virus reacting with anti-RS rabbit serum, lane 
4, RJ virus reacting with hyperimmune anti-RJ 
rabbit serum. The molecular weight markers were 
BSA (66Kd), OA (45Kd) and GPD (36Kd).
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b) Antigenic Peptide Mapping by partial proteolytic 
cleavage and western blotting

Although similar in molecular weight, the structural
proteins of different strains of virus may differ in 
their amino acid sequence. This was investigated by 
specific proteolytic cleavage with Staphylococcus aureus 
protease V8 which cleaves the peptide bond on the 
carboxyl side of aspartic or glutamic acid.
Immunoreactive peptides were identified by western 
blotting using rubella (strain RS) specific rabbit serum. 
This technique would not identify those polypeptides that 
were not immunoreactive or those that had lost 
immunoreactivity as a result of proteolytic cleavage.

The antigenic peptide maps of El after partial 
proteolysis reveal differences between strains
(figures 15, 18 and table 11). The 3 major bands were
seen in all strains (band nos. 2, 5, and 8). Using RS as 
standard (since an anti-RS sera was used in the western 
blot) peptides 3 and 4 are not clearly seen in RJ, and 
peptide 9 is not clearly seen in RA, RM and RAN. Strain
RA has 1 additional peptide (peptide no. 6) and strain
RM has 3 additional peptides (peptides 1, 6, and 7).
Peptide number 8 is seen in all strains, but is only very 
faint in strain RAN.

The E2 peptide maps of strains RS, RJ and RM have
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identical patterns (figures 16, 18 and table 11). Strain
RAN has very few bands. There are no extra bands in any 
strain relative to RS.

The peptide maps of the capsid showed 1L peptides. Peptide 
1 is common to RS and RJ, peptide 2 is common to RJ, RA, 
and RM (figures 17, 18 and table 11).
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M.W. markers Peptide No.

45Kd

24Kd

RS RJ RA RM RAN

Figure 15. Peptide maps of El from strains 
of rubella virus. The top band (El) is the 
native undigested protein.
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M.W. Markers Peptide No
native E2 
1

36Kd 2

24Kd

RS RJ RA RM RAN

Figure 16. Peptide maps of E2 from strains 
of rubella virus. The native (E2a+b) 
undigested protein is indicated.

Peptide
native
1
2
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M.W. Marker Peptide No. 
native C

24Kd ”

Figure 17 
protein (

RS RJ RA RM RAN

Peptide maps of the capsid 
) of strains of rubella virus.
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t
r
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i

D

RS
RJ
RA
RM
RAN

El Peptides E2 Peptides
Capsid
Peptides

El 1 2 3 4 5 6 7 8 9

I I I I I  l l
I I  I I I  
l I i l l  l I
I I I  I I I  I I I

I ' l ' l " 1 ! '

E2 1 2 3 4 5 6

i l l  I 1 ll 
i l l  1 1 n  
i l l  1 ll 
i l l  I I ll

I ' i  i

C 1 2

I i 
i I I 
I i 
i i

I I

MW t s  d  aJ  k h  i s  i 4 k  Kd.

Figure 18. Antigenic peptide maps of El, E2 and C traced 
from the western blot (figures 15, 16 and 17). The
numbers in the bottom row represent the approximate 
molecular weights. This diagram was constructed from the 
results of three experiments. Poorly stained peptides are 
not represented.
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Protein
Peptide Virus strain

No. MW. Kd. RS RJ RA RM RAN
1 51 - - - + -
2 44 + + + + +
3 35 + - + + +
4 31 + - + + +

El 5 27 + + + + +
6 20 - - + + -
7 18 - - - + -
8 13 + + + + +
9 9 + + - - -
1 43 + + + + -
2 38 + + + + +

E2
3 33 + + + + -
4 26 + + - + -
5 19 + + + + -
6 14 + + + + -
1 20 + + - - -

C 2 17 - + + + -

Table 11. Molecular weights of immunoreactive 
peptides of strains of rubella virus.
+ = peptide present, - = peptide poorly stained 
or not stained.
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c) Antigenic peptide mapping by FPLC and ELISA.

Purified rubella virus (strains RS and RJ) was TCA 
precipitated and electrophoresed through 10% PAGE gels. 
The locations of the structural proteins were identified 
by soaking the gels in ice cold KC1 (0.1M), protein bands 
appeared white due to SDS precipitation as the SDS was 
converted to KDS (KDS is insoluble). The bands were cut 
out and eluted into TE (lOmM tris pH 7.5, lmM EDTA). The 
eluted proteins were purified by FPLC (gel filtration, 
superose 12 column) in lOmM tris buffer pH 7.5. Rubella 
specific proteins were identified by ELISA. The fractions 
containing the rubella structural proteins were treated 
with protease V8 (2pg/ml, 30 minute incubation at 37°C) 
and fractionated by FPLC (superose 12 column, lOmM tris 
buffer pH7.5). Immunoreactive peptides were identified by 
ELISA using hyperimmune anti RJ rabbit serum.

The FPLC profiles of the undigested structural proteins 
contained several low (C and El) and high (C, E2 and El) 
molecular weight peaks in addition to the native protein 
(figure 19 a, b, and c). These are most probably degraded 
and aggregated polypeptides respectively. The high 
molecular weight peaks are probably the result of 
aggregation of the proteins as the FPLC system was run 
under nonreducing conditions.
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After protease V8 digestion 2 peaks were observed in El 
with molecular weights less than the native El. In RJ, 
these had molecular weights of 17Kd (corresponding to 
peptide No. 7 in the PAGE profile) and 4.5Kd. In RS the 
molecular weights were 21Kd (corresponding to peptide No. 
6 by PAGE) and 2.2Kd. The two low molecular weight 
peptides (4.5 and 2.2K) were not seen in the PAGE peptide 
maps. Neither of the two high molecular weight peaks 
(17Kd and 21Kd) were clearly seen in the PAGE profiles.

As nonreducing conditions were used in the FPLC, the 
peptides derived from E2 and C (and to a lesser extent 
El) aggregated giving only high molecular weight peaks 
with most of the protein eluting with the void volume of 
the column (figure 19 a, b and c).
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Purification of RS capsid Purification of RJ capsid
ELISA OD ELISA OD

1.0

0.5

105 15

1.0

0.5

10 155
Fraction number Fraction number

RS capsid (V8 treated) RJ capsid (V8 treated)
ELISA OD 66Kd 12Kd ELISA OD 66Kd 12Kd

01.0 .5

0 0.5.5

105 155
Fraction number Fraction number

Figure 19 (a). FPLC purification and antigenic peptide 
maps of rubella virus strains RS and RJ capsid protein 
eluted from PAGE gels.
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Purification of RS E2 Purification of RJ E2
ELISA OD ELISA OD

0

0.5

105 15

.5

15
Fraction number Fraction number

RS E2 (V8 treated) 
ELISA OD 66Kd 12Kd

RJ E2 (V8 treated) 
ELISA OD 66Kd 12Kd

1.0

0.5

105 15 10 15
Fraction number Fraction number

Figure 19 (b). FPLC purification and antigenic peptide 
maps of rubella virus strains RS and RJ E2 protein eluted 
from PAGE gels.
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Purification of RS El Purification of RJ El
ELISA OD ELISA OD

1.0

0.5

10 155

0

0.5

10 155
Fraction number Fraction number

RS El (V8 treated) RJ El (V8 treated)
ELISA OD 66Kd 12Kd ELISA OD 66Kd 12Kd

1 . 0

0.5

105 15

1.0

0.5

10 155
Fraction number Fraction number

Figure 19 (c). FPLC purification and antigenic peptide 
maps of rubella virus strains RS and RJ El protein eluted 
from PAGE gels.
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2.3. Antigenic comparison of two strains of virus by
competitive radioimmune precipitation

3H-labelled purified rubella virus (2000 CPM in 50pl) 
was reacted with homologous rabbit antiserum in 
competition with unlabelled homologous or heterologous 
strains of virus as described in materials and methods. 
Figure 20 and table 12 shows that the slopes of the 
homologous and heterologous trend lines are very similar 
indicating that the two strains of virus compete equally 
and are antigenically very similar but not identical with 
an antigenic relatedness of >90%.

3H-virus + 
homologous sera

Trend line slope 
with competing antigen

RS virus RJ virus AR
RS 6.4 6.2 97%
RJ 5.1 5.7 90%

Table 12. Trend line slopes of competitive RIP.
AR = antigenic relatedness = (heterologous trend line 
slope/homologous trend line slope) xlOO.
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% inhibition Anti-RJ rabbit serum

45

30

15

0,1 5.00.3 0.6 1.2 2.5

Competing antigen (pg)

% inhibition Anti-RS rabbit serum

45

30

15

0.3 0.6 5.00.1 1.2 2.5
Competing antigen (pg)

Figure 20. Competitive RIP. Homologous competing
antigen = Q Heterologous competing antigen = -v
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2.4. Comparison of strains of virus bv rate limiting 
ELISA

c
Purified rubella virus strains RS and RJ were coated onto 
wells of ELISA trays (lpg virus protein per well). Rabbit 
anti RS or RJ sera (diluted 1/1000) was added after 
different time intervals to give final reaction times of 
1 minute to 120 minutes. The ELISA test for IgG was then 
completed as described in materials and methods. The 
reaction time was plotted against In vt/v0 . Figure 21 
and table 13 shows the reactions follows first order 
kinetics for at least the first 90 minutes. The rate 
constants (k), calculated from data for the reaction up 
to 90 minutes, shows similar kinetics for homologous and 
heterologous reactions for both sera.

The technique used above gives an overall measurement of 
the reaction between virus and polyclonal antibodies of 
mixed specificities and affinities.
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Homologous reaction of RS serum Heterologous reaction RS serum
■ln(vt/v0) -ln(vt/Vo)

4
slope = 0.0281

2

30 60 90

-ln(vt/vc

Reaction time (minutes) 

Heterologous reaction of RJ serum

4
slope = 0.0240

2

60 9030
Reaction time (minutes)

4
slope = 0.0244

2

9030 60

-ln(vt/vc

Reaction time (minutes) 

Homologous reaction RJ serum

4
slope = 0.0267

2

9030 60
Reaction time (minutes)

Figure 21. Kinetics of reaction of purified virus strain 
RS and RJ by ELISA with homologous and heterologous 
antirubella rabbit sera.
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Anti- Normalised
rubella rate constants
rabbit Virus strain
sera RS RJ
RS 100 115
RJ 90 100

Table 13. ELISA rate constants 
normalised to the homologous sera.
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Using rate limiting ELISA reactions, panels of random, 
post vaccination and acute human sera were compared in 
their IgG or IgM mediated reactions with different 
strains of virus. Pooled human serum (100 normal sera or 
10 IgM +ve sera) was included as a reference serum in 
each experiment. For these reactions 30 minutes was 
chosen / jfor the antigen-antibody reaction when/ i
25% of the linear part of the reaction had taken place 
for both IgG and IgM. The results (averaged from 
duplicate reactions) are summarised in tables 14, 15, 16
and 17. From this data, the variance for the reactions of 
individual sera in each panel with the three low passage 
strains of virus (RS, RM and RAN) or with the three high 
passage strains (RA27/3, HPV77 and RJ) were calculated 
(variance = SD2). Low variance for a given panel
indicates that sera do not discriminate between strains 
of virus whereas high variance indicated diversity of 
serum reaction with different strains of virus. Table 18 
shows that most of the individual sera in the panel of 
random sera show variance which are lower than those 
observed in sera from other panels. Most probably this 
reflects the greater affinities of antibodies in sera 
from remote infections. In contrast post vaccination sera 
show a higher variance with low passage (wild type) 
strains of virus than with high passage vaccine or 
laboratory strains.
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These results show that antibodies produced in response 
to vaccination with RA27/3 show greater heterogeneity 
with respect to activity against different rubella
wild type strains from those produced after a natural 
infection.

164



Human
sera

number

ELISA OD. at 410nm of sera 
reacting with strains of virus

RS RJ
Virus

RM
strain

RAN HPV77 RA27/3
1 0.44 0.45 0.35 0.58 0.72 0.69
2 0.56 0.44 0.54 0.48 0.63 0.78
3 0.55 0.41 0.17 0.60 0.53 1.03
4 0.14 0.68 2.25 1.71 0.81 0.94
5 1.00 0.87 0.60 0.85 0.94 0.91
6 0.57 1.13 2.81 2.38 0.98 0.72
7 0.54 0.49 0.13 0.46 0.66 0.72
8 0.04 0.03 0.00 0.35 0.54 0.50
9 0.65 0.61 0.56 0.71 0.85 0.88

10 0.68 0.61 0.38 0.63 0.78 0.78
11 0.60 0.48 0.17 0.42 0.76 0.59
12 0.82 1.13 2.58 2.21 0.98 1.03
13 0.96 0.95 1.21 1.17 0.96 1.00
14 1.11 1.08 0.54 0.87 0.97 1.13
15 0.87 0.79 0.35 0.60 0.84 1.00
16 0.58 0.47 0.17 0.40 0.60 0.88
17 0.57 0.45 0.23 0.46 0.77 0.97
18 0.27 0.21 0.21 0.38 0.41 0.94
19 0.96 0.96 0.77 1.02 0.95 1.41
20 0.87 0.78 0.27 0.54 0.73 0.97

Table 14. Rate limiting ELISA using random human
sera (IgG). cont./
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Human
sera

number

ELISA OD. at 410nm of sera 
reacting with strains of virus

RS RJ
Virus

RM
strain

RAN HPV77 RA27/3
21 0. 04 0.27 0.65 0.65 0.52 0.53
22 0. 99 0.91 0.71 1.08 0.94 1.53
23 0. 32 0.33 0.31 0.88 0.75 0.91
24 1. 13 1.22 1.48 1.98 0.99 2.47
25 1. 13 1.21 1.46 1.98 1.00 2.22
26 1. 02 1.09 0.77 1.23 0.97 1.53
27 0. 93 1.00 0.77 1.40 0.98 2.16
29 0. 76 0.78 0.23 1.06 0.92 1.59
30 0. 96 0.91 0.54 0.92 0.99 1.00
31 0. 15 0.23 0.31 0.73 0.68 1.59
32 1. 10 1.16 1.42 1.77 0.99 2.31
33 1. 01 1.01 0.60 1.04 0.98 1.87
34 0. 90 0.79 0.48 0.73 0.93 1.84
35 0. 91 0.88 0.71 0.94 0.95 0.91
36 0. 04 0.03 0.00 0.25 0.33 0.75
37 0. 53 0.47 0.21 0.67 0.78 0.78
38 1. 13 1.22 1.27 1.73 1.00 1.87
39 1. 02 1.05 0.71 1.19 0.98 1.00
40 0. 07 0.25 0.23 0.65 0.57 0.72

Table 14 (cont.). Rate limiting ELISA using random human
sera (IgG). cont./

166



Human
sera

number

ELISA OD. at 410nm of sera 
reacting with strains of virus

RS RJ
Virus

RM
strain

RAN HPV77 RA27/3
41 1.11 1.19 0.77 1.29 0.99 1.56
42 0 .33 0.34 0.17 0.52 0.42 0.63
43 0 .99 1.07 0.79 1.06 0.98 0.94
44 1.01 1.14 1.25 1.27 0.99 1.25
45 1.05 1.22 2.88 2.42 1.00 2.59
46 1.05 1.04 0.65 0.79 0.95 1.81
47 0 .84 0.79 0.38 0.65 0.73 0.72
48 1 .00 1.19 2.15 2.13 0.99 0.84
49 0 .30 0.26 0.06 0.48 0.45 0.72
50 1 .11 1.15 1.25 1.60 1.00 1.72
51 1.10 1.12 0.71 1.21 0.98 1.28
52 1.10 1.20 1.29 1.81 0.99 1.06
53 1.02 1.07 1.25 1.58 1.00 1.53
54 1.12 1.22 2.88 2.46 1.00 1.84
55 1.07 1.12 0.75 1.12 0.98 1.34
56 0 .21 0.35 0.50 0.50 0.40 0.75
57 0 .39 0.77 1.31 0.88 0.64 1.19
58 0 .25 0.22 0.08 0.29 0.38 1.13
59 0 .04 0.00 0.00 0.38 0.24 0.53
60 0 .17 1.16 1.40 2.35 1.00 0.63

Table 14 (cont.)* Rate limiting ELISA using random human
sera (IgG). cont./
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Human
sera

number

ELISA OD. at 410nm of sera 
reacting with strains of virus

RS RJ
Virus

RM
strain

RAN HPV77 RA27/3
61 0 .89 0.82 0.82 0.24 0.78 0.67
62 1 .02 1.00 0.82 0.49 0.92 1.00
63 0 .56 0.38 0.38 0.06 0.74 0.45
64 1 .09 0.93 0.94 0.67 0.96 0.97
65 0 .66 0.84 2.16 1.07 0.86 0.50
66 0 .19 0.02 0.02 0.00 0.38 0.44
67 0 .94 0.85 1.96 1.75 0.94 0.56
68 1.11 0.95 1.02 0.89 0.97 1.20
69 1.00 0.87 1.67 0.77 0.90 0.91
70 0 .84 1.05 2.72 2.24 0.97 0.80
71 0 .12 0.05 0.36 0.25 0.32 0.67
72 1 .06 1.08 0.75 0.64 0.93 1.39
73 1 .07 1.04 0.96 0.42 0.93 0.91

pooled
serum

1.32 1.03 0.40 0.38 1.24 0.26

Table 14 (cont.)* Hate limiting ELISA. IgG reaction of 
a panel of random human sera (IgG). The O.D.'s were 
normalised (normalised O.D. = O.D. of panel sera/O.D. of 
pooled sera) against a standard pool of IgG +ve human 
sera reacting with each strain of virus. The O.D.'s given 
by the pooled serum are given in the last line of the 
table.
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Human
sera

number

ELISA OD. at 410nm of sera 
reacting with strains of virus

RS RJ
Virus strain 

RM RAN HPV77 RA27/3
1 0 .55 0.42 0.05 1.31 0.49 1.00
2 0 .58 1.33 1.32 3.00 1.09 0.75
3 1.14 1.28 0.23 2.50 1.11 1.04
4 0 .81 0.76 0.00 1.25 0.91 0.79
5 0 .55 0.33 0.00 1.00 0.42 2.00
6 0 .19 0.00 0.00 0.00 0.22 0.43
7 0 .45 0.62 0.73 1.44 0.66 1.11
8 0 .84 1.06 0.68 2.25 0.86 1.39
9 0 .75 0.77 0.00 1.00 0.72 0.79

10 1.64 1.93 0.73 2.69 1.11 1.21
11 0 .30 0.24 0.64 0.19 0.48 0.86

Pooled
serum

1.30 1.03 0.22 0.42 1.21 0.27

Table 15. Rate limiting ELISA. IgG reaction of a panel of 
post vaccination sera, normalised against a standard pool 
of IgG +ve human sera. The O.D.'s given by the pooled 
serum are given in the last line of the table.

169



Human
sera

number

ELISA OD. at 410nm of sera 
reacting with strains of virus

RS RJ
Virus strain 

RM RAN HPV77 RA27/3
1 3 .18 1.00 0.88 1.24 0.81 2.67
2 3 .64 1.79 1.58 1.84 1.34 1.42
3 0 .82 0.18 0.00 0.12 0.00 0.42
4 1.91 1.45 1.63 0.92 1.09 1.33
5 1 .82 1.24 1.71 1.24 1.38 2.08
6 1.36 0.85 1.04 0.44 0.47 0.50
7 1.45 1.27 1.58 1.08 1.47 1.67
8 3 .64 2.73 3.00 2.28 2.11 2.00
9 0 .00 0.00 0.00 0.00 0.00 0.00

10 0 .73 0.58 0.67 0.52 0.85 0.42
11 1 .09 1.06 1.21 1.12 1.09 0.67

Pooled
serum

0 .17 0.47 0.32 0.49 0.77 0.18

Table 16. Rate limiting ELISA. IgM reaction of a panel of 
acute sera, normalised against a standard pool of IgM +ve 
human sera. The O.D.'s given by the pooled sera are given 
in the last line of the table.
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Human
sera

number

ELISA OD. at 410nm of sera 
reacting with strains of virus

RS RJ
Virus strain 

RM RAN HPV77 RA27/3
1 0 .71 0.60 1.00 0.89 0.92 1.37
2 0 .72 0.59 0.93 0.92 0.93 1.33
3 0 .98 1.04 1.93 1.79 1.04 1.35
4 0 .64 0.53 0.57 0.77 0.79 1.33
5 1.13 1.28 2.28 2.05 1.09 2.54
6 0 .83 0.84 1.11 1.02 0.95 0.98
7 0 .80 0.80 1.26 1.02 0.88 0.91
8 0 .11 0.18 2.26 1.21 0.42 1.70
9 1.11 1.14 3.09 1.92 1.07 2.89

10 0 .60 0.57 1.52 1.01 0.86 1.09
11 1.01 0.94 0.63 0.74 0.98 1.09
12 0 .46 0.44 0.80 0.74 0.85 0.81
13 0 .38 0.36 0.67 0.82 0.77 0.80
14 0 .31 0.30 1.20 0.67 0.62 0.50

Pooled
serum

1.32 1.03 0.23 0.42 1.21 0.27

Table 17. Rate limiting ELISA. IgG reaction of a panel of 
acute sera, normalised against a standard pool of IgG +ve 
human sera. The O.D.'s of the pooled serum are given in 
the last line of the table.
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i g

t
Variance (± SD)

Serum
panel

e
s
t
e
d

High
Passage
Virus

Low
Passage
virus

All
Strains

Random sera IgG 0.061 0.094 0.090
n = 73 ±0.071 ±0.144 ±0.090

Post vaccine 
sera IgG 0.144 0.532 0.304
n = 11 ±0.250 ±0.550 ±0.236

Acute sera IgG 0.224 0.247 0.211
n = 13 ±0.337 ±0.386 ±0.289

Acute sera IgM 0.156 0.379 0.255
n = 13 ±0.280 ±0.513 ±0.327

Table 18. Variance in ELISA reactivity between different
high or low passage strains of virus or between all
strains of virus for different panels of sera. The high 
passage virus strains were RJ, HPV77 and RA27/3, low
passage (wild type strains) were RS, RAN and RM). 
Variance values given are the mean variance for the 
reactions of individual sera within the panel with
the group of virus strains indicated. SD, the standard 
deviation of the mean of the variances of individual 
sera.
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2.5. Analysis of RA27/3 antigen

Since peptide analysis showed the vaccine strain RA27/3
to be different to other strains of rubella virus 
(section 2.2.) and the antibody response to the vaccine 
strain of virus shows a greater variance in reactivity 
when comparing other virus strains (table 18), the 
vaccine virus RA27/3 was further studied.

a) Comparison of monoclonal antibodies directed against 
different strains of virus.

Monoclonal antibodies directed against RA27/3 and two 
other strains of virus (RS and RJ) were prepared as
described in materials and methods. Six MCAB's, 2 against 
each strain were selected for study. Their 
characteristics are shown in figure 22 and table 19.

Five of the MCAB's were directed against El (RSI, RS2, 
RJ1, RJ2 and RA1) and one against E2 (RA2). RSI and RA2 
react with the novel 75Kd polypeptide seen in the western 
blot of the strains of virus reacting with polyclonal 
sera, confirming that this band is an E1-E2 dimer. RS2
reacts with a band at 105Kd, this is the expected 
molecular weight for the E1-E2 dimer, the 75Kd band is 
not seen in this lane. Not all the MCAB's react with the 
the 75Kd E1-E2 dimer suggesting that the epitopes that 
these monoclonals are directed against is inactive or
deleted from the novel dimer.
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M.W. Markers

66Kd

45Kd

Figure 22. Polypeptide specificity of 
MCAB's. RS-Rabbit is the reaction of the 
western blot with polyclonal anti RS 
rabbit serum. The virus strain used in 
the western blot was RS. Molecular weight 
markers were BSA (66Kd) and OA (45Kd).
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Monoclonal antibody
RSI RS2 RJ1 RJ2 RA1 RA2

Polypeptide
Specificity

El El El El El E2

Neutralizing
Activity

-ve -ve -ve -ve +ve -ve

HA I 
Activity

-ve -ve -ve -ve -ve -ve

IgG class 2b 2a 2b 3 2b 1

Table 19. The characteristics of monoclonal antibodies.
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Two way competitive ELISA identified RSI and RJ2 as 
unique epitopes (table 20). That RA2, an anti E2 MCAB, 
competes with El monoclonal antibodies suggests steric 
hindrance between the El and E2 epitopes. Since RA1 has 
neutralizing activity but RJ2 does not and they compete 
in the ELISA test they probably define distinct epitopic 
regions that overlap.

Rate limiting ELISA titration of the MCAB's with RS, RJ 
and RA27/3 reveals some differences between strains 
(table 21). Although the RA27/3 monoclonals react well 
with all three strain of virus by rate limiting ELISA, 
RA1 can distinguish homologous from heterologous strains 
of virus by neutralization kinetics (table 23 and figure 
25). The RS MCAB's react well with RS virus and RA27/3 
but very poorly with RJ virus (table 21) suggesting a 
difference in epitope specificities of RJ and the other 
strains of virus.
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alp 
labelled 

MCAB 
Abx-alp

ELISA OD. ratio =
Abac-alp + Aby 

Abac

Unlabelled competing MCAB (Aby)
RSI RS2 RJ1 RJ2 RA1 RA2

RSI
RS2
RJ1
RJ2
RA1
RA2

{0.60} 0.99 0.99 0.97 0.98 0.97
0.60 {0.60} 0.79 0.64 0.45 0.38

^  0.740.70 0.74 {0.74} 0.93 0.81
1.00 0.63 0.63 {0.50} 0.43 0.47
0.70 0.80 0.70 0.60 {0.40} 0.60
0.74 0.19 0.51 0.49 0.54 {0.51}

Table 20. Binding of alkaline phosphatase labelled
MCAB's (Abac-alp) in the presence or absence of a 
competing unlabelled MCAB (Aby) to rubella virus strain 
RS. The figures are an average of duplicate estimations. 
The diagonal line { } represents the competition
reaction between the same MCAB. In these mixtures 
competition is maximum and is represented by a mean ELISA 
ratio of 0.56 (mean of the 6 homologous competition 
reaction indicated by the diagonal). □  = a level taken 
to indicate no competition between the two MCAB's (values 
>0.8). = no 2 way competition between Ab* and Aby
(ie the antibodies are different).
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MCAB
ELISA OD ratios

Virus strain 
RS RJ RA

RSI 1 o t

CO•o

RS2 1 0.2 0.9
RJ1 1.3 1 1.3
RJ2 0.7 1 1
RA1 0.6 o CD 1
RA2 o CD 1 1

Table 21. Strain specificity of 
monoclonal antibodies by rate 
limiting ELISA expressed as a 
ratio of RS:RJ:RA with the 
homologous reaction =
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b) Comparison of the growth characteristics of strains of
virus.

To study the neutralizing antigens of RA27/3 and to 
compare them with those of other virus strains, the
characteristics of the growth of the virus was analysed.

RA27/3 was grown from a single dose of vaccine (1000 
TCIDso, Ervevax, Smith Kline and French Laboratories 
Ltd) and passaged 5 times in WI38 cells at 37°C. All
other strains of virus were grown in vero cells at an MOI
of 0.1 ffu per cell. Monolayers of vero cells were 
infected, the virus was harvested daily and titrated for 
infectivity in RK13 cells.

The growth curves of each strain of virus were very 
similar with all strains giving similar yields (figure
23). The maximum titres were between lxlO7 and 1x10s ffu 
per ml. There was a lag of 4 days before infectious virus 
was released from HPV77 infected cells compared with 1 to
2 days with other strains of virus, this is probably the

cfresult^very low input multiplicity in this strain.

The morphology of the foci of infection in RK13 cells 
differs from strain to strain (figure 24 a-g). A
comparison of foci 3 days post infection (visualised by
histochemical staining) shows that strains RM, RAN, and
RA27/3 produce large discrete foci (figure 24 b, c, and
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f) whereas two strains of virus (RS and RJ) produce 
extensive CPE with many small foci (figure 24 a and d ) . 
The strains that produce large foci have very few 
secondary foci whilst the strains with small foci have 
very many secondary foci (figure 24 a-f and table 22). 
Uninfected RK13 cells are shown in figure 24g.
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Virus
strain

Virus
dilution

Number and size 
(Average No. 
Day 1

of primary foci 
cells/foci) 

day 3

RS <0ioI—
1 5 (1) 12 (51)

RAN 10-2 2 (1) 7 (150+)
RM N1O 1 (1) 6 (140+)
RJ 10-3 11 (1) 10 (45)
RA 10-3 2 (1) 1 (150+)
HPV77 o i 0 1 (1) 1 (1)

Table 22. Foci counts in rubella infected RK13 cells, 
identified by histochemical staining. The cells were 
infected with serial dilutions of strains of virus, the 
dilution that these results relate to is indicated. The 
figures are for an average of 3 tests and indicate the 
number of foci in a microtitre well.
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Rubella strain RAN Rubella strain HPV77
log ffu/ml

log ffu/ml

Tine (days) 

Rubella strain RA27/3

log ffu/ml
9

6

3

62 3 4 5

9

6

3

2 3 4 5 6
Time (days) 

Rubella strain RS
log ffu/ml

6

3

4 62 3 5

9

6

3

3 62 4 5
Time (days) Time (days)

Rubella strain RJ Rubella strain
log ffu/ml log ffu/ml

9

6

3

2 3 4 65

9

6

3

3 62 4 5
Time (days) Time (days)

Figure 23. Growth curves of strains of rubella virus in 
vero cells.
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Figure 24 (a). RK13 cells infected with rubella 
virus strain RS at an MOI of 0.1 ffu/cell. The 
cells were histochemically stained 3 days after 
infection. Magnification = xlOO
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Figure 24 (b). RK13 cells infected with rubella 
virus strain RM at an MOI of 0.1 ffu/cell. The 
cells were histochemically stained 3 days after 
infection. Magnification = xlOO
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Figure 24 (c). RK13 cells infected with rubella 
virus strain RAN at an MOI of 0.1 ffu/cell. The 
cells were histochemically stained 3 days after 
infection. Magnification = xlOO
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Figure 24 (d). RK13 cells infected with rubella 
virus strain RJ at an MOI of 0.1 ffu/cell. The 
cells were histochemically stained 3 days after 
infection. Magnification = xlOO
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Figure 24 (e). RK13 cells infected with rubella 
virus strain HPV77 at an MOI of 0.1 ffu/cell. The 
cells were histochemically stained 3 days after 
infection. Magnification = xlOO
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Figure 24 (f). RK13 cells infected with rubella 
virus strain RA27/3 at an MOI of 0.1 ffu/cell.
The cells were histochemically stained 3 days after 
infection. Magnification = xlOO

188



Figure 24 (g). Uninfected RK13 cells. The cells 
were histochemically stained 3 days after 
seeding- Magnification = xlOO
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c) Neutralization kinetics studies

Strains of virus (RS, RJ or RA27/3) were titrated and
diluted to lxlO3 ffu per ml in growth medium. Sera were
inactivated (56°C x 30 minutes) and diluted in growth 
medium sufficient to neutralize 1000 ffu per ml. The 
virus (0.5ml) was mixed with diluted antisera (1.0ml) and 
incubated at 37°C for 45 minutes. Samples were taken at 5 
minute intervals and were titrated for infectivity in 
RK13 cells as described in materials and methods.

Significant differences were found between strains in the 
neutralisation rate constants for rabbit, mouse (MCAB) or 
human sera (table 23).

i) With rabbit sera the neutralizing rate constants for
strains RS and RJ are similar, however both anti-RS and
anti-RJ rabbit serum neutralised RA27/3 at a slower rate 
than the homologous virus.

ii) Human acute sera generally react equally well with 
both RS and RJ virus although acute sera number 3 reacts 
at a slower rate with RS than RJ. The RS half life in the 
presence of this serum is very close to the half life in 
the presence of a -ve serum suggesting RS virus is not 
neutralized by acute serum 3 although RJ strain is. The 2 
post vaccination sera tested react at different rates 
with RS, RJ and RA virus, the reaction with RJ for both
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vaccinated sera is faster than with strains RS and RA.

iii) Mouse monoclonal. An anti RA27/3 MCAB (RA1) 
neutralised the homologous virus more rapidly than the 
heterologous viruses suggesting specific neutralizing 
epitopes on RA27/3. In the homologous reaction with 
RA27/3 the reaction deviates from first order kinetics 
after 15 minutes whilst all the other reactions follow 
first order kinetics for the entire test period (figure 
25).

Since the monoclonal antibody is directed against a 
single RA27/3 epitope, the deviation from first order 
kinetics provides evidence of a mutation in a sub 
population of the virus. The deviation from first order 
kinetics was seen in the reaction of the MCAB with both 
high passage strains of virus tested, RJ and RA27/3, but 
not with the low passage wild type strain RS. The 
deviation of strain RJ from first order kinetics is less 
marked than that of RA27/3 suggesting that RJ virus 
resembles a wild type virus more than RA27/3.
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Test sera

Neutralisation kinetics 
half life (minutes)

RS
Virus strain

RJ RA

R Anti-RS 18 18 34
a
b
b
i Anti-RJ 23 21 39
t
M
o RA1
u 59 32 15
s MCAB
e

Acute (1) 42 40 34

Acute (2) 43 43 62
H
u
m Acute (3) 65 37 70
a
n

Vaccinated 52 35 64

Vaccinated 36 20 32

Negative 70 70 70

Table 23. Neutralization kinetics for various sera.
The rates are expressed as the virus half life (minutes).
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Reaction time (minutes)
Figure 25. Neutralization kinetics of strains of rubella 
virus reacting with anti-RA27/3 MCAB (RA1).
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2.6. The antigenic dominance of El

Sera obtained from vaccinees tend to differ from sera 
from individuals that have had a natural infection in 
their relative reactivity with different virus strains 
demonstrated by rate limiting ELISA and neutralizing 
kinetics (tables 18 and 23). The immunodominant El 
antigen was studied to determine if the differences in 
reactivity between these sera is associated with the 
structure/sequence of El. The availability of a cDNA 
clone of the El gene inserted into an expression vector 
provided a means of obtaining El specific antigen for 
this study.

a) Growth curves of E. coli carrying a plasmid containing 
rubella E1J

The entire El coding sequence from strain RJ was cloned 
in an E. coli expression vector, LB03. The expressed El 
was designated E1J, (Terry et al 1989).

The growth characteristics of the E. coli strain were 
studied to enable optimum induction of E1J synthesis.

A single colony of E. coli (strain N4830-1) was grown to 
stationary phase at 30°C (18 hours with shaking) in LB 
medium (5ml) (1% Bacto-tryptone (Oxoid), 0.5% Bacto-yeast 
extract (Oxoid), 1% NaCl (SIGMA)). The overnight culture
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was diluted 1 in 25 in LB medium and incubated at 30°C 
(with shaking). Samples were taken at 1 hour intervals, 
the O.D. was read at 600nm and plotted against growth 
time (figure 26).

After a lag phase of 1-2 hours E.coli entered a 
logarithmic growth phase of 4-6 hours after which they 
stopped growing. The O.D. at late log phase (early 
stationary phase) was approximately 1.0. The length of 
the lag phase was dependent on the initial density of 
bacteria, with a starting O.D. of 0.05 the lag phase is 
1-2 hours but with a starting O.D. of 0.1 the lag phase 
is <1 hour.
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O.D.(600nm)
.2
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.4

2 3 41 5 6 7 8
Incubation time (hours)

Figure 26. Growth characteristics of E. coli at 30°C.

196



b) Induction time

The LB03 vector is under the control of the lambda P*- 
promoter and is regulated by a temperature sensitive cl 
repressor that is inactivated by a temperature shift from 
30°C to 42°C. On inactivation of the repressor E1J was 
synthesized* The vector includes a ampicillin resistance 
gene to allow selection of plasmid containing bacteria.

E. coli containing a plasmid with a rubella El insert or 
E. coli without the plasmid were grown to early 
stationary phase (at 30°C). Each culture was mixed with 
an equal volume of LB medium heated to 54°C (50pg/ml 
ampicillin (AMP) was included in the medium used for the 
growth of E. coli containing the plasmid with the rubella 
insert). The mixture was incubated at 42°C (with shaking) 
for 3 hours. Samples (1ml) were taken pre induction and 
at 45min, 90 min, 2 hr. and 3 hr. post induction. The 
samples were centrifuged (30 seconds, 10,000 x g at RT.). 
The pellet was resuspended in ice cold tris buffer (50mM 
pH 7.4) and centrifuged (30 seconds, 10,000 x g at 4°C). 
The supernatant was removed and the pellet resuspended in 
25pl distilled water, 25pl of 2x PAGE sample buffer was 
added. After mixing, the samples were incubated at 100°C 
for 5 minutes. Chromosomal DNA was sheared by sonication 
at 4°C (30 seconds, 23KHz, MSC Soniprep 150). After
centrifugation (10 minutes, 10,000 x g, RT.) the samples 
were analysed by PAGE (7.5% gel). Rubella specific bands
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were identified by western blotting using an anti-El MCAB 
(raised against HPV77, ascitic fluid obtained from 
Organon Teknika).

Before induction no rubella specific bands were 
seen. After induction a heterogeneous rubella El specific 
band was detected with the El MCAB (figure 27) having a 
molecular weight of around 55Kd. This agrees with the 
predicted molecular weight (the expressed protein is made 
up of a vector derived sequence of 2Kd and rubella El of 
53Kd). The inducible band reaches a maximum level at 90 
minutes post induction.

E. coli with no plasmid shows no inducible bands that 
react with the MCAB (figure 27). The prominent band seen 
in all samples at 36Kd is not rubella specific. Its 
reaction with the MCAB is most probably due to the 
presence of other antibodies (including anti E. coli) in 
addition to the rubella specific MCAB in the ascitic 
fluid (figure 27). The induced E1J protein is the only 
band seen in the culture containing ElJ-plasmid when 
tested with a MCAB (RSI) produced in tissue culture with 
IgG free medium (figure 28).
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The western blot reaction of the induced E1J protein with 
RSI MCAB gives a single band at 55Kd (figure 28) whereas 
the MCAB produced in ascitic fluid shows a doublet of 
55Kd and 50Kd (figure 27). The lower molecular weight 
band (50Kd) is probably the result of degradation of the 
55Kd protein.
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E-coli containing 
plasmid E1J

Normal E. coli 
(no plasmid)

M.W.
Markers

66Kd

45Kd

36Kd ~

^ < ; ______

0 45 90 120 180 45 90 120 180

Induction time (minutes)

Figure 27. Induction of E1J synthesis in E. coli 
containing rubella E1J plasmid. An El MCAB (raised 
against HPV77, ascitic fluid) was used in the western 
blot.
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M.W.
Markers

66Kd-

45Kd-

m
-ElJ (55Kd)

Figure 28. The reaction of E. 
coli derived E1J by western blot 
using a MCAB (RSI) produced in 
tissue culture using IgG free 
medium. Molecular weight markers 
were BSA (66Kd) and OA (45Kd).
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c) Localisation of E1J: Is it in an inclusion body ?

A culture of E. coli containing the ElJ-plasmid was 
induced for 90 minutes as described. The bacteria were 
lysed, the soluble and insoluble fractions were separated 
as described in materials and methods and analysed by 
western blotting.

The insoluble fraction was treated with 8M urea in an 
attempt to solubilize it. The pellet was resuspended in 
lOOpl lysis buffer containing 8M urea and 0.1 mM PMSF. 
After incubation at RT. for 1 hour the mixture was 
diluted with 900pl of phosphate buffer (KHaPCU 50mM 
pH10.7, EDTA ImM pH8.0, NaCl 50mM). The mixture was 
incubated at RT. for 30 minutes. The pH was maintained 
during this time at 10.7 with 10M KOH (4pl added). The pH 
was then adjusted to 8.0 with HC1 (1M, 12pl) and then
incubated at RT. for 30 minutes. On addition of the HC1 a 
precipitate formed and was spun down (10,000 g x 10 
minutes) at the end of the incubation period. Samples 
equivalent to 0.5ml of culture were mixed with an equal 
volume of 2x PAGE sample buffer then analysed by PAGE 
(7.5% gel). The rubella specific bands were identified by 
western blotting (El-MCAB raised against HPV77). A 
similar filter was stained with ponceau-S to show the 
total protein.
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The El antigen occurs mainly in the insoluble fraction 
(figure 29 and figure 30). Treatment with urea does not 
usefully improve the solubility since, although the 
inclusion bodies are soluble in 8M urea, dilution to 0.8M 
and adjustment of the pH to 8.0 from 10.7 leads to 
re-precipitation of the protein. There is very little El 
in any of the other fractions, however a lot of the 
contaminating reactive host proteins are soluble (figures 
29 and 30) and are separated from the bulk of El on 
processing.
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M.W.
Markers

66Kd-

45Kd-

36Kd-

Figure 29. Intracellular localisation of E1J produced in 
E. coli. Western blot filter stained with ponceau-S. Lane 
1, pre induction culture total protein. Lane 2-7, post 
induction culture, lane 2, total protein, lane 3, soluble 
protein, lane 4, triton-XlOO solubilised protein, lane 5 
triton-XlOO insoluble protein, lane 6 urea insoluble 
protein, lane 7 urea solubilised protein. The molecular 
weight markers were BSA (66Kd), OA (45Kd) and GPD (36Kd).
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Markers

66Kd

45Kd

36Kd

Figure 30. Intracellular localisation of E1J produced in 
E. coli. Western blot filter reacted with an El MCAB 
(raised against HPV77). Lane 1, pre induction culture, 
lanes 2-8, post induction culture, lane 2 total 
protein, lane 3, soluble protein, lane 4, triton-XlOO 
solubilised protein, lane 5, an empty lane, lane 6, 
triton-XlOO insoluble protein, lane 7 urea solubilised 
protein, lane 8 urea insoluble protein. The molecular 
weight markers were BSA (66Kd), OA (45Kd) and GPD (36Kd).

ElJ 50Kd
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d) FPLC purification of El

In an attempt to solubilize and purify the El inclusion 
bodies the insoluble pellets were dissolved in urea (8M 
in 0.05M tris pH 8.0) and then fractionated by gel 
filtration on a superose 12 column (Pharmacia FPLC 
system). The proteins were eluted with 0.05M tris pH 8.0 
containing 8M urea, 500pl fractions were collected. The 
fractions were tested for immunoreactivity by dot blot on 
nitrocellulose with an El-MCAB (raised against HPV77) and 
normal rabbit serum. Protein containing fractions were 
identified by amido black staining of 5pl dots of each 
fraction dried onto a nitrocellulose filter.

Normal rabbit serum reacts non-specifically with E. 
coli proteins in the first 10 fractions with peak 
reactions in fractions 2, 3 and 4 (figure 31 b ) . The MCAB 
reacts with fractions 3 to 13 with peaks at fractions 3, 
4 and 8 (figure 31 c). Protein was found to be present in 
fractions 2 to 14 (figure 31 a).

206



- 1 1 1-

•20 10

r~ £

0
o _i
•
o

'G

Figure 31. Dot blots of FPLC fractions of E. coli extract 
containing E1J. A) Amido black stained filter. B) 
Immunoreactivity of fractions with normal rabbit serum. 
C) Immunoreactivity of fractions with an El MCAB. The 
filter was blocked with normal rabbit serum before 
reacting with the MCAB.
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The first 12 fractions and a sample of the total urea 
solubilised protein were analysed by PAGE (7.5% gel)
followed by western blotting with an El-MCAB (raised 
against HPV77) or normal mouse serum (figures 32 and 33).
A western blot filter was stained with amido black to
identify the nonreactive bands (figure 34).

The MCAB gave rubella specific proteins in the
unfractionated sample and in FPLC fractions 3 and 4 (127, 
167Kd by FPLC). There were faint rubella specific bands 
in fractions 5 to 10 with a peak at fraction 8 and 9 
(55Kd by FPLC), this is the molecular weight expected for 
the E1J monomer (figure 32). There was a strong 
reaction with protein near the dye front which was 
probably non-specific (see below).

The normal mouse serum only detects proteins near the dye 
front (<36Kd) in FPLC fractions 3, 4 and 5 as well as
with the unfractionated urea solubilised protein (figure 
33). This must be a non-specific reaction with IgG in 
the serum.

The amido black stained filter (figure 34) shows a broad 
range of non-specific proteins in fractions 1 to 10 but 
specially in fractions 3 and 4. E1J, in these fractions, 
is still contaminated with host proteins.
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66Kd

45Kd

36Kd

FPLC fraction number

Figure 32. Western blot of urea solubilised E1J extract 
fractionated on FPLC. A rubella El specific MCAB (against 
HPV77) was used in the western blot. Lane T = total 
protein before FPLC fractionation. Molecular weight 
markers were BSA (66Kd), OA (45Kd) and GPD (36Kd).
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FPLC fraction number

Figure 33. Western blot of urea solubilised E1J extract 
fractionated on FPLC. This filter shows the reaction with 
normal mouse serum. Lane T = total protein before FPLC 
fractionation. Molecular weight markers were BSA (66Kd), 
OA (45Kd) and GPD (36Kd).
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Figure 34. Amido black stained trans blot filter of urea 
solubilised E1J fractionated on FPLC and analysed on a 
7.5% PAGE gel. Lane T = total protein before FPLC 
fractionation. Molecular weight markers were BSA (66Kd), 
OA (45Kd) and GPD (36Kd).
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To try and separate E1J from the host proteins, FPLC 
fractions 3 and 4 were treated with SDS (0.1% final 
concentration), pooled and re-fractionated on FPLC as 
before but with SDS (0.1%) included in the eluting 
buffer. The elution profile is unchanged by treatment 
with SDS suggesting that E1J is disulphide bonded to 
other proteins (figure 35). It is therefore apparent that 
further purification of E1J requires cleavage and 
blocking of disulphide bonds. As such treatment may 
modify its antigenic characteristics, the untreated E1J 
was used in further experimentation. This was taken from 
fraction 8.
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Figure 35. Western blot of FPLC purified E1J treated 
with SDS and re-fractionated on FPLC. This filter shows 
the reaction with a rubella E1J specific MCAB (against 
HPV77). Lane T = total protein before FPLC fractionation
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e) Reactivity of antisera raised against the bio- 
engineered E1J antigen

The reactivity of purified RA27/3 virus with serum from 
rabbits immunised with RJ virus and/or EXJ antigens was 
tested by rate limiting ELISA and compared with the 
reactions of RJ, RS, RAN and HPV77 virus antigens. The 
sera were diluted 1/1000 and antigen-antibody reactions 
were carried out at 37°C for 1 hour. The results were 
expressed as a ratio of the homologous to heterologous 
reactions. The results (table 24) show that although no 
distinction between strains RJ, RS, RAN or HPV77 with any 
one rabbit antiserum was possible, the reactivity of 
RA27/3 with all antisera was relatively low. RJ sera are 
more discriminating between RJ virus and E1J antigen than 
E1J sera.
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ELISA OD ratios homologous/heterologous

Rabbit Virus strain
antisera RS RJ RAN RA27/3 HPV77

RJ 1.64 1.00 1.40 8.85 1.47
RJ,ElJ 1.20 1.00 1.35 7.10 0.84
RJ,ElJ,RJ 0.99 1.00 1.87 9.36 0.86
El J 1.56 1.00 1.05 5.79 1.25
El J x 2 1.23 1.00 1.08 2.76 1.27
El J x 3 1.28 1.00 1.06 2.00 1.15

Table 24. Reactivity of five strains of rubella virus 
with RJ and E1J rabbit antisera. The immunisation history 
for each serum is indicated. The results are expressed as 
the ratio of homologous/heterologous ELISA O.D's.
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f) Reaction of E1J with human sera

The relative reactivities of human post vaccination 
(RA27/3) sera with the bio-engineered E1J antigen or 
purified RJ virus were compared with those of sera 
obtained after natural infection by rate limiting ELISA.

A base line of randomly selected human sera shows 77% of 
the sera had E1J/RJ ratios of 0 to 1.5 (mean 0.86) 
(figure 36 A). The reactions of acute serum IgG gives a 
similar result (figure 36 B) as does serum IgG following 
natural reinfection (accompanied by low level IgM 
response) in individuals with a history of vaccination 
(figure 36 E) . The reactions of IgM in acute sera are 
somewhat weighted towards E1J (figure 36 B) with a mean 
E1J/RJ ratio of 1.64.
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Figure 36. The relative reactions of sera with rubella 
virus strain RJ and E1J antigen. (A) random sera (IgM 
+ve n=0, IgG +ve n=74), (B) Acute sera collected after
primary rubella infection (IgM +ve n=17, IgG +ve n=21),
(C) Post vaccination sera with no prior immunity (IgM 
+ve n=14, IgG +ve n=14), (D) Post vaccination sera with
prior natural immunity (IgM +ve n=0# IgG +ve n=4), (E)
Sera taken following reinfection after vaccination (IgM 
+ve n=8, IgG +ve n=7).
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Figure 36. The relative reactions of sera with E1J 
protein and RJ virus. D  = IgM3 H  = IgG
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Post RA27/3 vaccination sera from individuals who 
were known to have seroconverted on vaccination showed 
IgG and IgM responses reacting preferentially with E1J. 
The mean E1J/RJ ratios were 2.17 and 1.95 for IgG and IgM 
respectively (figure 36 C). Only one IgM response and two 
IgG responses showed ratios falling below 1.5. This 
tendency towards a preferential response to E1J after 
vaccination was also seen in the IgG responses of four 
individuals with natural rubella immunity who had 
received a booster dose of RA27/3 (figure 36 D). These
reactions are the reciprocal of the reactions of E1J and 
RJ rabbit sera with RA27/3 (table 24) where E1J antisera 
reacted more strongly with RA27/3 than did RJ antisera.
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Rubella is a mild viral infection with potentially 
severe teratogenic effects. After the first observation 
by Gregg in 1941 of rubella associated ocular defects, 
congenital cataracts and heart disease in infants whose 
mothers had rubella infection in the first trimester of 
pregnancy (Gregg 1941), many other congenital defects 
associated with intrauterine maternal rubella have been 
recognised (Hurley 1983). These defects collectively 
constitute the expanded congenital rubella syndrome.

Control of CRS by therapeutic abortion and vaccination 
has lead to a reduction of the CRS rate from 60 reported 
cases in the UK in 1970 to 20 in 1987 (Smithells et al 
1985, Miller et al 1987). However there is a high rate of 
reinfection of up to 80% after vaccination compared with 
only 4% in individuals with natural immunity (Horstmann 
et al 1970). Very rarely reinfection can result in 
clinical illness with rash and arthralgia (Forrest et al 
1972, Eilard and Strannegard 1974, Enders and Jonatha 
1987).

Although reinfection is not normally associated with 
foetal involvement, 1/13 (7%) of detected reinfections 
during the first trimester of pregnancy resulted in CRS 
(Enders and Knotek 1989). This compares with 15 to 20% in 
a primary infection (Miller et al 1982). As most 
reinfections are asymptomatic the actual rate of CRS 
following reinfection at any time during pregnancy will
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be considerably less than 7%. The overall risk has been 
estimated at 2 in 40,000 (Eilard and Strannegard 1974) 
and, although rare, CRS following reinfection is well 
documented (Morgan-Capner 1986, Best et al 1989, Das et 
al 1990). Nevertheless, the reinfection rate is too high 
and suggests the existence of antigenically different 
virus strains.

Reinfection with rubella results in local virus 
replication in the nasopharynx. This only presents a risk 
to the foetus if the virus disseminates during viraemia. 
Reinfection after vaccination has been reported in other 
viruses such as polio, measles or mumps and this usually 
results in local virus replication at the site of entry. 
The purpose of vaccination in these virus infections is 
to prevent clinical illness which may be severe due to 
infection at a site remote from the point of entry 
(Horstmann et al 1973, Biedel 1978, Deseda-Tous et al 
1978, Weibel et al 1980). Similarly, rubella vaccination 
is given to prevent foetal infection and to achieve this, 
maternal viraemia must be prevented. Reducing the rate of 
reinfection would help attain this as one can never be 
sure that reinfection will not lead to viraemia. An 
improved local T-cell immunity also may help to protect 
against reinfection.
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Until recently, the biology of rubella virus had not been 
well understood. This is due to the lack of a naturally 
susceptible animal system for virus propagation and even 
for laboratory adapted strains of virus there is no 
efficient tissue culture system for virus isolation and 
growth. These factors make studying of wild type virus 
more difficult if not impossible.

Rubella virus is difficult to grow even after adaptation 
by repeated passage in tissue culture cells. The growth 
of rubella virus is poor when compared with other 
togaviruses. In our system, the maximum yield of 
infectious virus particles from rubella infected BHK 
cells is 100 PFU per cell which compares with at least 
1000 PFU per cell from sindbis infected BHK cells 
(Kaariainen and Soderlund 1978). Wild type rubella 
strains are even more difficult to isolate and to 
passage. Results presented in table 7 show that out of 61 
isolates detected by immunofluorescence on first passage 
in vero cells (carried out by Dr J. Cradock-Watson) 21% 
were lost on second passage and 36% on subsequent 
passages. The virus that survived the isolation process 
often had low titres (table 7).

Northern blot analysis showed that one of the reasons for 
poor virus growth may be associated with a sequential 
loss of genomic RNA with corresponding accumulation of 
sub-40S genomic RNA and sub-24S mRNA species particularly
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when the virus is passaged repeatedly. In our laboratory 
the accumulation of subgenomic RNAs has been shown to be 
associated with the loss of virus infectivity but not 
haemagglutination activity (Terry et al 1985). In that 
study rubella virus was passaged three times at an MOI of 
10 PFU per cell. On the first passage rubella virions 
contained mainly 40S genomic RNA with very little 
subgenomic species, the HA titre of the virus was 1/256 
and the infectivity titre was 4.5xl06 PFU/ml. By the 
third passage no 40S RNA was detectable in the virion, 
the infectivity titre was 1.5xl04 PFU/ml, however there 
was still a good HA titre of 1/512. The sedimentation 
characteristics of the virus did not change on high 
multiplicity passage. These results indicate the presence 
of defective interfering (DI) particles.

The DI particles of rubella virus have not been 
characterised but are well recognised in other 
togaviruses. Point mutations have also been characterised 
in togaviruses. Some of these can have a profound effect 
being lethal to virus replication (Niesters and Straws 
1990).

Mutation of the subgenomic junction region of sindbis 
virus gives rise to DI particles that produce very small 
plaques in tissue culture. On passage, revertants are 
produced giving increased levels of subgenomic mRNA 
synthesis resulting in plaque morphology variants. The
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mutated region functions as the promoter in the negative 
strand for the synthesis of the subgenomic RNA, this is a 
togavirus conserved region (Grakoui et al 1989). The 
rubella wild type isolates studied here also show foci 
morphology differences, work is underway to sequence 
these isolates.

Mutations of the envelope protein sequences leading to 
amino acid deletions or substitutions (single base 
deletions would give a frame shift that would probably be 
lethal) can change the receptor specificity of the virus. 
In sindbis virus the neurovirulence of some strains can 
be modified by amino acid deletions in the envelope 
proteins El and E2 whilst the infectivity in tissue 
culture is unchanged suggesting modification of the 
receptor specificity (Lustig et al 1988).

In order to compare the biological and biochemical 
properties of different rubella virus strains 
(laboratory strains, vaccine strains, and isolates), the 
virus has to be obtained in milligram quantities. This 
has been difficult to achieve since infectious centre 
assays show that less than 10% of cells can be infected 
with rubella virus strains at any one time at MOI's 
ranging from 0.001 to 100 PFU per cell (Holmes et al 
1969, Sedwick and Sokol 1970, personal observation). 
Although this problem can be overcome by repeated passage
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it raises the possibility of artificial selection of 
virus variants by host cells which may differ in 
characteristics when compared to the original isolate. 
For these reasons it is important to characterise early 
passage virus strains before meaningful comparisons can 
be made.

To assess the effect of the host cell on the biology of 
different virus strains, a laboratory adapted strain RJ 
and a rubella isolate RS were compared in different cell 
lines (figure 11A-C). Both strains of virus behaved 
similarly in each cell line. When grown in BHK cells both 
strains showed high HA titres. In contrast, very little 
HA activity was detected when the same virus strains were 
grown in RK13 cells (figure 11C). Schluederberg et al 
(1978) suggested that the low HA activity of rubella 
virus grown in rabbit cells may be due to the presence of 
fewer spikes on the virus envelope. However our results 
did not support this explanation since relative to the 
capsid polypeptide, C, the envelope polypeptides El and 
E2 were found to be present in the same proportions 
irrespective of the host cell (figures 13 and 14). Since 
HA activity was restored to SIRC cell grown rubella virus 
on subsequent passage in BHK cells (Suganuma et al 1970), 
the loss of HA activity in rabbit cell grown virus is 
also unlikely to be the result of a genetic modification 
of the virus. Nonspecific factors, such as the degree of 
glycosylation which to a certain extent is a cell
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mediated process, may be responsible for the reversible 
loss of HA activity

Some of the strains of rubella studied here exhibit 
different plaque morphology. Rubella strains RS and RJ 
spread rapidly through the infected monolayer giving many 
small foci whilst rubella strains RA, RAN and RM spread 
between adjacent cells resulting in large discrete foci 
(figure 24a-g). Since these characteristics were observed 
without an agarose overlay the pattern of virus spread 
suggests 2 modes of infection: 1) extracellular virus
release and 2) intercellular virus transmission via
protected intercellular spaces.

Rubella virus strains have been reported to exhibit 
different plaque morphology and changes of plaque 
morphology on passage of a virus strain has been reported 
(Lawrence and Gould 1969, Fogel and Plotkin 1969, Gould 
et al 1972, Nawa 1979). By passaging a wild type strain 
(Dunning, isolated from a six month old CRS infant) in MK 
cells Gould et al (1972) demonstrated a reduction in
plaque size from 2.25-2.5mm to l-2mm. Passage of this 
strain in RK13 cells did not change the size of the
plaques formed. However this strain was accidentally
transmitted to a person working with the virus resulting 
in a severe infection. The virus isolated from this 
clinical infection showed the large plaque morphology 
characteristic of the virus on primary isolation. The
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second isolate (designated strain Janine) showed a 
reduction in plaque size when passaged in both MK and 
RK13 cells. These two strains of virus differed from the 
majority of strains which only form small plaques. In 
another study (Fogel and Plotkin 1969) differences in 
plaque morphology between strains of virus were shown to 
depend on the sensitivity of the strain of virus to 
inhibitors in the agar/agarose overlay.

An accurate assessment of the biological and biochemical 
properties of rubella virus strains also requires the 
virus to be grown with minimal degradation. The results 
summarised in figure 8 show that virus infectivity is 
unstable at 37°C with a half life of approximately 70 
minutes. Virus biological and biochemical functions are 
therefore more likely to be maintained if it is harvested 
soon after release from the infected cell. A loss of 
infectivity has been suggested to be related to 
proteolytic degradation of released virus particles, the 
proteases being released from lysed infected cells during 
the development of CPE (Ho-Terry and Cohen 1980). Table 6 
shows there is a reduction of the yield of infectious 
virus associated with development of CPE and the 
minimisation of CPE by daily changes of the incubation 
medium resulted in a relatively good virus yield (up to 
10s ffu/ml of infected tissue culture medium). Infecting 
cells in suspension also extended the viability of the 
host cells, promoting better virus-cell contact, early
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release of virus and collection of infectious virus from 
the medium (figure 11 A-C) . Since the half life of HA 
antigen at 37°C is 37 hours, (figure 7) the time for HA 
antigen harvesting is less critical.

Valid biological and biochemical studies of rubella virus 
strains require homogeneous or near homogeneous 
populations of individual virus strains. Whilst this 
could be achieved with the laboratory strain RJ by 
cloning at limiting dilutions, the same could not be 
carried out for vaccine and wild type virus strains 
included in this study without the risk of selecting 
virus particles on the basis of one biological property, 
ie. rapid rate of growth. For this reason these virus 
strains were grown at low MOI1s at limited passage. The 
one step growth curve observed for all virus strains (

i

(figure 23) indicated that the virus stocks were 
sufficiently homogeneous for the purpose of comparison. I 
Since the yields from different virus strains were 
similar to cloned RJ, the various virus stocks were 
probably associated with insignificant numbers of 
defective particles. This is most probably due to the low 
MOI used during passage which has helped to minimise the 
development of defective particles. Defective interfering 
particles normally require help from fully infectious 
normal virus for their replication (eg. in the production 
of the structural proteins) infecting at low MOI reduces 
the chances of a cell being coinfected with a DI
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particles and a normal fully infectious particle.

Comparison of the structural proteins by western blot 
showed no difference between different rubella virus 
strains. However, minor polypeptides were found in 
strains RS, RM and RA27/3 which suggests that infection 
with these virus strains is more cytopathic and/or the 
structural proteins of some virus strains are more 
accessible to proteolysis, perhaps reflecting 
conformation differences between strains (figure 12). The 
denaturation of the virus for western blot may mask 
antigenic differences which are conformation dependent.

A low titre serum was used for western blot analysis 
to maintain specificity. It reacted well with the 
envelope proteins El (61Kd) and E2 (44-45Kd) but 
relatively poorly with the capsid protein C (35Kd), 
(figure 12), the capsid protein of all virus strains is 
probably less antigenic than the envelope proteins. The 
capsid protein can be seen when a hyperimmune rabbit 
serum with a relatively high capsid antibody titre is 
used (figure 13).

The capsid protein has been observed as a doublet and 
this has been suggested to be the result of the 
translation of the structural protein precursor 
initiating from either of the 2 in frame start codons 
at nucleotides 77-AUG and 101-AUG (nucleotide number in
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the subgenomic RNA). If true, then either both the start 
codons are used only occasionally since the doublet 
capsid is not invariably observed in PAGE patterns of the 
structural proteins (Vaheri and Hovi 1972, Liebhaber and 
Gross 1972, Bowden and Westaway 1984) or, since the 
difference in molecular weight of the two species is only 
0.8Kd and not easily resolved on PAGE gels (7 to 10%) 
it could be missed. The two isoelectric points for the 
capsid (Waxham and Wo1insky 1985) also support the 
existence of 2 forms of the capsid protein.

Our results did not agree with a molecular weight for E2 
of 35 Kd for HPV77 reported by Zheng et al (1989). Their 
suggestion of the presence of a point mutation (amino 
acid No. 412 threonine to isoleucine) resulting in the 
loss of a glycosylation site and hence a lower molecular 
weight is most likely unique to the particular strain of 
HPV77 studied. Other groups have reported the molecular 
weight of HPV77 E2 as 45-48 Kd (Dorsett et al 1985) which 
agrees with our results.

The fine structure of the structural proteins from 
different rubella virus strains was next compared by 
peptide mapping using 2-D PAGE (figures 15, 16, 17 and
18) and FPLC (figure 19a-c) after Staph. aureus V8 
protease cleavage. Rubella virus purified as described is 
known to contain residual host contaminants (Ho-Terry and 
Cohen 1982) so to ensure that the peptides were rubella
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specific they were identified by western blot. In so 
doing, only antigenic peptides were studied.

Peptide maps for E2 and C from different rubella virus 
strains (figures 16, 17 and 18) were very similar.
However, comparable differences were observed by both 
analytical techniques in the antigenic peptide patterns 
of El suggesting differences in amino acid sequence in 
different virus strains (figures 15, 18 and 19c).

A comparison of the published sequences (Therein, RA27/3, 
HPV77 and El, Judith, M33 sequence not included in the 
comparison) shows 4 amino acid substitutions in the whole 
of the structural protein sequence which involve V8 
cleavage sites (table 4). (1) There is one amino acid
change in El. Amino acid number 702 (amino acids numbered 
from the beginning 106Kd polyprotein precursor) is 
glutamic acid in all strains except RA27/3 where this is 
substituted by glutamine resulting from a G to C 
substitution in the RNA sequence (GAA to CAA). (2) Amino 
acid number 395 is an aspartic acid in all strains with 
the exception of Therien as reported by Vidgren et al 
(1987) which has alanine in this position (GAC to GCC). 
The sequence for Therien reported by Dominguez et al 
(1990) does not show this substitution at amino acid 395. 
(3) The capsid has two amino acid substitutions that 
could result in changes in the V8 peptide pattern. Amino 
acid number 26 is glycine in all strains with the
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exception of Therien where it is glutamic acid (GGU to 
GAA), creating an extra cleavage site. The other amino 
acid change in the capsid is at amino acid number 163 
where glutamic acid substituted by glutamine (GAA to 
CAA) in the sequence reported by Takkinen et al (1988) 
again this amino acid is not substituted in the Therien 
sequence reported by Dominguez et al (1990).

Of the 4 amino acid substitutions only amino acid 26 in 
the capsid would result in a significant change in the V8 
peptide map. The other 3 cleavage sites occur where there 
are clusters of V8 susceptible amino acids where 
substitution will result in changes in peptide length of 
one or two amino acids, which would not be detectable as 
a change of molecular weight in western blot. 
Differences between peptide maps must therefore reflect a 
antigenic difference between strains. It should be 
remembered that some of the reported differences in the 
sequences of different strains could be the result of 
sequencing error.

Of the strains studied in this work, 2 strains (RA27/3 
and HPV77) have been sequenced through the complete 
structural protein coding region and the El sequence of 
Judith (E1J) has been determined. With the exception of 
E1J it cannot be assumed that the published sequences 
will be completely valid for the virus strains studied 
here. However, apart from RA27/3 El amino acid 702, no V8
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cleavage sites have been shown to be substituted in any 
of these strains. This substitution would not result in a 
difference in the peptide profile.

The differences in El are of particular importance since 
of the three rubella structural proteins, El has been 
reported to be immunodominant (Dorsett et al 1985, Green 
and Dorsett 1986). Studies with monoclonal antibodies 
have shown that the biological properties of the virus 
are derived mostly from El. With a few exceptions, all 
the rubella monoclonal antibodies reported are directed 
against El. Six of the seven identified biologically 
active epitopes are on El, they have neutralizing 
activity (1 epitope), neutralizing + HAI activity (2 
epitopes) and HAI activity only (3 epitopes). Only one 
neutralizing epitope has been localised on E2 (Umino et 
al 1985, Waxham and Wolinsky 1985, Dorsett et al 1985, 
Ho-Terry et al 1986, Green and Dorsett 1986, Gerna et al 
1987). El would be expected to be subjected to the 
greatest immunological selective pressure in the wild.

That a difference was detected in El of RA27/3 at amino 
acid 702 and an alanine to valine amino acid substitution 
in a neutralising epitope (EP2) at amino acid number 830 
(table 4 in the introduction), is of particular 
importance because this is the vaccine strain currently 
used. Compared with strains Judith and Therien there are 
a total of 13 amino acid substitutions in RA27/3 El,
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however not all of these will be in biologically active 
epitopes, only the substitution at amino acid 830 has 
been located in a active epitope. It has been shown in 
sindbis virus that single amino acid substitutions in the 
structural protein El can have a profound effect on the 
virus.

The properties of El have been indirectly studied by HAI 
reactions. The reactions of different rubella virus 
strains with HAI antibodies were studied by Best and 
Banatvala (1970). Their results showed no difference 
between strains of rubella virus (Giguere, HPV77, Judith 
and KO-1) by HAI. However, HAI has limited sensitivity 
and is unlikely to be able to detect antigenic 
differences unless they are gross. These authors did not 
include RA27/3 or RA27/3 antibodies in their study.

Although HAI, a test of low sensitivity, could not 
differentiate strains of rubella virus, it is not 
unreasonable to expect a diversity of reactivity if HAI 
epitopes have amino acid substitutions. It has been 
demonstrated that at least one amino acid in EP2 on El is 
substituted in RA27/3 and HPV77 when compared with 
other strains. EP2 has neutralizing and HAI activity, so 
HAI kinetics might be sensitive enough to differentiate 
these strains from others.

However the amino acid change on EP2 is on the edge of
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the active site that has been identified as Leu-Val-Gly- 
(Al a )-Thr-Pro-Glu-Arg (Lozzi et al 1990), the alanine 
(Ala) is substituted in RA27/3 and HPV77 for valine. The 
substitution of this amino acid in the epitope may result 
in only minimal change in the reactivity of the epitope 
as the main reactive site Pro-Glu-Arg may be unaffected.

Neutralisation kinetics show that there is at least one 
El neutralizing epitope unique to RA27/3 (table 23 and 
figure 25). Rate limiting ELISA showed that RS2 
monoclonal antibodies reacted well with strains RS and RA 
but poorly with RJ. Umino et al (1985) failed to 
differentiate strains of virus by the reactivity of 
MCAB's. They compared the overall reactivity of MCAB's 
raised against rubella strain M33 with other strains of 
virus (M33, Takahashi, Baylor and Gilchrist), but did not 
look at the kinetics of the reactions or carry out 
competitive reactions between strains. They only compared 
wild type strains of virus and did not test their 
monoclonal antibodies against RA27/3.

Sera from rabbits injected with recombinant El antigen 
(E1J) were found to distinguish between different rubella 
virus strains and RA27/3 (table 24). Whilst all the 
rabbit sera reacted similarly with strains RJ, RS, RAN 
or HPV77, they reacted very poorly with RA27/3. However 
E1J antisera discriminated against RA27/3 less than 
rabbit sera raised against native RJ virus. As the amino
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acid sequences of E1J and RJ are the same, the 
preferential reaction of RA27/3 with E1J antisera 
compared with RJ antisera suggests that epitopes that are 
exposed and reactive in RA27/3 and bio-engineered E1J are 
cryptic in native El in RJ virus and other strains of 
virus in the native conformation.

Our analysis of the properties of the El polypeptide from 
different rubella virus strains has identified RA27/3 as 
a unique rubella virus strain clearly distinct from wild 
type isolates and from laboratory strain RJ. Indeed, sera 
from individuals vaccinated with RA27/3 show highly 
variable reaction to different rubella virus strains 
(table 18) compared with those from individuals with 
naturally acquired immunity. This result suggests that 
the vaccine provides protection against reinfection by 
certain strains of the virus whilst it may provide little 
or no protection against other strains. This leads to the 
conclusion that the relatively high passage (>40 
passages from isolation) vaccine virus has lower antibody 
binding stringency than the wild type virus, probably as 
the result of amino acid substitutions in the envelope 
proteins El or E2. As El is immunodominant, amino acid 
changes in this protein would probably have most effect. 
This is seen in other togaviruses such as sindbis where 
some strains are neurovirulent and others are not as a 
result of single amino acid substitutions or deletions in 
El or E2 .
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It may be advantageous to use a vaccine that did not 
differ significantly from the wild type virus in its 
neutralization characteristics. However such properties 
may be linked to the virulence of the virus and 
attenuation may result in a reduction of the viruses 
antigenic specificity. The sequencing of many wild type 
isolates of rubella virus would conclusively prove if 
there is a diversity in the sequences of the identified 
immunodominant epitopes on El. Once the major cell 
receptor binding sequences and neutralizing epitopes are 
identified on the wild type virus it might be possible 
to produce a vaccine, attenuated or bio-engineered, that 
stimulates adequate cell mediated local immunity and 
humoral immunity with appropriate neutralizing antibody 
specificities.

In conclusion, wild type virus strains are all very 
similar to each other but different from RA27/3. These 
differences may be related to the passage of the virus in 
tissue culture in the attenuation of the virus to produce 
the vaccine strain. It may be worth considering 
alternatives to RA27/3 as a vaccine, even though it has 
enabled a reduction of the CRS rate. The currently 
available genetic manipulation techniques will allow the 
development of a better vaccine.
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