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The Oka vaccine strain is a live attenuated virus that is routinely
administered to children in the United States and Europe to
prevent chickenpox. It is effective and safe but occasionally pro-
duces a rash. The vaccine virus has accumulated mutations during
its attenuation, but the rashes are not explained by their reversion,
unlike complications reported for other viral vaccines. Indeed, most
of the novel mutations distinguishing the Oka vaccine from the
more virulent parental virus have not actually become fixed.
Because the parental alleles are still present, the vaccine is poly-
morphic at >30 loci and therefore contains a mixture of related
viruses. The inoculation of >40 million patients has consequently
created a highly replicated evolutionary experiment that we have
used to assess the competitive ability of these different viral
genotypes in a human host. Using virus recovered from rash
vesicles, we show that two vaccine mutations, causing amino acid
substitutions in the major transactivating protein IE62, are out-
competed by the ancestral alleles. Standard interpretations of
varicella disease severity concentrate on the undeniably important
effects of host genotype and immune status, yet our results allow
us to demonstrate that the viral genotype is associated with
virulence and to identify the key sites. We propose that these loci
have pleiotropic effects on the immunogenic properties of the
virus, rash formation, and its epidemiological spread, which mould
the evolution of its virulence. These findings are of practical
importance for reducing the incidence of vaccine-associated rash
and promoting public acceptance of the vaccine.
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he live attenuated Oka strain varicella vaccine is licensed for
immunization of healthy children in the United States and
Germany and for healthcare workers in the United Kingdom (1,
2). Vaccine-associated rash after inoculation occurs in 5% of
healthy children but is more common, and potentially life-
threatening, when the vaccine has inadvertently been adminis-
tered to immunocompromised subjects (3). Evidence from work
in the SCID hu mouse epithelial implant model has firmly linked
attenuation of the Oka vaccine strain with reduced skin repli-
cation (4). Rash formation is more than an incidental nuisance
in varicella infection. It is fundamental to the transmission of the
virus, because infectious virions are shed from skin vesicles (5,
6). In line with these findings, the attenuated vaccine strain
exhibits limited human-to-human transmission (three cases re-
ported in 15 million doses) and no associated mortality (3). The
reduction of free vaccine virus within epithelial vesicles could
also explain the lower incidence of herpes zoster in Oka vaccines
(3, 7). This decreased free vesicular virus is thought to reduce the
infection of sensory nerve endings, the retrograde spread, and,
consequently, the viral burden in the dorsal root ganglia (3, 6).
Sequencing by Gomi et al. (8) of the vaccine Oka genome and
the parental Oka strain from which it is derived identified 42
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single nucleotide polymorphisms (SNPs), 20 nonsynonymous
and 22 synonymous, over one-third of which were located in the
ORF 62 major transactivating gene. The vaccine preparation is
not genetically uniform because only three of the novel vaccine
mutations are fixed (9). The remainder of the SNPs are poly-
morphic, so the vaccine dose comprises a diverse but related viral
population (10). The repeated inoculation of many millions of
vaccine doses into vaccinees and the recovery of viruses from
rashes presents a remarkable opportunity to follow the relative
competitive success of different viral genotypes within the
human host. It is unlikely that all 42 of the SNPs are implicated
in attenuation of virulence. The attenuation of the vOka vaccine
strain was achieved by serial passaging of the virus in both animal
and human cell lines (11). Some of the novel mutations will have
been selected for fitness in this unnatural new environment;
some may have become established by genetic drift. Some, but
not necessarily all, must have pleiotropic effects that reduce
virulence in the human host; however, up to now, there has been
no evidence directly linking individual SNPs with loss of viru-
lence. One possibility is that the occurrence of vaccine-
associated rash is determined by the host’s genotype and immu-
nological status alone. This study was designed to test the
less-conventional hypothesis that the viral genotype affects rash
formation, in which case, the viral genotypes recovered from
rashes would differ from those originally inoculated.

We have shown previously that, unlike the vaccine prepara-
tion, viruses from a single vaccine-associated lesion are genet-
ically uniform (12), but viruses sampled from different lesions in
the same individual, or from different individuals, are genetically
distinct (9, 12). This preliminary result suggested that no single
preexisting vaccine genotype was responsible for rash formation
(9), in contrast to other live attenuated vaccines, notably polio-
virus, in which a single point mutation can cause reversion to
virulence (13). In this report, we evaluate the evidence that a
subset of the vaccine virus genotypes is disproportionately
successful in spreading through the human body and causing
rashes. An initial step made use of information from 10 of the
viral genotypes obtained by Quinlivan et al. (12) from vaccine-
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Table 1. The frequency of ancestral bases in viral samples recovered from rashes and from various vaccine batches

Vaccine batches Rashes
4:
1: 2: 3: Plaques 5: 6:
U.K. U.K. U.K. U.K. u.s. u.s. 1995-
(2003) (2004) (2005) (2006) (2005) (2005) | 1980s 2003

Frequency of the ancestral base (%)

ORF SNP n=a n=10 n=7o Relative
risk
0 0 0 2 0 0 30 21 NS
50 50
45 60
65 60
100 90
100 90
79 81 80 92 85 83 100 98
100 100
45 50 30
44 50
74 80
70 70 77
100 100 100 98 100 100 70 69 0.04
92 100
30 20
61 56 67 65 64 60 80 80
80 80
71 70
56 50 53 28 53 51 100 90 9.68
78 70 74
105331 100 90 100
105356 34 36 31 34 33 31 90 81 5.59
i 9 20 14
0 0 0 0 0 0 4
93 90 84
0 0 0 0 0 0 0
100 100 100
50 50 48 34 48 48 20 35
0 0 0 0 0
100 90 100
70 75 68 66 68 68 100 100  15.09
100 90
0 0 0 0
100 100
41 60
100 90
100 100

Allele frequencies were estimated in the Merck vaccine by using comparative sequence analysis. The allele frequencies in vaccine batches 2—-6 were estimated
by pyrosequencing. *, SNPs identified by us. The remaining 34 SNPs, including all 20 nonsynonymous SNPs and 14 of 22 nonsynonymous SNPs, were identified
by Gomi et al. (8). t, SNPs at which the allele frequency in the original 10 rashes screened differed from the vaccine by =20%. #, Control SNPs that differed by
<20%. Relative risk is a ratio calculated from the parameters of the logistic regression. It is the relative probability of being a vaccine genotype when the mutant
allele is present at the locus (compared with a genotype ancestral at all four loci). The numbers in the SNP column indicate the location in the vOka genome at
which mutations have been described. They denote the corresponding nucleotide position in the VZV Dumas genome. Black areas indicate SNPs that change
the protein sequence; white numbers in black areas denote the VZV ORF. Gray areas indicate loci at which allele frequencies in skin rash viruses differed
significantly from those in the original vaccine (P < 0.001: 2 X 2 contingency tables with Bonferroni correction).

associated rashes collected in the 1980s. We excluded from  vaccine batch-to-batch variation as a reason for the differences in
consideration those viruses derived from a batch of vaccine that  allele frequencies between the vaccine and rashes, we estimated the
was not subsequently forwarded to licensure for public use.  allele frequencies in five different batches (Table 1) (14, 15). Three
Comparison of the remaining genotype frequencies with thosein - batches were from the United Kingdom, including one manufac-
the vaccine identified eight candidate loci (of 37 surveyed,  tyred during the period over which the 70 rashes were collected
including all of the nonsynonymous SNPs; Table 1) at which (batch 1) and two from the United States (batches 5 and 6), where
alleles had shown the most dramatic increase in frequency from  ype rach viruses were collected. Batch-to-batch variation of the
inoculation to rash. A larger study then evaluated the existence [ oo o (SD of allele frequency was 2.3%) and

of consistent selection at these loci by genotyping virus recov- significantly less than the differences seen when allele frequencies

ered from 70 additional rashes collected a decade or more later. . . .
Significant deviations in the genotype frequencies between the :)not(l)lle raTsvlﬁ'es andlya%?mes were Coén pared (1112 _SbO%’hSD’ 270@’ P=
vaccine and the rashes of this second, independent sample would ~ 0:001). This negligible variation between the batches can be ex-

provide evidence of selection acting between the point at which ~ Plained by the use of a single master-seed for production of the seed
the live virus was inoculated and the production of virions in the ~ Stocks produced since licensure. Each seed stock is used for 1-2

rash vesicle. years (Alan Shaw, personal communication). A second test for
variation between vaccine stocks made use of the vaccine rash
Results genotypes themselves. None of the candidate loci showed signifi-

Variation in Allele Frequencies Among Vaccine Batches. The rashes  cant deviation in allele frequency between vaccine lots produced in
were caused by at least seven different vaccine batches. To exclude  different years.
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Allele frequencies in 41 virus plaques purified from one
vaccine batch (batch 4) were also very close to the pyrosequenc-
ing estimates for the other batches (Table 1) but significantly
different from those recovered from the rashes (P < 0.001;
individually significant SNPs are shaded in Table 1, P < 0.05).
Only one locus in the plaque 105169 (ORF 62) differed signif-
icantly from the pyrosequencing results.

Comparison of Vaccine and Rash Viruses. The viral haplotypes
recovered from the vaccine preparation and vaccine rashes are
extraordinarily diverse, each being unique [see supporting in-
formation (SI)]. There was no significant difference between
allele frequencies in the zoster rashes (distinguished by a code
starting with a Z in the SI) and the varicella rashes (P = 0.89).
Using logistic regression, we compared allele frequencies at the
8 candidate and 12 control loci in vaccine preparations and 70
rashes. From this, we identified four of the candidate loci as
significantly and individually contributing to rash formation
(marked R in Table 1). None of the four could be excluded from
the minimal model (P < 0.005), and no pairwise interactions or
linkage disequilibria were significant. When the minimal model
was used to predict the type of a virus (rash or vaccine), it
correctly classified 95% of the rash viruses, whereas only 21% of
vaccine viruses were predicted to be rash-forming.

After immunization, vOka virus replicates locally, then infects
peripheral blood mononuclear cells and may be carried to distant
sites including the skin (3, 5), lungs, brain, and visceral organs
(3). The observed bias in rash viral genotypes could, therefore,
have arisen before replication in skin. To investigate this possi-
bility, we genotyped virus sampled from the lung of a patient
with vOka vaccine viral pneumonia (9). The allele frequencies
were, like skin viruses, 100% wild type at position 107797 (446L)
but closer to vaccine frequencies at other loci (Table 1). Selec-
tion at this locus may therefore have occurred before the virus
reached the skin. In vitro observations that the vOka vaccine
mixture replicates better in lung than in skin fibroblasts (16) may
indicate that the majority of vaccine genotypes are better
adapted to lung tissue and hence explain the persistence of a
predominantly vaccine-genotypic composition in the lung.

Discussion

It was known previously that there are only 42 sites where the
vOka vaccine DNA sequence has accrued novel mutations that
distinguish it from the more virulent parental Oka virus (8).
However, these differences were not established by direct selec-
tion for reduced virulence. Instead, they accumulated during the
attenuation procedure, during which there will have been selec-
tion for efficient propagation during serial passaging in cell lines
and random genetic drift. Some of the novel alleles clearly must
have pleiotropic effects that reduce virulence because the clin-
ical effects of the vaccine virus are less severe. However,
distinguishing the particular loci responsible has been hindered
because no animal model adequately replicates varicella-zoster
virus (VZV) propagation and virulence in vivo.

In this study, we have overcome this problem to distinguish a
subset of loci that have major effects on propagation in the
human body. This was achieved by exploiting the natural exper-
iment occurring within recipients of the Oka varicella vaccine.
The approach was possible because the vaccine is extensively
polymorphic at the loci in question. In interpreting the results,
it was feasible that the occurrence of rash would have proved to
be determined by the host genotype and immune status irre-
spective of the viral genotype. In that case, the virus recovered
from the rash would have been a random selection of the
genotypes in the vaccine. We observed the converse: four
residues were strongly and consistently selected in vivo during
viral spread and the formation of skin rashes.

210 | www.pnas.org/cgi/doi/10.1073/pnas.0605688104

Reversion to a more virulent phenotype is not explained by
mutation occurring in the human host. We identified only three
previously undescribed alleles in =200 kb of sequencing, and
each occurred in the rashes at frequencies indistinguishable from
the vaccine. Furthermore, the rash alleles identified by the
analysis were all detectable in the vOka mixture that was
inoculated. The genotypes that carry one or more of the four
selected mutations have outcompeted other components of the
live vaccine inoculum. Of these four selected mutations, two
code for amino acid changes at positions 446 and 1260 in ORF
62, and two are synonymous. More than one-third of vaccine
mutations are located in ORF 62, and vaccine IE62 is one of four
proteins with significantly reduced mRNA expression in MRCS
cells compared with parental virus (17). ORF 62 is essential for
replication of virus in skin (18), and position 446 (107797),
present in all rash viruses, lies within a region that binds the
immediate early protein IE63 (19). Binding of IE63 has been
shown to increase IE62 transactivation of the ORF 67 promotor,
which codes for glycoprotein I, another protein essential to VZV
replication in skin (19, 20). The ancestral leucine residue may
therefore be functionally important for skin replication and also
forms part of an HLA A2-restricted T cell epitope (21). Com-
puter algorithms (22) predict that the vaccine substitution (pro-
line) would abolish immune recognition of this epitope. One
corollary of this interpretation is the prediction that the vaccine
virus will be found to spread more effectively in subjects who are
HLA A2-negative or have lost immunity to this epitope.

We cannot speculate on the functional significance, if any, of
the synonymous substitutions at positions 89734 and 105169.
However, the implication of position 1260 is reinforced by the
analysis of the Ellen strain, another multiply passaged, labora-
tory-adapted VZV. A substitution of valine for the ancestral
isoleucine at position 1260 is again observed, as are glycine
residues, which are fixed at positions 628 and 928 in the vaccine.
It is therefore possible that the ancestral amino acid at these
positions confers an advantage in replication of the virus in
differentiated epithelium.

Why should the novel vaccine mutations persist in culture but,
unlike other live attenuated vaccines, notably poliovirus (23), not
be able to circulate in the wild? The explanation appears to be
in the central importance of skin rashes in the epidemiology of
the virus: infectious virions are shed from the rash vesicles. Our
data show that the development of rash after vOka vaccination
is due to selection of viral strains that occur infrequently in the
vaccine (Table 1) and probably depends on specific interactions
by these viruses with host immunity.

Our analysis has identified 4 of 37 sites with vaccine mutations,
which are most clearly implicated in rash formation. We suggest
that these alleles could be targeted for reduction in the prepa-
ration of vaccine batches. Any reduced incidence of rash would
benefit the public acceptance of the vaccine. Although the
effects of vaccine rash are generally mild, they can be life
threatening when immunocompromised patients are inadver-
tently immunized (3, 24-26). Because these patients are at great
risk from natural varicella infection, vaccination would be valu-
able, and measures to reduce vaccine rash would be particularly
beneficial.

Materials and Methods

Samples. Samples for the pilot study were obtained from subjects
immunized in the 1980s. All samples had been passaged two to
five times in human embryo lung fibroblast (HEL) cells. Samples
for the second study were obtained as part of a postlicensure
surveillance program conducted between 1995 and 2003 (3).
Five of the 70 samples had been passaged between two and five
times. The remainder were uncultured.

Quinlivan et al.
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DNA Extractions and PCRs. DNA was extracted from clinical
samples (vesicle fluid) and vaccine batches by using a QIlAamp
DNA Mini Kit (Qiagen, Crawley, U.K.) according to the man-
ufacturer’s instructions. Before extraction, lyophilized vaccine
preparations were resuspended in the 500 ul of accompanying
buffer. DNA from each preparation was extracted from 2 X
200-pl and 1 X 100-ul (mixed with 100 wl of PBS) aliquots. The
3 X 200-ul aliquots of eluted DNA were merged to form a 600-ul
DNA pool that was used for subsequent experiments.

All PCRs were performed in a GeneAmp 2700 thermocycler
(PerkinElmer, Beaconsfield, U.K.), initiated by hot start acti-
vation at 95°C for 10 min and ending with a step of 72°C for 10
min, before being incubated at 4°C. For pyrosequencing, reac-
tions included 45 cycles of amplification (95°C, 15 s; the primer
annealing temperature specified in the SI, 30 s; 72°C, 15 s).

Direct Sequencing and Comparative Sequence Analysis (CSA). DNA
from the initial 10 vaccine rash virus samples was amplified and
directly sequenced on an ABI Prism 3700 automated sequencer
(Applied Biosystems, Warrington, U.K.) according to the man-
ufacturer’s instructions. The vaccine allele frequencies in batch
1 were determined by CSA (14). For the CSA, 0.5 ul of LIZ 500
size standard was mixed with each sample before loading onto
the 3700 platform. Peak heights were automatically measured by
Genescan software (Applied Biosystems) by using the LIZ 500
size standard as a marker and are displayed in arbitrary units.
Sequence traces from the known wild type and unknown sample
were overlaid as described in the CSA methodology (14). The
frequency of the ancestral allele at mixed or substituted loci in
the vaccine was calculated. The standard error of the method was
estimated to be 7% by using replicates of known mixtures of
polymorphic loci (data not shown).

Pyrosequencing. Pyrosequencing was used to analyze allele fre-
quencies in batches 2, 3, 5, and 6 and the 70 additional rash
genotypes. We have shown previously that virus from one lesion
is genetically uniform (4), so detection of polymorphic SNPs in
22 of the 70 rashes may indicate cases when more than one lesion
was sampled; at the time of sampling, the genetic distinctiveness
of individual lesions was not known. Comparison of pyrose-
quencing and CSA results for batch 1 were within the confidence
limits of batch-to-batch variation. Pyrosequencing primers (SI)
were generated for each locus that had been identified by the
pilot survey. Single-stranded DNA was purified by using 5’
biotin-labeled primers. The biotinylated PCR product was cap-
tured with streptavidin Sepharose and purified with a vacuum
prep workstation according to the manufacturer’s instructions
(Biotage, Uppsala, Sweden). Pyrosequencing reactions were
performed according to the manufacturer’s instructions.

Plaque Purification of Vaccine Virus. To assess haplotype variation,
vaccine virus was plaque-purified, and each virus was genotyped
by using pyrosequencing. The viral plaques were grown in human
embryo lung fibroblast monolayers, which were cultured in
24-well tissue culture plates (1 ml; Nunc, Roskilde, Denmark)
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until 70-80% confluent. The growth medium was removed, and
each well was inoculated with 100 ul of vaccine virus diluted
1:100 from neat in maintenance medium (98% Earl’s medium
and 2% FCS). After 2 hours of absorption at 37°C, excess
medium was removed from each well, and the cells were overlaid
with 1 ml of low-melting-point agarose (5% in water) mixed in
a ratio of 1:10 with maintenance medium (98% Earl’s medium,
2% FBS, 1% penicillin/streptomycin/nystatin, and 1% L-
glutamine) that had been cooled to 37-40°C. After 7-10 days of
culture at 37°C in 5% CO», individual vaccine plaques showing
syncytia were picked with a sterile pipette tip, mixed with 1 ml
of maintenance medium, and recultured for am additional 7 days
in fresh human embryo lung fibroblast monolayers.

Statistical Methods. Generalized linear modeling, assuming bino-
mial error, was used to assess the difference in allele frequencies
at the eight candidate loci for the comparisons of zoster and
varicella rashes, the comparisons between year of vaccine-lot
manufacture, and the comparisons between rash and plaque
genotypes.

The comparison of rash allele frequencies between the years
of vaccine-lot manufacture (listed in the SI) was made by using
a separate logistic regression for each candidate locus except for
SNP 107797, which was monomorphic in the rashes. Adding the
year of manufacture did not improve any model: F/60 values fell
in the range of 0.63-1.67 (for SNPs 105169 and 19431, respec-
tively), and none was significant (P > 0.05 in all cases).

For the rash-plaque comparison, the logistic regression was
carried out on all plaque and post-1995 rashes for which we
obtained complete genotypes. The SNPs were encoded as two-
level factors. The dependant variable was the virus’ origin
(isolated from rash or from vaccine). The model with the
minimal Akaike information criterion (AIC) was obtained by
sequentially discarding SNPs from the model. None of the
two-way interactions had a significant effect. For each candidate
locus, the fitted value was estimated for a genotype bearing the
ancestral allele at all but that locus (the fitted value is the prob-
ability of such a genotype being a vaccine sample). The relative
risk given in Table 1 was obtained by dividing this estimate by the
fitted value for a genotype consisting entirely of ancestral alleles.

The variation among frequencies in different vaccine batches
was compared with the deviation between rash and vaccine
frequencies. First, the vaccine allele frequencies were arcsine-
transformed. A generalized model, assuming Gaussian error,
was fitted to the transformed values. An ANOVA was used to
compare the deviation between vaccine and allele frequencies
with the residual variance among vaccine frequencies: Feo =
25.99, P < 0.001.
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