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INTRODUCTION three of which are duplicated in the inverted repeat regions.

Varicella-zoster virus (VZV) causes two distinct diseases,
varicella (chickenpox) and herpes zoster (HZ) (shingles). Vari-
cella is a highly contagious disease that is transmitted by the
airborne route from person to person; secondary attack rates
for susceptible household contacts range from 61% to 100%
(60, 113). During primary infection, VZV establishes a lifelong
latent infection in the dorsal root ganglia and can subsequently
reactivate from infected neurons to cause HZ (86). VZV can
also be transmitted from patients with HZ; however, it is less
contagious than that from patients with varicella. A household
study reported that 16% of susceptible children <15 years old
exposed to herpes zoster developed varicella (121). Unlike
transmission from cases of varicella, transmission from cases of
HZ appears to occur most commonly through direct contact
with lesions, although there have been reports that suggested
that airborne transmission occurs (65, 83, 117, 130, 131, 155).

The VZV genome consists of 125 kb of linear, double-
stranded DNA comprising one long and one short unique
region, each flanked by inverted repeats (33), and five internal
repeat regions (R1 to R5) have been identified. The VZV
genome contains at least 71 open reading frames (ORFs),
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The functions of many of the proteins encoded by these genes
have been characterized (10). In the prevaccine era, varicella
was essentially a universally experienced infection of childhood
in countries with a temperate climate; in the United States,
approximately 98% of the population was seropositive for
VZV by the age of 20 years. The development of a live-atten-
uated vaccine for varicella was first reported in 1974 and was
derived by the serial and successive passage of a wild-type
clinical VZV isolate in primary guinea pig embryo fibroblasts
and human diploid cells (WI-38) (132, 134, 135). The Varivax
varicella vaccine preparation was passaged several additional
times in human MRCS cells. A single-dose universal childhood
varicella vaccination program was initiated in the United States in
1995 for children aged 12 to 18 months (22). According to the
U.S. National Immunization Survey, single-dose varicella vaccine
coverage for children aged 19 to 35 months had reached 89% in
2006 (24). Hospitalizations and deaths due to varicella have con-
comitantly declined by 80% to 90% (62, 97, 157).

Although varicella vaccination has dramatically reduced the
incidence of both varicella disease and severe outcomes, sev-
eral issues have emerged that could prevent or delay the in-
troduction of broad varicella vaccination programs by other
countries (88). Typically, mild breakthrough infection has been
common among vaccinated children in day care and primary
school outbreaks, and this observation led to a revised recom-
mendation for a 2-dose schedule in 2006 (25). While this step
is expected to improve levels of immunity to VZV in vacci-
nated persons, the increased cost burden associated with this
measure could make vaccination cost-prohibitive in some
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countries. In addition, the reduced rate of VZV reexposure
among adults with latent VZV infections has resulted in spec-
ulation that protective levels of VZV immunity might wane at
an earlier age, leading to a younger average onset of herpes
zoster (12). Finally, recent observations of vaccine-wild-type
recombinant strains obtained from cases of herpes zoster in
vaccinated children are expected to complicate the approach to
performing surveillance for varicella vaccine adverse events.

In temperate climates, varicella typically occurred before the
age of 4 years, and annual peaks occurred in late winter and
early spring. Varicella seasonality has been suppressed as a
consequence of high vaccine coverage rates in the United
States, but it still evident in temperate countries with no or
limited varicella vaccination policies. In tropical climates, the
transmission dynamics of VZV are quite different, with no
apparent seasonality, and a large fraction of the population
(~20%) remains susceptible into adulthood (76). The intro-
duction of the vaccine into tropical countries could thus be
anticipated to have an even higher public health impact than in
temperate climates, since primary infection typically causes
much more severe disease in adults and since women of child-
bearing age would be expected to be at a higher risk for
congenital varicella infection.

The purpose of this review is to provide a detailed overview of
the impact of routine childhood varicella immunization in the
United States, to describe the rationale for recommending a sec-
ond dose, the potential threat of earlier-onset zoster, and the
implications of recombination in superinfected vaccine recipients.

EPIDEMIOLOGY OF VARICELLA IN
THE UNITED STATES

Prevaccine Epidemiology

Before the introduction of varicella vaccine in the United
States in 1995, the number of annual varicella cases approxi-
mated the birth cohort of 4 million. This resulted in a per
annum varicella incidence of 15.0 to 16.0 cases per 1,000 indi-
viduals (149), with significant yearly variations (51). The ma-
jority of cases occurred among children <15 years of age
(85%), and the highest age-specific incidence occurred among
children <Syears of age. Prior to the recommendation for
universal childhood varicella immunization in the United
States, seroprevalence was high, with nearly all people being
seropositive by the age of 40 years. Seroprevalence increased
with age, ranging from 86% among children 6 to 11 years of
age to >99.9% among adults 40 years of age or older (68).
Although varicella was considered a benign disease, it caused
an average of 11,000 to 13,500 hospitalizations (4.1 to >5.0
cases/100,000 individuals) and 100 to 150 deaths a year (0.04 to
0.06 cases/100,000 individuals). Hospitalization rates were
about 4 times higher among adults, and mortality rates were
much higher for adults (9, 32, 41, 97). HZ occurs much less
commonly in VZV-infected children and is generally less se-
vere, rarely leading to postherpetic neuralgia or hospitalization
(53). Although serious clinical consequences from primary
VZV infection were relatively uncommon, the societal cost,
such as days of lost work, attributable to varicella were esti-
mated to be over $1.5 billion annually, providing much of the
rationale for universal varicella vaccination (158).
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Postvaccine Epidemiology

In the United States, the varicella vaccination program has
been associated with substantial reductions in varicella mor-
bidity and mortality. Between 1997 and 2005, the national
varicella vaccination coverage rate for children 19 to 35 months
of age increased from 25.8% to 87.9% (20). In two varicella
active surveillance sites located in Antelope Valley (AV), CA,
and West Philadelphia (WP), PA, varicella disease had de-
clined by about 90% in 2005 compared with rates in 1995,
corresponding to vaccination coverage levels among children
aged 19 to 35 months of 94% (AV) and 92% (WP). Declines
in incidence occurred for all age groups, ranging from 57% to
95%; the highest reductions occurred for children <10 years of
age for both sites (about 90%). An 80% decline in incidence
was also observed among infants (ineligible for vaccination),
and a 74% decline was observed among adults (who had low
rates of vaccination), suggesting herd immunity (54). The peak
age of varicella infection increased from 3 to 6 years of age in
1995 to 9 to 11 years of age in 2005, and the proportion of cases
that were vaccinated increased from <1% to 60% over the
same time period (54).

The impact of the varicella vaccination program on inci-
dence, morbidity, and mortality was also reported by other
data sources (18, 93, 154). For data from four states collected
between 1990 and 1994 and in 2005, the incidences of varicella
declined by 85% (88). In data from a health maintenance
organization (HMO) collected between 1996 and 1999, the
varicella incidence among children <18 years of age declined
by 49.7%, with vaccination coverage of 73% among 2-year-old
children (93). Finally, according to a Massachusetts phone
survey study conducted between 1998 and 2003, the varicella
incidence declined from 16.5 cases/1,000 individuals to 3.5 cases/
1,000 individuals (79%) overall, with =66% decreases for all
age groups except adults (27% decrease) (154). There have
also been significant declines in rates of varicella-related
deaths, hospitalizations, and ambulatory visits (32, 97, 112,
157). By 1999 to 2001, compared with 1990 to 1994, the na-
tional varicella death rate declined from an average of 145
deaths a year to 66 deaths a year. Considering varicella to be
the underlying cause of death, the highest decline in the mor-
tality rate was 92% for children 1 to 4 years of age, followed by
89% for individuals 5 to 49 years of age; infants <1 year of age
experienced a 74% decline (97). Between 1994 to 1995 and
2002, varicella hospitalizations declined by 88%, and ambula-
tory visits declined by 59%, with >90% declines for children
<10 years and adolescents 10 to 19 years of age (157). Accord-
ing to another study, hospitalizations declined by 64.9% be-
tween 1993 to 1996 and 2001 (32). A significant decrease in the
number of varicella outbreaks was observed for the AV site
during 2002 to 2005, compared with the years 1995 to 1998: 236
outbreaks were documented in the earlier period, which was
reduced to 46 outbreaks in the later period. In addition, the
median number of cases per outbreak declined from 15 to 9
(P < 0.001), and the mean duration of outbreaks declined from
44.5 to 30 days (P < 0.001). The median age of outbreak cases
increased from 6 to 9 years (84). Thus, single-dose childhood
varicella vaccination has had a dramatic impact on every facet
of the varicella disease burden. In spite of this, outbreaks of
varicella remain relatively common, and breakthrough disease,
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typically mild, has regularly been uniformly observed in day
care centers and elementary schools (16, 42, 43, 63, 84, 103).

Breakthrough Varicella

Varicella vaccine is ~80 to 85% effective in preventing any
varicella disease and >95% effective in preventing severe dis-
ease. Therefore, about 15 to 20% of healthy vaccinated chil-
dren will develop breakthrough varicella. Breakthrough vari-
cella is defined as disease with symptom onset that occurs >42
days after vaccination. Most breakthrough disease in clinical
trials was described as being mild, without fever and with fewer
skin lesions (151). Breakthrough cases typically had <50 le-
sions that were atypical, with papules that did not progress to
vesicles; they were also less likely to experience fever of
=100°F or =102°F (12% and 3%, respectively) (8). Postlicen-
sure data on the clinical presentation of breakthrough cases
confirmed that cases are milder than cases for unvaccinated
persons (43, 63, 125). Among vaccinated cases with skin le-
sions, 56% had <50 skin lesions, 33% had between 50 and 300
skin lesions, and 11% had over 300 skin lesions (125).

In 2005, 11 years after varicella vaccination commenced in
the United States, breakthrough cases in the two (high-cover-
age) active surveillance sites accounted for 57% (AV) and 64%
(WP) of reported varicella cases. Between 1997 and 2005,
among vaccinated children 1 to 14 years of age, varicella was
usually mild and modified. Compared with unvaccinated cases,
vaccinated cases were one-third as likely to report fever and
had one-half the duration of illness, were one-quarter as likely
to have =50 lesions, and were about one-half as likely to
develop complications.

Breakthrough varicella is also less readily transmissible than
varicella in unvaccinated persons. The rate of spread of wild-
type VZV from children with breakthrough disease to their
vaccinated household contacts was reported to be 12% during
prelicensure vaccine trials (146). In a postlicensure study, the
rate of transmission from breakthrough cases to unvaccinated
contacts was 37.1% (26/70; relative risk [RR], 0.52; 95% con-
fidence interval [CI], 0.38 to 0.71), which was one-half the rate
of transmission from unvaccinated varicella cases (71.5%
[1,071/1,499]; RR, 1.00) (124). However, among breakthrough
cases with >50 skin lesions, the transmission rate was compa-
rable to that for unvaccinated cases. Breakthrough cases with
<50 skin lesions were only one-third as contagious as unvac-
cinated cases (124).

Data from recent report describing 1,671 cases of break-
through varicella in children aged 1 to 14 years occurring
between 1997 and 2005 at two active surveillance sites were
similar to data from previous studies in that most disease in
vaccinated persons was milder and that vaccine recipients were
less susceptible in outbreaks than unvaccinated children (25).
However, vaccine recipients 8 to 14 years of age had a 2-fold-
greater risk of developing moderate breakthrough varicella
than 1- to 7-year-old vaccine recipients, suggesting a waning of
immunity following a single dose. In contrast, another study of
vaccinated children found no evidence of waning immunity
(139). In addition, the findings of the outbreak study (25) were
based on epidemiological data from cases that were not labo-
ratory confirmed. It is therefore likely that the observations
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reflect a combination of both waning immunity and primary
vaccine failure.

The observation of relatively high rates of susceptibility to
breakthrough varicella (typically 20%) coupled with the obser-
vation that even very mild disease was capable of being trans-
mitted provided two of the strongest arguments for a 2-dose
schedule for children.

Varicella Vaccination and Herpes Zoster

Hope-Simpson first hypothesized that immunity to VZV
may be maintained by the periodic internal reactivation of
VZV, external boosting of immunity through exposures to
varicella or HZ, or both (60). A number of studies have ex-
amined the impact of contacts with varicella cases or exposure
to children, a proxy to varicella exposure, on the risk of herpes
zoster. Two studies from England reported that exposure to
varicella or to children reduces the risk of herpes zoster (12,
136). In a case-control study, the risk of zoster among those
exposed to 5 or more varicella cases was 0.29 (95% CI, 0.10 to
0.84) compared to that among those without exposure to vari-
cella cases (136). Another study found that living with children
was associated with a lower risk of zoster, 0.75 (95% CI, 0.63
to 0.89) (12). The above-described findings were also reported
for studies of children with leukemia who experienced a lower
risk of zoster after household exposure to varicella than those
without such exposure (46). On the other hand, in many stud-
ies, women were reported to have a higher incidence of herpes
zoster than men (39, 60, 62, 101, 104, 136) despite the fact that
women are more likely to have had exposure to young children
with varicella. As such, the relationship between the frequency
of reexposure to varicella and relative susceptibility to herpes
zoster is not entirely clear.

Two studies utilizing mathematical models predicted that if
exposure to varicella is important in maintaining immunity to
zoster, the zoster incidence will increase in the short to me-
dium term (over 10 to 40 years and up to 70 years) as a result
of the implementation of a varicella vaccination program; how-
ever, those studies also predicted a lower incidence in the long
term assuming that vaccine recipients have a lower risk of
developing zoster than those with a history of varicella (13, 49).
One study estimated that boosting due to exposure to varicella
could last up to an average of 20 years (95% CIL, 7 to 41 years)
(13).

Assessment of the impact of the varicella vaccination pro-
gram on the incidence of zoster is challenging for several
reasons: a lack of robust baseline data for the prevaccine time
period for comparison purposes; the use of different methods
for ascertaining cases, making comparisons difficult; and the
complexity of teasing out the impact of other risk factors that
may affect herpes zoster, particularly immunocompromising
medical conditions and medications. This issue will be further
complicated by the recommendation to vaccinate persons aged
60 years and older for herpes zoster (59). Achievement of
moderate to high levels (40 to 60%) of zoster vaccine coverage
would be expected to reduce zoster incidence by 20 to 30%,
which would likely mask the effect due to reduced rates of
reexposure. The impact will be even greater if the recommen-
dation is extended to persons 50 years old and older, as ex-
pected. Several studies have documented increases in the in-
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cidence of zoster that started before use of varicella vaccine, as
early as the period between 1945 and 1959 in the United States
(111); HZ incidence rates increased from 1.12 per 1,000 per-
son-years during 1945 to 1949 to 1.50 per 1,000 person-years
during 1955 to 1959. Another study reported that between
1990 and 1992, the annual HZ incidence rate was 2.87 per
1,000 person-years (34), more than double the rate (1.31 per
1,000 person-years) reported previously (111). The extent to
which periodic reactivation of VZV may substitute for lower
rates of exogenous VZV reexposure has not yet been explored.

Postvaccination, several studies and surveillance data show
no consistent trends in herpes zoster incidence. Two studies
found no change; one found that the age-adjusted incidence of
HZ remained stable at about 0.4 cases per 1,000 person-years
from 1992 to 2002 as the incidence of age-adjusted varicella
decreased from 2.63 cases/1,000 person-years in 1995 to 0.92
cases/1,000 person-years in 2002 (66). Another study found an
overall incidence of herpes zoster in 2000 and 2001 of 3.2 (95%
CI, 3.1 to 3.2) per 1,000 person-years, which is similar to a rate
reported in an earlier study for 1990 to 1992 (34, 62). Two
studies reported increases in incidence; during 1997 to 2003, a
study found stable herpes zoster rates with significant increases
in rates among children aged 10 to 17 years that were attrib-
utable to an increased use of oral steroids (93). Another study
found an increase in herpes zoster rates between 1999 and
2003; as varicella decreased 66%, the rate of zoster increased
from 2.77 per 1,000 person-years to 5.25 per 1,000 person-
years. The highest increase was among those 25 to 44 years and
over 65 years of age (154). One study reported increases in HZ
incidence rates between 1996 and 2001, from 3.18 cases per
1,000 person-years in 1996 to 1997 to 4.11 cases per 1,000
person years in 2000 to 2001 (153).

PERFORMANCE OF VARICELLA VACCINE
IN THE UNITED STATES

Varicella Vaccine Effectiveness

Data summarized from six publications of varicella out-
breaks reported in the literature indicate that cases occurred
among vaccinated children in every instance and that between
70 and 100% of those cases were modified (mild with few,
often nonvesicular, lesions, typically without fever) (Fig. 1). All
of the studies described varicella outbreaks among highly vac-
cinated populations of children in the United States: four oc-
curred in a day care setting (15, 42, 43, 63), and two occurred
in elementary schools (84, 103). In all instances, breakthrough
disease occurred in vaccine recipients; however, in all in-
stances, these breakthrough infections were characteristically
milder, typically with fewer than 50 lesions. In addition, attack
rates were substantially higher among unvaccinated children,
with the exception of a day care outbreak described by Galil et
al. (43), in which attack rates were only slightly higher among
unvaccinated children.

Prelicensure vaccine efficacy in healthy children in the
United States, using vaccine preparations with variable po-
tency, ranged from 92 to 100% (70). When the vaccine efficacy
of one dose was compared that of two doses, and when chil-
dren aged 1 to 12 years were monitored for 10 years, vaccine
efficacy for one dose ranged from 90.2% to 94.4%. The efficacy
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for those who received two doses administered 3 months later
ranged from 96.4% to 98.3% (69). Vaccine effectiveness
against clinical varicella in postlicensure studies, mostly out-
break investigations, ranged from 44% to 100% (16, 18, 21, 29,
35,42, 43, 56, 63, 73, 84, 89, 103, 124, 137, 139, 140); only one
study assessed protection against laboratory-confirmed vari-
cella (138, 139). Only two studies reported an effectiveness of
less than 70%, 44% in a child care outbreak (43) and 56% in
an elementary school outbreak (73).

Three studies designed to measure vaccine effectiveness re-
ported =79% protection against any disease and =97% pro-
tection against severe disease. A cohort study of children at-
tending day care centers reported vaccine effectivenesses of
83% (95% CI, 69% to 91%) against any disease and 100%
against moderate to severe varicella (29). A case-control study
in Connecticut showed vaccine effectivenesses of 85% (95%
CI, 78% to 90%) against any laboratory-confirmed (PCR) vari-
cella and 97% against moderately severe laboratory-confirmed
varicella (95% CI, 93% to 99%) (140). Vaccine effectiveness
dropped from 97% in year 1 to 85% in year 2 and remained at
that level, at least during the 8-year period of follow-up (139).
Finally, a household study for vaccinated and unvaccinated
contacts aged 1 to 14 years exposed to unvaccinated primary
household cases reported an effectiveness of 79% (95% CI,
70% to 85%) against any disease and an effectiveness of 100%
against severe disease (124).

While the results from outbreak investigations supported
high levels of protection from moderate to severe varicella, the
observations also indicated that substantial residual suscepti-
bility to infection remained for children receiving a single dose
of vaccine. These observations were an important factor in the
decision to move to a 2-dose schedule for varicella vaccination
of children in the United States (88).

Risk Factors for Vaccine Failure

Many studies reported potential risk factors for varicella
disease among vaccinated persons, impacting vaccine effective-
ness. These include asthma, eczema, earlier age at vaccination,
longer time since vaccination, receipt of varicella vaccine
within 28 days of the measles-mumps-rubella (MMR) vaccine,
and oral steroid use proximal to the development of break-
through varicella (35, 43, 56, 63, 73, 137, 139, 141). However,
few studies examined the simultaneous effects of these poten-
tial risk factors. Younger age at vaccination, ranging from <15
to 19 months, was associated with a 1.4- to 9-times-higher risk
of breakthrough disease; however, only 2 studies controlled for
the effect of other risk factors (56, 141). Other studies reported
time since vaccination (>2 years and =5 years) as a risk factor;
however, both age at vaccination and time since vaccination
are highly correlated, and their independent association with
the risk for breakthrough disease has not been extensively
evaluated. One study that adjusted for multiple risk factors
reported an increased risk for breakthrough disease in the 3
months immediately after prescription of oral steroids (ad-
justed relative risk [aRR], 2.4; 95% CI, 1.3 to 4.4) for vaccina-
tion before 15 months of age (aRR, 1.4; 95% CI, 1.1 to 1.9) and
for varicella vaccination within 28 days of MMR vaccination
(aRR, 3.1;95% CI, 1.5 to 6.4) (141). Another study found that
the effectiveness of the vaccine was lower only during the first
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year after vaccination (73% among children vaccinated at <15
months); however, the difference was not significant in the 8
years of follow-up (139). More recently, that same laboratory
reported that measurements of VZV antibody in pre- and
postimmunization sera from 148 healthy children with a me-
dian age of 12.5 months revealed a similar seroconversion rate
of 76% (91). The observed differences in apparent vaccine
failure rates may reflect something as simple as the end point
cutoffs used to define protective immunity for the fluorescence
antibody to membrane antigen (FAMA) and glycoprotein en-
zyme-linked immunosorbent assay (ELISA) (gpELISA) meth-
ods. In general, the range of observed risks for breakthrough
disease of any severity is consistent with the rates of putative
vaccine failure observed by various studies. Given that the
majority of breakthrough infections are mild, with <50, typi-
cally maculopapular, lesions (often only a few lesions are ob-
served), the issue of primary vaccine failure is a complex one,
dependent, among other things, on whether failure is defined
as absolute protection against any disease or if evidence of
partial protection is taken into account.

Herpes Zoster in Vaccinated Individuals

During the primary infection with VZV, the virus migrates
to the dorsal root and trigeminal ganglia, where it remains
dormant. The virus reactivates later in life in about 15 to 30%
of the population due to the waning of specific cell-mediated
immunity (CMI), causing zoster, a unilateral, usually painful,
vesicular rash illness. Herpes zoster is more common among
the elderly and those with impaired cell-mediated immunity.
Since the varicella vaccine is a live-attenuated virus that can
establish latent infection in vaccine recipients, the issue of
herpes zoster incidence among vaccine recipients is an impor-
tant concern for the varicella vaccination program.

Early studies have demonstrated that the vaccine virus can
become latent and later reactivate to cause herpes zoster in
both healthy and immunocompromised persons. Postvaccina-
tion, both the vaccine strain and wild-type virus have been
identified in zoster rashes of vaccinated children (125). Some
studies reported that the incidence of herpes zoster among
vaccinees is not higher, and may be lower, than that among
healthy children with a history of varicella (107, 150). In the
prevaccine era of 1960 to 1981, the herpes zoster rate among
children was substantially lower among children aged <5 years
(20 cases per 100,000 individuals) than adolescents aged 15 to
19 years (63 cases per 100,000 individuals) (54). In addition,
active surveillance for herpes zoster in children <20 years of
age from 2000 to 2006 has shown that the incidence of herpes
zoster in children <10 years of age has declined 55%, from
74.8 cases/100,000 persons (95% CI, 55.3 to 101.2) to 33.3
cases/100,000 persons (95% CI, 20.9 to 52.8; P = 0.001). More-
over, vaccinated children <10 years of age had a 4- to 12-times-
lower risk of HZ than did those with a history of varicella (28).
However, during the same period, the incidence of HZ among
those aged 10 to 19 years increased by 63%, from 59.5/100,000
persons (95% CI, 42.7 to 82.9) to 96.7/100,000 persons (95%
CI, 75.7 to 123.6; P = 0.02). (28). However, since zoster is more
common among persons 50 years of age or older, it will require
a long time to assess the true risk of zoster among vaccinees.

Most of the available data on the risk of herpes zoster
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among vaccine recipients come from immunocompromised
children, specifically leukemic children. In this group, children
with a history of varicella disease have a higher risk of zoster
than vaccinated children. In one study, 8 (15%) of 52 vacci-
nated leukemic children and 11 (18%) of 63 leukemic children
with a history of varicella developed herpes zoster (67). In
another study, none of 34 vaccinated children with leukemia
developed herpes zoster, compared to 15 (21%) of 73 leukemic
children with a history of varicella (15). In an NIAID collab-
orative study, the rate of HZ leukemic children was 2% for
vaccinees and 15% for controls with a history of varicella.
When two subgroups of 96 each were matched according to
chemotherapeutic protocols, the incidence of HZ was 0.80 per
100 person-years among vaccinees and 2.46 per 100 person-
years among those with a history of varicella (58, 72). Another
study of 212 children who were immunized with varicella prior
to a kidney transplantation procedure found that the risk of
developing HZ was reduced by nearly one-half, with 13% of
patients with a history of varicella prior to transplant compared
with 7% among those vaccinated (14). Thus, all but one of
those studies (67) found significantly lower rates of HZ for
vaccinated children than for naturally infected children.

Several factors have been postulated for the lower risk of
zoster among vaccinees than among those with a history of
varicella; these include the attenuation of the vaccine virus,
which may impact its ability to reactivate, and the absence of a
rash postvaccination, as some researchers have speculated that
the presence of a rash is important for the virus to travel to the
dorsal root to establish latency (26). It was first observed in
Japan that HZ occurred more frequently in children who had
a vaccine-associated rash (16% of 83 children) than in those
with no rash (2% of 249 children) (131). This observation was
also reported in the NIAID collaborative study (58, 72), where
zoster developed in 13 vaccinated children, 11 of whom had a
skin rash due to varicella-zoster virus, either from the vaccine
itself or from breakthrough varicella. The relative risk of zoster
was 5.75 among children who had any type of rash after vac-
cination compared to those without any rash (58). Since vac-
cine rash and breakthrough are less likely to occur in healthy
children, it is expected that the risk of zoster will also be lower
among healthy vaccinees than among those who have a history
of varicella.

LABORATORY METHODS FOR CONFIRMATION
OF VZV DISEASE

Laboratory Diagnosis of Varicella

The highly modified nature typical of breakthrough disease,
coupled with the dramatic reduction in incident cases resulting
from universal vaccination, presents a serious challenge for clin-
ical diagnosis. Such cases may be misdiagnosed by experienced
physicians even in the context of an outbreak investigation. As a
direct consequence, laboratory confirmation, particularly of vari-
cella outbreaks, has become increasingly important to effectively
monitor the impact and efficacy of varicella vaccination. Various
approaches to confirming VZV disease, together with their
strengths and limitations, are shown in Table 1.

Since most patients with breakthrough varicella will have
preexisting IgG antibody titers to VZV, conventional IgG de-
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TABLE 1. Approaches to confirming VZV disease®
D;?egg]%sélc Refe;g;l(r:sés) or Strength(s) Limitation(s) Description
Serology
IgG ELISA 135 Ease of performance; reliably detects Insufficient sensitivity to reliably detect Must perform assay on both acute-
(whole cell) serum IgG responses to natural seroconversion to vaccination and convalescent-phase
VZV infection; antigen easily specimens taken 2 or more
prepared weeks apart to confirm recent
VZV exposure; 4-fold increase
in titer can be difficult to
demonstrate for individuals with
preexisting VZV-specific high
titers (has been observed for
elderly populations®)
1gG gpELISA 64 Ease of performance; reliably detects Neither the standard relied upon to calculate
serum IgG responses to both units of antibody nor the highly purified
natural infection and vaccination; antigen preparation is readily available; the
performance standards comparable assay is not yet commercially available
with those of FAMA
135 Ease of performance; reliably detects Uses adjusted OD cutoffs based on ROC curve
serum IgG responses to both analysis of defined true-positive and -
natural infection and vaccination; negative (pre- and postvaccination)
performance standards comparable specimens; interassay/interoperator variation
with those of FAMA must be evaluated using a small defined set
of sera as a control; highly purified antigen
currently available only through a material
transfer agreement with Merck & Co.
FAMA 43, 44 Reliably detects serum IgG responses Readout is subjective, and accurate
to both natural infection and determination of results, particularly for the
vaccination; performance detection of vaccine seroconversion, is
comparable to that of gpELISA dependent on a high level of operator
when performed by an experienced experience; assay is cumbersome to perform
operator compared to ELISA methods
TRFIA 79 Reliably detects serum IgG responses Method requires specialized reader
to both natural infection and
vaccination; performance
comparable to those of gpELISA
and FAMA in one reported study
IgM capture 135 Relative ease of performance; Inherently broad specificity and low avidity/ IgM is inconsistently observed

Direct IgM Commercial assays
available
1gG avidity 77
PCR
Conventional 69
PCR

PCR-RFLP 66

71

eliminates possible problems from
interfering antibody of non-IgM
isotypes

Readily available; ease of
performance

Relative ease of performance;
definitive indicator of primary
infection

Reliable and sensitive for detection
of specific VZV DNA sequences

Reliable and sensitive for the
detection of specific VZV DNA
sequences

Reliable and sensitive for detection
of specific VZV DNA sequence;
distinguishes vaccine strains from
the wild type using a vaccine-
specific marker

high valence of IgM make these assays
susceptible to false-positive results

Potential performance issues due to incomplete
removal of IgG and other non-IgM
immunoglobulins

Establishment of cutoff is somewhat arbitrary

Unable to distinguish among strains or
between vaccine and wild-type viruses as a
standalone procedure

Targeted to markers that are not specific to
the vaccine strain; no longer reliable as a
means for discriminating vaccine strain from
wild-type viruses; more cumbersome and
time-consuming than real-time methods;
requires manipulation of product; increased
potential for contamination of work area

More cumbersome and time-consuming than
real-time methods; requires manipulation of
product; increased potential for
contamination of work area

even during PCR-confirmed
primary infections®; IgM can be
produced upon primary
infection, reactivation, and
reinfection (indicates recent
exposure, if present, and not
primary infection)

This approach is fine when the
presence of VZV DNA only
needs to be confirmed; also a
useful method for obtaining
amplicons for genotyping
purposes

The requirement for
postamplification manipulation
generally extends this approach
into a 2-day procedure

Continued on following page
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TABLE 1—Continued
D:;ng:zi;lc Refe;gﬂcrzsés) or Strength(s) Limitation(s) Description
Real-time 34 Reliable and sensitive for the Unable to distinguish among strains or These protocols are readily
PCR detection of specific VZV DNA between vaccine and wild-type viruses as a adaptable to melting-curve-based
sequence; rapid, single-tube, standalone procedure (FRET) analysis and can be
closed-system technique with performed in only a few hours
reduced risk of contamination of when urgency demands it
work area
92 Reliable and sensitive for detection ~ Unable to distinguish among strains or
of specific VZV DNA sequence; between vaccine and wild-type viruses as a
rapid, single-tube, closed-system standalone procedure
technique with reduced risk of
contamination of work area
FRET PCR 74 Reliable and sensitive for detection ~ Melting-curve-based assays can be misleading;
of specific VZV DNA sequence; questionable results need to be confirmed by
rapid, single-tube, closed-system sequencing of the DNA products
technique with reduced risk of
contamination of work area; able
to distinguish vaccine strain from
wild-type strains using vaccine-
specific markers
Others
DFA 106 Reliably detects most varicella Substantially less sensitive than PCR; critically
infections using material obtained dependent on careful collection of material
from lesions; rapid same-day from lesion (must be swabbed aggressively
method enough to collect cells without causing
bleeding; blood can lead to false-negative
results due to blocking antibodies)
EM 29 Can be used to confirm the presence Is not capable of distinguishing VZV from
of herpesvirus in material collected other human herpesviruses; is not as
from lesions or other tissues; rapid sensitive as either DFA or PCR
same-day method
EM colloidal 37 Modification of EM method to Suffers from cross-reactivity problems with
gold permit discrimination of VZV in other alphaherpesviruses (HSV-1, HSV-2,
lesions or other tissues and pseudorabies virus); same limit in
sensitivity as conventional EM
Standard viral 106 Can detect presence of VZV in Considerably less sensitive than EM, DFA, or
culture freshly isolated specimens PCR; typically detects only between 50 and
75% of infections using more sensitive
techniques; critically dependent on
immediate culture of freshly obtained
specimen; requires multiple days (as much as
a week) for result
Shell vial 106 Modification of standard culture Not as sensitive as PCR; requires multiple days
culture method; generally has substantially to obtain a result
improved sensitivity (comparable
to that of DFA)
Tzanck smear 106 Rapid; ease of performance; readily ~ Not specific for VZV (other

interpreted

alphaherpesviruses produce the same effect);
less sensitive than PCR or DFA

“ See reference 77.
b See reference 135.
€ OD, optical density; FRET, fluorescence resonance energy transfer.

terminations are of limited value unless measurements of
acute- and convalescent-phase sera are performed. Evidence
of VZV-specific IgM in serum indicates recent exposure to
VZV but does not discriminate between primary infection,
reinfection, and reactivation. Moreover, IgM antibodies are
inconsistently observed even among cases with PCR-confirmed
exposure to infectious VZV (148), and therefore, the absence
of IgM antibody is no indication that recent VZV exposure has
not taken place. IgG avidity testing is valuable for the confir-
mation of a primary infection, reflected by the presence of
low-avidity IgG antibody, but most vaccine recipients with
breakthrough infection are likely to have formed high-avidity
antibody in response to vaccination.

At least 10 methods for detecting VZV-specific IgG are
commercially available in the United States, and while the

performance specifications of these methods vary widely, none
is sufficiently sensitive to reliably detect seroconversion to the
Oka vaccine (10; our unpublished observations). Several meth-
ods have been described to have sufficient sensitivity and spec-
ificity for that purpose, including fluorescence antibody to
membrane antigen (FAMA), purified VZV glycoprotein
ELISA (gpELISA), and time-resolved fluorescent immunoas-
say (TRFIA) (47, 57, 87, 87a, 122). Some care must be taken in
setting end point cutoffs for the gpELISA method to prevent
the detection of false-positive results. Seropositivity rates as
high as 14% have been reported for children <12 months of
age, some of which may be attributable to lingering maternal
antibody but which also likely reflects the selection of a cutoff-
adjusted optical density that is set too low (109). While TRFIA
has been shown to have sensitivity and specificity comparable
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to those of gpELISA and FAMA, there is limited experience
with this assay, and it does not appear to have been validated
in a clinical setting. For FAMA, while it has been used in
multiple studies, including those that demonstrated a reason-
able correlation with protective immunity (139), the method is
subjective relative to ELISA-type methods, and its perfor-
mance is quite variable from one laboratory to another.
Among these methods, only gpELISA and TRFIA could be
readily adapted for the measurement of antibody avidity. Since
FAMA relies on a stepwise dilution series end point, it is not
possible to calculate readily comparable avidity indices using
this approach. Evaluation of antibody avidity has already
proven useful in a VZV outbreak setting (83).

The most reliable and sensitive laboratory method for con-
firming varicella is the detection of VZV DNA in samples
(vesicular swabs or scabs) obtained from skin lesions by using
PCR (102, 128). A number of VZV PCR methods have been
reported in the literature (17, 36, 37, 71, 77, 81, 95, 102, 105,
128), including several that are designed to distinguish vaccine
strain Oka from wild-type strains of VZV (17, 71, 77, 81, 105).
While the PCR-restriction fragment length polymorphism
(RFLP) protocol described by LaRussa et al. (71) was origi-
nally useful for the detection of vaccine virus, the method
targets genotypic markers that are present in the Oka vaccine
but that are also observed for wild-type strains now known to
be circulating in areas where vaccine use is prevalent (78, 81,
122). A multiyear study of VZV encephalitis/meningitis in Cal-
ifornia determined that 15% (5/32 isolates) of clinical VZV
isolates were of genotype J, only one of which was vaccine. The
remaining 4 J isolates would have been determined to be a
vaccine genotype using the ORF38/ORF54 method (D. S.
Schmid, unpublished observations). As such, it is no longer
reliable as a standalone method for differentiating vaccine vi-
rus from wild-type strains. VZV DNA can also often be de-
tected in saliva but only during acute disease and less consis-
tently than in lesion material (Schmid, unpublished). A
number of other direct detection methods have been used to
diagnose current VZV infection, including viral culture (30, 40,
95, 118), electron microscopy (EM) (40, 74, 142), direct fluo-
rescent antibody assay (DFA) (30, 52, 118), Tzanck smear (31,
40, 95, 102, 118, 127), and loop-mediated isothermal amplifi-
cation (LAMP) (100), but none is as sensitive as PCR. The
reliabilities of these methods in declining order of sensitivity
are PCR, LAMP, DFA, viral culture, EM, and Tzanck smear.
Electron micrographs and Tzanck smears of material from
lesions are not agent specific, confirming only the presence of
a herpesvirus. An EM technique employing VZV-specific an-
tibody labeled with colloidal gold renders the method VZV
specific, although cross-reactivity with other alphaherpesvi-
ruses was also detected (142).

While PCR is quite effective at detecting VZV DNA in
material from classical varicella vesicles or crusts from healed
lesions, it is more problematic to obtain an adequate specimen
for testing from the maculopapular lesions more typical of
breakthrough disease. Further complicating this problem is the
frequency with which suspected cases have already fully re-
solved by the time an outbreak investigation is initiated. Once
lesions have resolved, the likelihood of obtaining a specimen
that will contain viral DNA detectable by PCR is reduced
effectively to zero. There are most likely several explanations
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for why varicella DNA is difficult to detect in mild disease: (i)
less virus may be present in such lesions, which may account for
their failure to progress to vesicles, and (ii) much of the disease
that gets characterized as varicella in an outbreak setting may
not be varicella at all, with lesions being due to arthropod bites
or other etiologies.

Serology is of limited use in this context, as noted above.
There are therefore no methods currently available that will
reliably confirm recent infection of individuals for whom all
clinical symptoms have resolved. Outbreaks in the United
States typically involve a large percentage of breakthroughs in
vaccinated persons, which is almost invariably mild disease.
Overascertainment of cases in that context is a problem, since
arthropod bites and other unrelated skin lesions could be mis-
taken for breakthrough varicella. Previously unexplored poten-
tial diagnostic markers, such as antigen-specific cell popula-
tions in whole blood and the detection of virally infected cells
at the individual-cell level using flow cytometric approaches,
enzyme-linked immunospot (ELISPOT), and other methods,
need to be evaluated to identify new tools that would be useful
for this purpose.

Assessment of Vaccine-Induced Protection against Varicella

Historically, the presence of antibodies to varicella-zoster
virus has been used as a correlate of protection against vari-
cella, although in general, there are no commercially available
VZV serological methods with sufficient sensitivity to reliably
detect seroconversion to varicella vaccination (11; our unpub-
lished observations). This has been problematic since even low
levels of circulating VZV-specific antibody, beneath the
threshold detection level of all but a few methods, have been
shown to correlate with protection against disease (1, 2, 4, 48,
69, 70, 96). The use of insensitive assays to evaluate vaccine
seroconversion can lead to unnecessary vaccinations, and the
failure to detect vaccine seroconversion in a substantial num-
ber of vaccinated persons can undermine public confidence in
vaccine efficacy. That said, the presence of very low levels of
VZV-specific antibody in 20 to 30% of vaccinated persons,
who nonetheless appear to have some level of protection from
infection, suggests that antibody may not be the ideal in vitro
indicator of protection. As such, alternative measurements,
such as antigen-specific cell-mediated immunity, need to be
more aggressively investigated than they have been to this
point.

The FAMA test, gpELISA, and TRFIA have all been used
to establish respective correlates of protection based on VZV-
specific antibody titers (44, 69, 87a, 114, 152). For the FAMA
assay, an end point titration dilution of =4 correlated with
protection in a study of vaccinees with documented household
exposures to VZV (45). Greater than 95% of vaccinated chil-
dren who had titers of =5 gpELISA units/ml 6 weeks after
immunization were protected from breakthrough varicella dur-
ing a 7-year follow-up study (75). Children with titers of <5
gpELISA units/ml were 3'2 times more likely to develop
breakthrough varicella over the study period. The cutoff for
protection for TRFIA is 150 mIU/ml, which was established by
comparing gpELISA to an evaluated standard using receiver
operator characteristic (ROC) curve analysis. Nonetheless, as
noted above, studies of varicella outbreaks in recent years have
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revealed sometimes surprisingly high levels of breakthrough
infection among varicella vaccinees, although the disease is
characteristically milder. Other putative markers of protection,
notably VZV-specific cell-mediated immunity, have not been
well studied.

Assessment of Duration of Protective Immunity

A number of studies have shown that protective levels of
anti-VZV antibody can persist for long periods in persons who
have received a single dose of varicella vaccine (2, 4, 9, 48, 64,
69, 70, 96, 126). However, many of the evaluations have been
performed using the gpELISA method at a cutoff value of 5
geometric mean titer (GMT) units/ml, which may overestimate
protection. In addition, even vaccinated individuals with no
detectable specific antibody may retain detectable levels of
antigen-specific T cells, suggesting that other measures of im-
munity, e.g., cell-mediated immunity, may be more relevant
measures of protection (85). A study of 277 children monitored
for 9 years found that nearly 100% retained titers judged to be
protective at the end of the study period (69). A small study of
vaccinated children in Japan showed that VZV titers were
comparable to initial IgG response titers after 7 to 10 years and
for 100% of 25 study participants followed up after 20 years
(5). A third early study of persistence of humoral immunity to
varicella vaccine reported an initial decline in titers (1 to 2
years postvaccination) but reported titers comparable to or
exceeding 1-dose vaccine responses for most vaccinees 1 to 4
years after immunization and frequently enhanced titers for
persons tested 10 years after vaccination (64). However, those
studies monitored small numbers of vaccine recipients and
were undertaken during a period of a high incidence of vari-
cella, where periodic subclinical reinfection likely resulted in
the boosting of VZV antibody titers. Possible but undemon-
strated factors attributable to varicella vaccine failure include
lot-to-lot variability in the vaccine, disruptions of the cold
chain, errors in administering the vaccine, and genetic variabil-
ity among recipients. Children receiving two doses of varicella
vaccine developed improved immunological responses com-
pared with those of one-dose recipients that persisted at pre-
sumed protective levels for 9 years of follow-up. However, the
difference between the two groups was only marginal at the
end of the study period (69). An 8-year study of 1,017 vaccinated
children =13 months old (339 case subjects and 678 controls)
concluded that the level of protection conferred by vaccine de-
clined measurably during the first year postvaccination and then
remained relatively stable during the remaining 7 years of the
study (139). Case subjects were children with PCR-confirmed
cases of varicella. The decline in protection was most pronounced
among children who had been vaccinated before the age of 15
months. Nonetheless, the overall vaccine effectiveness was high
(87%), and the majority of breakthrough disease was mild (se-
verity score of =<7).

Varicella vaccination provides less robust immunity in adults
than it does in children (19). Among 120 varicella-seronegative
health care workers (median age, 26 years), 12 developed vari-
cella 6 months to 8.4 years following vaccination (114). Exposures
leading to breakthrough illness were twice as common for house-
hold contacts rather than hospital contacts, and most of the illness
was mild to moderate (median, 40 lesions).
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The duration of the CMI response to vaccine has been less
extensively studied and has generally been limited to measure-
ments of T-cell proliferation (94, 145, 147, 156). While prolif-
eration assays provide an indication that antigen-specific T
cells are present in detectable numbers, they relate nothing
about the nature of the T-cell response (e.g., Thl versus Th2,
cytotoxic activity, and cytokines produced, etc.). In addition,
studies of the duration of varicella vaccine CMI have had
relatively short periods of follow-up, generally not exceeding 5
to 6 years postvaccination. This is a problem since a number of
studies have established that T-cell responses to VZV (similar
to those of other virus infections) probably play the dominant
role in containing the virus during reinfections and reactiva-
tions (3, 89, 129). Studies of CMI of vaccinated children (single
dose) demonstrated that VZV-specific T-cell proliferation
could be detected for 26 of 29 children (90%) a year following
vaccination and for 52 of 60 children (87%) 5 years after
vaccination (156). Interestingly, the mean stimulation index
(SI) nearly doubled, from 12.1 to 22.1 at 1 year versus 5 years
postvaccination. Based on measurements of T-cell prolifera-
tion, two additional studies provided evidence that children
who receive two doses of varicella vaccine had significantly
higher CMI responses than did single-dose recipients (145,
146). Vaccinated adults displayed similar T-cell proliferation
profiles, with 16 of 17 persons (94%) being positive after 1 year
(mean SI, 9.9) and 16 of 17 persons still being positive at the
end of 5 years (mean SI, 22.4) (156). T-cell cytokine responses
were also comparable between adult and child vaccine recipi-
ents, with the Th1 cytokines gamma interferon (IFN-y) (peak
levels at days 5 to 7) and interleukin-2 (IL-2) (peak levels at
days 2 to 4) and the Th2 cytokine IL-10 (peak levels at days 5
to 7) all being produced at significant levels (156). Skin testing
for delayed-type hypersensitivity to VZV has been little ex-
plored, although several Japanese studies established that the
test is specific for VZV (without herpes simplex virus [HSV]
cross-reactivity) and may be a useful marker for waning VZV
immunity (6, 115, 133). About one-third of 60 subjects aged 50
years or older initially had negative or weakly positive VZV
delayed-type hypersensitivity (DTH) reactions, but all subjects
developed strong reactions measured 5 to 7 weeks postimmu-
nization (133). Skin tests based on several purified VZV gly-
coprotein preparations (gB, gE/gl, and gH/gL) all effectively
measured boosts in VZV CMI for four adults aged 27 to 44
years (115). There are no published reports evaluating the
cytotoxic T-cell response to varicella vaccine, although our
laboratory has observed robust granzyme B production in an
adult vaccine recipient that was comparable to that of naturally
infected persons in VZV-stimulated, cultured peripheral blood
lymphocytes (our unpublished observations). While this is ob-
viously not a generalizable finding, it suggests another poten-
tial marker that could be useful for the evaluation of CMI
activity in vaccine recipients.

GENETICS OF VARICELLA VACCINE

Genetic Basis of Vaccine Attenuation

The DNA sequence data revealed that just 42 single nucle-
otide polymorphisms (SNP) account for the attenuated phe-
notype of the vaccine (50). Sixteen of the SNP in ORF62 and
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FIG. 2. (A) Model of the VZV genome illustrating the single-base differences between pOka (parental strain Oka) and vOka (vaccine strain
Oka). White triangles, SNP located in noncoding region; black triangles, SNP present uniformly among vaccine strains leading to amino acid
substitutions; red triangles, SNP present uniformly among vaccine strains that does not lead to amino acid substitutions; pink triangles, SNP present
as a mixed base in vaccine preparations and vaccine-associated SNP that leads to amino acid substitutions; blue triangles, SNP present as a mixed
base in vaccine preparation that does not lead to amino acid substitutions. Dark blue ORFs are transcribed from the sense strand; yellow ORFs
are transcribed from the antisense strand. (B) Display of VZV genome architecture. TRS, terminal repeat short; TLR, terminal repeat long; UL,
unique long; US, unique short; IRL, internal repeat long; IRS, internal repeat short; ori, origin of replication.

ORF64 of the internal short repeats (IRS) are repeated in the
ORF69 and ORF71 genes, which are duplicated in the termi-
nal repeat short (TRS) region (Fig. 2). Among these markers,
6 occur in noncoding regions, 16 cause no changes in the
encoded protein, and only 20 lead to an amino acid substitu-
tion. Fifteen of the markers are present in the vaccine as a
mixture of vaccine-associated and wild-type bases; i.e., at that
locus there are substrains present in the vaccine that carry
either the wild-type marker or the vaccine marker. This obser-
vation indicated that the vaccine contains a mixture of strains
that have variable vaccine-associated SNP contents (50).
Twelve of the SNP, including 8 of those that confer an amino
acid change, are located in a single open reading frame,
ORF62 (repeated in ORF71, the duplicate copy of ORF62).
Finally, several short-length differences occurred in the tan-
dem repeat regions R1, R3, and R4 and in the origin of rep-
lication; these can vary in copy number among circulating
wild-type strains, and it is unknown whether they make any
contribution to pathogenicity. As such, 20 vaccine-associated
SNP (~0.002% of the complete genome) located in 11 open
reading frames have the highest probability of contributing to
the attenuation of Oka varicella vaccine. This is not a foregone
conclusion, however. Vaccine SNP occurring in noncoding re-
gions could affect the performance of genetic regulatory ele-
ments, and those occurring in coding regions that do not alter
the amino acid sequence could affect translation rates if some
species of tRNA are present at much lower levels than others.
Several studies of clinical isolates obtained from documented
vaccine-attributable cases of varicella and zoster have shown
that a subset of these markers are present as the wild-type SNP
in 60 to 100% of all such isolates (10, 79, 110) (Table 2). Table
2 includes both markers leading to an amino acid shift and
those that do not. It is hoped that a systematic study of these
single-locus base variations will lead to a better understanding
of the virulence factors of VZV and of the basis for attenuation
for the vaccine preparation. One as-yet-unresolved discrepancy
between the reported SNP analyses of vaccine adverse-event

isolates is the detection of mixtures of isolates in some lesions
by Loparev et al. (79). If the observation of mixtures of strains
in many isolates is correct, it suggests that coinfection of a
single neuron during latency may be common or, alternatively,
that reactivation occurs simultaneously among multiple neu-
rons in the same dorsal root ganglion.

Potential Role of VZV Recombination in Varicella Vaccine
Pathogenicity and VZV Evolution

Evidence for intraspecies and interstrain genetic recombina-
tion has been observed for a variety of human herpesviruses
including cytomegalovirus (CMV) (55), Epstein-Barr virus (92,
144), human herpesvirus 8 (HHV-8) (108), herpes simplex
virus (98, 138), and, relevant to this review, varicella-zoster
virus (7, 99, 106, 116, 120, 143), and recombination has clearly
played an important role in the evolution of this family of

TABLE 2. Studies of documented vaccine-attributable cases of
varicella and zoster

% Wild-type marker”

OREF(s) Position
Breuer laboratory Schmid laboratory
9A 10900 90 82
10 12779 90 100
21 31732 100 100
50 87306 80 92
52 90535 100 87
55 97748 80 67
55 97796 80 94
59 101089 70 41
62 and 71 105310 74 44
62 and 71 105356 80 ND
62 and 71 107599 90 95
62 and 71 107797 100 100
62 and 71 108838 100 52
64 and 69 111650 100 59

“ ND, not determined.
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viruses (90). Studies of strain variation among globally distrib-
uted wild-type strains of VZV have identified 7 genotypes, 5 of
which have been confirmed as stably circulating phylogenetic
groups through both extensive targeted sequence analysis and
complete genomic sequences (E1, E2, J, M1, and M2) (7, 78,
80, 82, 106). Two other provisional genotypes (M3 and M4)
require additional study (78, 123). Phylogenetic analysis of
complete sequences from representative strains for 4 of the
established genotypes (E1, J, M1, and M2) suggested that the
M1 and M2 genotypes arose through recombination events
between E1 and J strains (99). This relationship has been
observed by several different groups, leading to speculation
that recombination between vaccine and wild-type strains
could occur in vaccinated individuals (7, 106, 116). Our labo-
ratory recently documented the occurrence of Oka vaccine—
wild-type recombinant strains isolated from vaccinated chil-
dren, most of which were obtained from children initially
diagnosed as cases of vaccine zoster (119). The two isolates
studied in detail have been shown to be clonal, and since
previous observations suggested that isolates from vaccine
varicella and zoster are often mixtures of vaccine strains (79),
the detection of two clonal recombinants implies a selective
preference for reactivation, enhanced replication, and/or an
enhanced ability to traverse the nerve. Admittedly, this is a
limited finding and will require more study before any firm
conclusions regarding the nature of these isolates can be made.
In all, 15 of 134 isolates (11%) previously documented by the
National VZV Laboratory at the CDC, Atlanta, GA, as being
varicella vaccine adverse events had DNA sequence character-
istics consistent with vaccine-wild-type recombination. There
are no apparent differences in pathogenicity among circulating
wild-type VZV viruses, and as such, recombination with an
attenuated vaccine virus is unlikely to result in viruses with
enhanced pathogenicity. However, wild-type VZV isolates of
different genotypes have not been systematically characterized
for differences in pathogenicity, and the possibility that differ-
ences exist cannot be ruled out. Nonetheless, there is currently
no evidence that the occurrence of varicella vaccine-wild-type
recombination would require a change in varicella vaccine
recommendations or policy. It is, however, conceivable that
such recombinants could restore essentially wild-type pathoge-
nicity, leading to a possible transmission and circulation of
such strains among unvaccinated persons and greatly compli-
cating vaccine surveillance. It can no longer be considered
adequate to confirm vaccine adverse events using the targeted
analysis of nucleotide variability at several single nucleotide
polymorphisms (SNP). Extensive SNP analysis combined with
routine genotyping will now be necessary to be certain that
disease is attributable to Oka vaccine. Finally, the occurrence
of vaccine-wild-type recombination might be expected to in-
crease substantially with the administration of zoster vaccine,
which is formulated at a virus concentration more than 14-fold
higher than that of childhood varicella vaccine and which is
being used to immunize persons known to have preexistenting
latent VZV infections.

CONCLUSIONS

The varicella vaccination program in the United States has
resulted in dramatic declines in rates of varicella disease in all
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age groups including infants and adults. As expected with a
successful childhood vaccination program, the greatest decline
occurred among children <10 years of age targeted by vacci-
nation. This decline has resulted in a higher proportion of
cases occurring for older children 10 to 14 years of age, stress-
ing the importance of catch-up vaccination.

Postlicensure varicella vaccine effectivenesses varied, with
the lowest estimates being reported for outbreak investiga-
tions. This may be due to the fact that outbreaks that come to
public health attention are more likely to represent situations
where the vaccine failed and, as such, could represent extreme
estimates of vaccine effectiveness (38). Outbreaks where the
vaccine is performing well are unlikely to be investigated. Al-
though some risk factors for vaccine failures have been iden-
tified, most studies were unable to examine these risk factors
simultaneously due to small numbers of cases.

Although breakthrough varicella is most often mild and less
infectious, a recent study found an increasing severity of break-
through cases with time of vaccination indicating a possible
waning of immunity (25); in addition, it was predicted that
there would be an accumulation of vaccinated adolescents who
had not seroconverted after one dose and would therefore be
susceptible to varicella as young adults. The reduction in vari-
cella disease would limit the opportunity for these persons to
contract varicella at an earlier age, when varicella is less severe.
Given the above-described considerations, these persons
would potentially be at a high risk of developing severe vari-
cella. A routine 2-dose vaccine policy for varicella-containing
vaccines for children was recommended in the United States in
2006. In 1996, one dose of varicella vaccine was recommended
by the Advisory Committee on Immunization Practices (ACIP)
(22, 88) for routine use in healthy children 12 to 18 months of
age; healthy, susceptible children 19 months through 12 years
of age; as well as persons in close contact with those at high risk
for serious varicella. Updated recommendations in 1999 (23)
progressively expanded these recommendations to cover all
susceptible persons. While it is not expected that the 2nd dose
would provide complete protection, it is expected that the
number of breakthrough cases will decrease significantly, with
a subsequent decrease in rates of transmission of the virus.

The recent data on zoster incidence in vaccinees suggest that
the risk is lower than among those with a history of varicella.
However, long-term follow-up of vaccinated, healthy children
will be required to provide detailed data on risks throughout
the life span. Studies of herpes zoster incidence in the future,
when vaccinated children are older adults, are likely to provide
useful information.

To date, only one of four studies has shown an increase in
zoster incidence after varicella vaccination in the United
States. While it is plausible that a sufficient number of varicella
exposures can reduce the risk of zoster in select populations, it
remains unclear whether such levels of exposure play an epi-
demiologically important role in reducing the risk of zoster
among the general population of older adults who are at the
highest risk of the disease and, if so, how long such effects
would last in the elderly. Persons living or interacting with
children may have different underlying health conditions com-
pared to persons without exposure to children, which may be a
confounder in these studies. This issue is also complicated by
the introduction of a zoster vaccine that reduces the risk for
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developing zoster by 50% in persons =60 years of age. Even
modest coverage levels with this vaccine could substantially
mask other trends in zoster incidence, particularly if its use is
recommended for younger persons (50 to 59 years of age).

Finally, the limitations of currently available diagnostic tech-
niques for ascertaining vaccine-modified cases of varicella are
a problem requiring urgent attention, since accurate evalua-
tions of efforts to quantify vaccine impact will critically rely on
better tools than are available now.
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