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Herpes zoster (HZ) is caused by reactivation of varicella zoster virus (VZV) that established latency in sen-
sory and autonomic neurons during primary infection. In the Shingles Prevention Study (SPS), a large effi-
cacy trial of live attenuated Oka/Merck zoster vaccine (ZVL), PCR-confirmed second episodes of HZ
occurred in two of 660 placebo and one of 321 ZVL recipients with documented HZ during a mean
follow-up of 3.13 years. An additional two ZVL recipients experienced a second episode of HZ in the
Long-Term Persistence Substudy. All episodes of HZ were caused by wild-type VZV. The first and second
episodes of HZ occurred in different dermatomes in each of these five participants, with contralateral
recurrences in two. Time between first and second episodes ranged from 12 to 28 months.
One of the five participants, who was immunocompetent on study enrollment, was immunocompro-

mised at the onset of his first and second episodes of HZ.
VZV DNA isolated from rash lesions from the first and second episodes of HZ was used to sequence the

full-length VZV genomes. For the unique-sequence regions of the VZV genome, we employed target
enrichment of VZV DNA, followed by deep sequencing. For the reiteration regions, we used PCR amplifi-
cation and Sanger sequencing. Our analysis and comparison of the VZV genomes from the first and second
episodes of HZ in each of the five participants indicate that both episodes were caused by the same VZV
strain. This is consistent with the extraordinary stability of VZV during the replication phase of varicella
and the subsequent establishment of latency in sensory ganglia throughout the body. Our observations
also indicate that VZV is stable during the persistence of latency and the subsequent reactivation and
replication that results in HZ.
� 2019 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Varicella-zoster virus (VZV) is a human herpesvirus that causes
varicella (chickenpox) on primary infection, during which the virus
establishes life-long latency in sensory and autonomic neurons,
and the host develops immunity to VZV. As this immunity wanes,
latent VZV may reactivate years or decades after primary infection
to cause herpes zoster (HZ). HZ is associated with a spectrum of
complications, including postherpetic neuralgia (PHN), a debilitat-
ing syndrome of persistent neuropathic pain. An episode of HZ
boosts host immunity to VZV, thereby protecting against recur-
rences [1–3]. Consequently, recurrent episodes of HZ are relatively
infrequent, with reported recurrence rates ranging from < 1% to
6.4% [1,4–13].

A variety of factors affect the reported rate of HZ recurrence,
including study design, case definition, accuracy of diagnosis,
length of follow-up and confounders, such as immunosuppression.

The Shingles Prevention Study (SPS), carried out between
November 1998 and April 2004, was a randomized, double-blind
efficacy trial, in which 38,546 immunocompetent participants
�60 years of age were enrolled and actively followed for a mean
of 3.13 years after receiving live attenuated Oka/Merck zoster
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vaccine (ZVL) or placebo [14]. The diagnosis of HZ was established
by PCR assay in >93% of the cases and by an expert adjudication
committee in the remainder [14,15]. In the SPS, PCR-confirmed
second episodes of HZ occurred in two of 660 placebo and one of
321 ZVL recipients with confirmed HZ [14]. To determine the dura-
tion of vaccine efficacy, two follow-up studies were carried out
with subsets of SPS participants: a Short-Term Persistence Sub-
study (STPS [16]), in which 14,270 ZVL and placebo recipients were
followed for a mean of 1.81 years between December 2004 and
March 2006, and a Long-Term Persistence Substudy (LTPS [17]),
in which 6867 ZVL recipients were followed for a mean of
3.74 years between March 2006 and December 2010. No second
episodes of HZ occurred among 179 cases of HZ in the STPS. Two
PCR-confirmed second episodes occurred among 263 study partic-
ipants who experienced an episode of HZ in the LTPS (Fig. 1).

VZV is a double-stranded DNA virus with a genome that is
approximately 125,000 base pairs in length [18]. The VZV genome
comprises at least 71 unique open reading frames (ORFs), with 64
in the unique long (UL) region [18–20]. The UL is flanked by short
inverted repeats: terminal repeat long (TRL) and internal repeat
long (IRL). The unique short (Us) region, which contains four ORFs,
is flanked by inverted repeats: internal repeat short (IRS) and ter-
minal repeat short (TRS). Three ORFs (ORFs 62–64) and the origin
of replication (OriS) are located in the IRS; these are duplicated in
the TRS as ORFs 69–71 and OriS. [18,19]. The VZV genome is highly
conserved, with 99.8% percent identity between the two most dis-
tantly related clades [19,21]. The five reiteration regions (R1–R5),
which consist of variable numbers of short direct sequence repeats,
exhibit more genetic variability [22–27]. R1, R2 and R3 are located
within the coding regions of ORF11, ORF14 and ORF22, respec-
tively. R4 is situated in a non-coding region near the OriS in the
IRS and is duplicated in the TRS. R5 is located in a non-coding region
between ORF60 and ORF61. While the VZV unique sequence
regions have been reported to be genetically stable, the reiteration
regions have been found to be variable, both between different
strains of VZV and within individual isolates [26]. The functions
of the individual reiteration regions remain unclear.

VZV strains isolated from the same patient during varicella and
a subsequent episode of HZ were shown to be identical by restric-
tion enzyme analysis [28,29]. Nevertheless, reinfection [30] and
subsequent reactivation of different VZV genotypes may occur
[31,32]. It was reported previously that two episodes of HZ in an
immunocompetent person were caused by two different strains
of VZV, representing two different VZV clades [31].

Here, we describe the clinical characteristics of the first and sec-
ond episodes of HZ in five participants from the SPS and LTPS. In
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Fig. 1. Distribution of cases of herpes zoster (HZ) in the Shingles Prevention Study (SPS) a
recipient and two recurrences in placebo (Pbo) recipients in the SPS; two further HZ rec
(LTPS). No second episodes of HZ were observed during the Short-Term Persistence Sub
addition, we present the complete genome sequences of all 10
viruses causing these cases of HZ, and compare each pair of viruses
from the first and second episodes of HZ to determine whether
they were distinct or identical.
2. Methods

Clinical data and specimens: Rash lesion specimens were
obtained from study participants with suspected HZ during the
SPS [14] and LTPS [17] with written informed consent; all samples
were de-identified as a precondition for use in this study. The diag-
nosis in each case of HZ was confirmed by detecting wild-type VZV
DNA in skin lesions by real-time PCR assay [15].

Clinical information on HZ-associated pain, rash characteristics,
HZ-related complications, and other HZ-related information was
collected repeatedly over a period of �182 days following HZ rash
onset during each episode of HZ. HZ-associated pain severity was
measured repeatedly using the validated Zoster Brief Pain Inven-
tory, which included a 0 (‘‘no pain”) to 10 (‘‘worst pain imagin-
able”) Likert scale [14,33]. The HZ severity-of-illness score was
defined as the area under the curve (AUC) of HZ-associated pain
severity plotted against time during the 182-day period after HZ
rash onset. The HZ severity-of-illness score corresponds closely
with HZ-related decrements in health-related quality of life and
ability to perform activities of daily living [34].

DNA sequencing and analysis: Total DNA was extracted from
each HZ rash lesion specimen using the QIAamp DNAMini Kit (Qia-
gen) according to the manufacturer’s instructions. Sequencing
libraries were made from 200 ng of DNA, enriched for VZV DNA
using SureSelectTM target enrichment as previously described
[35,36] and subsequently deep sequenced on an Illumina NextSeq
550. A consensus genome sequence for each of the 10 VZV strains
was generated by optimized reference-guided assembly against
VZV reference strain Dumas (NC_001348) and subsequently
aligned using MAFFT v7 [37] and visualized using MEGA7 [38]
and SplitsTree4 [39].

The reiteration regions R1, R2, R3, R5 and the duplicated R4
region (here referred to as R4A and R4B) were PCR-amplified with
primers that used the VZV Dumas strain as a reference. Amplicons
were sequenced using conventional Sanger sequencing on a 3730xl
DNA Analyzer (Applied Biosystems). Samples with insufficient
DNA underwent an additional round of PCR amplification before
sequencing. Sequences were analyzed using Sequencher v5.4.6
(Gene Codes Corp., Ann Arbor, MI, USA). Repeat elements within
the individual reiteration regions were designated according to
PS
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the nomenclature suggested by Jensen et al. [in preparation]
(Fig. 3A).

The use of de-identified DNA extracted from HZ rash lesions and
associated clinical and laboratory data was approved by the VA San
Diego Healthcare System Institutional Review Board (IRB). The CDC
IRB determined that CDC’s participation was human subjects
research, CDC not engaged.
3. Results

3.1. Clinical characteristics

The clinical characteristics of first and second episodes of HZ in
each of the five participants are summarized in Table 1. Three epi-
sodes of recurrent HZ were documented in the SPS, one in a ZVL
recipient and two in placebo recipients. Two ZVL recipients experi-
enced their first and second episode of HZ during the LTPS.

The first and second episodes of HZ occurred in different der-
matomes in each of the five participants, with contralateral recur-
rences in two. The time interval between the two episodes of HZ
ranged from 12.2 to 28.5 months. Four of the five participants, all
female, were immunocompetent when both episodes of HZ
occurred. Participant 4, the only male, was immunocompetent on
SPS enrollment but was immunocompromised as a consequence
of mantle cell lymphoma and its therapy at the onset of both epi-
sodes of HZ.

During the first episode of HZ in the three SPS participants, the
time until the severity of HZ-associated pain declined to <3
(scores <3 are not associated with significant decrements in quality
of life or ability to carry out activities of daily living [33]) was
10 days in both placebo recipients (participants 1 and 2) and
42 days in the ZVL recipient (participant 3). During the first epi-
sode of HZ in the two LTPS participants, the time until the severity
of HZ-associated pain declined to <3 was 34 days in participant 4
and 32 days in participant 5. During the second episodes of HZ,
the time until the severity of HZ-associated pain declined to <3
ranged from 3 to 70 days (Table 1).

HZ severity-of-illness scores ranged from 0 (first episode in par-
ticipant 2, a placebo recipient) to 464.5 (second episode in partic-
ipant 3, a vaccine recipient). Except for participant 5, all
participants had a higher HZ severity-of-illness score during their
second episode of HZ than during their first (Table 1). None of
Table 1
Clinical characteristics of first and second episodes of herpes zoster.

Study
participant

Study Treatment Sex1 Race1 Age at onset of
first episode of
HZ (years)

Time from
second ep
HZ (month

1 SPS Placebo F W 68 22.8

2 SPS Placebo F W 77 25.0

3 SPS Vaccine F W 66 12.2

45 LTPS Vaccine M W 68 25.3

5 LTPS Vaccine F W 78 28.5

A: Acyclovir; C: cervical; F: female; Fam: Famciclovir; HZ: herpes zoster; L: lumbar; LT
thoracic; Val: Valacyclovir; W: white, Caucasian/European.

1 Self-reported.
2 In laboratory confirmed episodes of HZ in the SPS, the mean time to pain score <3 w

confirmed episodes of HZ in the LTPS, the mean time to pain <3 was 43.1 days.
3 In laboratory confirmed episodes of HZ in the SPS, the mean HZ severity-of-illness s

confirmed episodes of HZ in the LTPS, the mean HZ severity-of-illness score was 169.3.
4 No case of HZ was complicated by postherpetic neuralgia.
5 This participant, who was immunocompetent on SPS enrollment, was immunocomp
the episodes of HZ were complicated by PHN (defined as HZ-
associated pain and discomfort rated as �3 persisting or appearing
more than 90 days after rash onset [14]).

With three second episodes among 981 SPS participants with a
first episode of HZ, the incidence of recurrence was 2.02 cases per
1000 person years, based on a mean surveillance time of 1.52 years
after onset of the first episode of HZ in these 981 participants. The
incidence of recurrence for placebo recipients with HZ (2/660) was
1.96 cases per 1000 person years, and for ZVL recipients (1/321)
2.15 cases per 1000 person years. Thus, the incidence of recurrence
was less than one-fifth of the incidence of first episodes of HZ
among placebo recipients in the SPS (11.12 cases per 1000 person
years) [14].
3.2. VZV unique sequence regions

Target enrichment and deep sequencing of the VZV unique
sequence regions were successful for all 10 viruses, with �20�
coverage of �99.98% in nine (Table 2). Coverage of sample
SD1361 was lower (�20� coverage of 96.90%) but yielded suffi-
cient information to be included in the analysis.

Illumina deep sequencing showed that the viruses causing all
10 episodes of HZ were wild-type VZV, and that there was no indi-
cation of recombination between the wild-type virus and the Oka
vaccine strain in those who had received ZVL. The unique sequence
regions of the viruses causing both episodes of HZ in each of the
five participants were identical, except for the virus from the first
episode of HZ in participant 1 (sample SD1137), which was poly-
morphic (T/C, versus C) at non-coding position 105,012 at the
boundary between the IRL and IRS.

In each of the five participants, the VZV genotypes of the viruses
causing the two episodes of HZ clustered together within the same
clade (Fig. 2), Clade 1 from both episodes of HZ in three partici-
pants, Clade 4 from both episodes in one participant, and Clade 5
from both episodes in one participant.
3.3. VZV reiteration regions

The nucleotide sequences and copy numbers of the individual
repeat elements in the reiteration regions [26] of the viruses from
the two episodes of HZ in the five participants are displayed in
Fig. 3B.
first to
isode of
s)

HZ
episode

Dermatome Antiviral
therapy

Time to pain
score <3
(days)2

HZ severity-
of-illness
score3,4

1 Right L3 Fam 10 55.0
2 Right T5 Fam 17 71.5
1 Left S1 Fam 10 0.0
2 Left T7 Fam 14 48.5
1 Left T5 A 42 252.5
2 Right T9 Fam 70 464.5
1 Left C3/C4 Val 34 108.0
2 Left T2 Fam 67 224.0
1 Right T5 Fam 32 80.0
2 Left T6 Fam 3 19.5

PS: Long-Term Persistence Substudy; S: sacral; SPS: Shingles Prevention Study; T:

as 57.8 days in placebo recipients and 40.9 days in vaccine recipients. In laboratory

core was 176.4 in placebo recipients and 154.3 in vaccine recipients. In laboratory

romised during both episodes of HZ.



Table 2
Illumina NextSeq sequencing coverage for VZV DNA from first and second episodes of herpes zoster (HZ).

Study participant HZ episode Sample ID Number of total read pairs % Coverage

�20� �50� �100�
1 1 SD1137 320,740 99.99 99.97 99.90

2 SD1161 208,960 99.99 99.97 99.77
2 1 SD0979 221,746 100.00 100.00 99.75

2 SD1361 42,367 96.90 2.76 0.00
3 1 SD1218 252,286 100.00 100.00 99.98

2 SD0782 300,040 100.00 100.00 99.97
4 1 SD0705 176,010 99.98 99.96 99.44

2 SD0821 244,962 99.98 99.96 99.73
5 1 SD0908 191,286 100.00 100.00 99.69

2 SD0825 209,012 100.00 100.00 99.79

Fig. 2. Phylogenetic network showing the six major VZV clades, based on whole genome sequences of reference strains, together with the 10 VZV strains from this study. The
live attenuated Oka vaccine strain (vOka) and the wild-type Oka parent strain (pOka) belong to Clade 2.
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3.3.1. R1
The R1 reiteration region consists of varying copy numbers of

15 base pair (bp) and 18 bp elements [26]. In addition, a 6 bp
sequence that has been observed in most Clade 5 viruses [27]
was present as a single copy in the Clade 5 viruses from both epi-
sodes of HZ in participant 1. All R1 regions terminate with a 3 bp
element [18,26]. The individual R1 repeat elements were identical
in the viruses from the first and second episodes of HZ in each of
the five participants (Fig. 3B).

3.3.2. R2
R2 regions comprise varying copy numbers of 42 bp elements

and terminate in a single copy of a partial element identical to
the 50 32 bp of the 42 bp element [26]. The R2 sequences were
identical in the viruses from the two episodes of HZ in each of
the five participants.
3.3.3. R3
R3 regions consist of varying copy numbers of 9 bp elements

and terminate in a single 4 bp element (GCCC) that appears to be
invariant. R3 is reported to be more variable than the other reiter-
ation regions, with a wide range of copy numbers of the 9 bp ele-
ments, both within individual VZV isolates and among different
VZV isolates [26]. The R3 regions of the VZV strains causing seven
of the 10 episodes of HZ consisted of mixtures with different copy
numbers of the 9 bp elements. In these seven, only the variants
with the strongest histogram signals are displayed in Fig. 3B.
Length disparities of R3 between the first and second episodes of
HZ were observed in participants 1 and 2. The R3 region of the
virus from the second episode of HZ in participant 1 was more than
twice as long as the R3 region of the virus from the first episode (16
copies of the 9 bp elements [148 bp] versus 7 copies [67 bp]). Since
the R3 region from the first episode of HZ consisted of a mixture, it



Fig. 3. Map of the variable repeat elements within the reiteration (R) regions of viruses from participants’ first and second episode of HZ. (A) Legend for R region elements
present in one or more study isolates. Elements are color-coded for ease of identification in the R region maps. The colors in 3B correspond to those in 3A. Elements are
displayed to show relative length within each set of R region elements. Variable loci are identified with a vertical bar. (B) R region maps for the 10 viruses analyzed in this
study. Maps indicate both the number and type of elements present in each R region. Where mixtures of copy numbers of the repeat elements within an R region were
observed, this is indicated with ‘‘Mix”. In mixtures, the variant with the strongest histogram signal was selected for display. Elements are displayed for each R region, with
relative length proportionate to their actual length in base pairs.
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is possible that the longer region observed in the second episode
was present as a minority variant in the VZV strain from the first
episode of HZ.
3.3.4. R4
The duplicated reiteration regions R4A (IRS) and R4B (TRS) con-

tain variable numbers of a 27 bp element and terminate with a par-
tial 11 bp element identical to the first 11 bp at the 50 end of the
27 bp element [26]. Only a single 27 bp element (27A) was
observed, and the 11 bp element was also invariant. However, as
reported elsewhere [26,40,41], the number of 27 bp elements is
variable. As described for the R3 region, mixtures of R4 regions
of variable length were observed within the same VZV strains (five
of ten R4A regions and six of ten R4B regions). Only the R4
sequences with the strongest histogram signals are displayed in
Fig. 3B. The predominant number of 27A elements present in the
R4A and R4B regions were identical in the viruses from 9 of the
10 episodes of HZ; in one episode of HZ (participant 1, second epi-
sode), the R4B region contained four copies of 27A, whereas the
R4A region contained 12 copies.
3.3.5. R5
The R5 region consists of combinations of a variable 88 bp ele-

ment and an invariant 24 bp element [26] in the following config-
uration: an initial 88 bp element followed by variable numbers of
24–88 bp element pairs. The R5 regions of the paired viruses caus-
ing the first and second episodes of HZ in four of the five partici-
pants were identical, both in length and in element content
(participants 1, 3, 4 and 5; Fig. 3B), and all R5 regions of the viruses
from participants 1, 4 and 5 were identical.

The R5 regions from the two episodes of HZ in participant 2 dif-
fered both in length and in the sequence of the initial 88 bp ele-
ment. The virus from the first episode of HZ in participant 2
provides the first instance of an R5 region with an initial 88 bp ele-
ment followed by three 24–88 bp element pairs, and is the longest
yet reported, with a total length of 424 bp. In addition, although
the R5 region of the virus from the second episode of HZ in partic-
ipant 2 displayed the more conventional 88–24–88 bp element
pattern, it had an 88F element in the first position, versus the
88A first position element present in the viruses from the first epi-
sode and from both episodes of HZ in all of the other study partic-
ipants. The 88F differs from the 88A element by one base pair in
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position 61, and has been thus far reported in four other VZV
strains (GenBank Acc# JN704700, JN704702, JN704703 [42]).

All amplifications of R3 utilized a semi-nested PCR protocol.
Three DNA samples failed to yield sufficient product and required
an additional round of PCR: The sample from the second episode of
HZ in participant 1 required an additional round of PCR to obtain
the reverse R3 sequence, and the sequence of this product aligned
perfectly with the standard PCR protocol product obtained using
the forward primer. An additional round of PCR was also needed
for the R3 region of the virus from the second episode of HZ in par-
ticipant 2, as well as for the R4A region of the virus from the second
episode of HZ in participant 1.
4. Discussion

4.1. HZ recurrence rates

Studies of HZ recurrence have reported recurrence rates ranging
from 0.5% during 10 years of follow-up [5] to 6.4% during 6.5 years
of follow-up [11]. The rates of HZ recurrence observed in the SPS
and LTPS were significantly lower than those reported in many
other studies [1,4,6,7,10–13], which likely reflects differences in
case ascertainment. HZ cases in most previous studies were iden-
tified retrospectively based on medical records. Reliance on physi-
cian diagnosis and medical codes alone can result in
overestimation of the incidence of HZ [11,14,43]. Laboratory con-
firmation is important to rule out other diagnoses, such as contact
dermatitis and zosteriform herpes simplex [44–46]. The SPS and its
Persistence Substudies were prospective studies that only enrolled
immunocompetent persons, actively followed all participants for
HZ, and set a very low threshold for evaluating possible cases.
More than 95% of the participants completed the study and a close-
out interview that indicated that every episode of HZ was likely
detected and evaluated during the studies. More than 93% of HZ
cases were diagnosed by PCR. These study features avoided most
potential confounders, such as misdiagnosis of HZ and age- or
gender-related difference in healthcare seeking behavior.

Within the SPS, the HZ recurrence rates in both placebo (2/660;
0.30%) and ZVL recipients (1/321; 0.31%) were 0.1% per year, with
an overall incidence of HZ recurrence of 2.02 cases per 1000 person
years. This is more than five-times lower than the incidence of ini-
tial cases of HZ among SPS placebo recipients (11.12 per 1000 per-
son years). The rate of recurrence in the LTPS, which followed only
ZVL recipients for a mean of 3.74 years, was 0.76% (2 of 263
participants).
4.2. HZ recurrence and sex

The risk of HZ recurrence has been generally reported to be
greater in females than males [4,7,11,12,48] and, while not statis-
tically significant, the results of this study are consistent with these
reports. In addition, while all four females in our study were
immunocompetent throughout, the only male with a recurrence
was immunocompromised when he experienced both episodes of
HZ.
4.3. HZ-associated pain and recurrence

Nakamura et al. [47] reported that in participants 50–79 years
of age, HZ-associated pain was significantly less severe in second
than in first episodes. However, in our five participants, the HZ
severity-of-illness scores were higher in all but one of the second
episodes of HZ (Table 1), suggesting that a first episode of HZ
may not mitigate the pain associated with a second episode.
4.4. HZ recurrence and zoster vaccine

An episode of HZ boosts VZV-specific cell-mediated immunity
(VZV-CMI) [3], and similar T-cell responses have also been
observed in ZVL recipients [49]. Although our numbers are small,
ZVL does not appear to protect against HZ recurrence; in the SPS,
HZ recurrence rates were the same in vaccine and placebo recipi-
ents. This is not surprising since any residual difference in VZV-
CMI between ZVL and placebo recipients would likely have been
eliminated by the VZV-CMI response to their first episode of HZ.
A cohort study in immunocompetent adults �60 years of age with
a recent episode of HZ that compared the incidence of recurrent HZ
in vaccinated and unvaccinated persons, also failed to observe an
impact of ZVL on the risk of recurrence [9]. While the temporal
decline of ZVL effectiveness [16,17,50,51] may have contributed
to the risk of HZ recurrence, a unique susceptibility to reactivation
of latent VZV and recurrence of HZ seems likely to contribute to the
increased risk of recurrent HZ in particular individuals [52]. Partic-
ipant 4 was immunocompromised at the onset of both episodes of
HZ, which likely increased his susceptibility to HZ recurrence.

All 10 episodes of HZ were caused by wild-type VZV. No case of
HZ during the SPS and its substudies was caused by ZVL, and only
one case of HZ caused by Oka vaccine VZV in an immunocompetent
Zostavax� recipient has been reported to date [53]. This suggests
that establishment of latency by the Oka vaccine strain of VZV is
rare in immunocompetent older individuals who are already
latently infected with wild-type VZV when vaccinated.

4.5. VZV genotypes and HZ recurrence

Analysis of the unique sequence regions of the VZV strains from
all 10 episodes of HZ indicated that each second episode of HZ was
caused by the same VZV genotype as the first episode, confirming
that VZV is extremely stable during latency and reactivation.
Except for one SNP in non-coding position 105,012, no sequence
changes were observed within the unique VZV genome regions of
any of the pairs of viruses from recurrent episodes of HZ in the five
participants. Position 105,012 is located at the junction of the IRL

and the IRS, a region that has been previously reported to exhibit
strain-independent heterogeneity [26].

These findings document the extraordinary stability of VZV dur-
ing latency, in keeping with the prediction of a mathematical
model of ZVL that VZV does not replicate during latency [54].
Whole-genome sequencing of VZV from an outbreak of varicella
has also shown that VZV is extremely stable during transmission
between household contacts [27].

4.6. Variability in the reiteration regions

Others have previously described variability in the VZV reitera-
tion regions, both within a single clinical isolate and in different
tissue culture passages of the same virus, with R3 and R4 being
most variable [23,26,55,56]. In a study of circulating VZV geno-
types during an outbreak of varicella, R1, R4 and R5 appeared to
be conserved during transmission between household contacts,
with more variability in R2 [27]. While most reiteration regions
exhibited the same pattern of repeat elements in the VZV strains
from both episodes of HZ in each of the five participants, we did
observe some variability between the viruses from the paired epi-
sodes of HZ. The variations observed in R3 in participants 1 and 2,
and in R4B in participant 1 may be explained by establishment of
neuronal latency by otherwise clonal viruses with mixtures in
those reiteration regions, and reactivation of different variants
causing the first and second episodes of HZ.

The R5 regions in the viruses from the first and second episodes
in participant 2 differed, not only in length, but in the sequence of
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one of the 88 bp elements: In the virus from the first episode of HZ,
R5 begins with the 88A element, which is shared with every other
VZV strain in the study – independent of clade, whereas the R5
region of the virus from the second episode of HZ had an 88F ele-
ment in the first position. Nine variable loci have been identified in
the 88 bp element of R5 (NJJ and DSS, personal communication),
and the 88F element differs from the 88A element at one of them.
R5 regions have not been reported to be present as mixtures in
individual VZV strains, even after repeated passage in tissue cul-
ture; thus, the possibility that the R5 variants seen in the VZV
strains from the first and second episode of HZ in participant 2
were present in both samples at different concentrations seems
unlikely. R5 regions were subjected to only a single round of PCR
and, while we used a high-fidelity polymerase, point mutation at
low level at one of the variable loci specifically associated with
the 88 bp element could have resulted from PCR. However, trunca-
tion by deletion of two paired sets of 24–88 motifs caused by PCR
amplification seems unlikely.

R5 regions with 2 tandemly duplicated 24–88 bp element pairs
30 to the initial 88 bp element (312 bp total) have been observed
previously, primarily in Clade 2 viruses [26,57], and rarely also in
Clade 1, Clade 4 and Clade 9 viruses (NJJ and DSS, personal commu-
nication). However, the R5 region of the Clade 1 VZV strain respon-
sible for the first episode of HZ in participant 2 is the only example
reported of an R5 region with three tandemly duplicated 24–88 bp
element pairs 30 to the initial 88 bp element (424 bp total).

Taha et al. [31], using targeted VZV SNP analysis, determined
that the VZV strains obtained from a first and a second episode
of HZ in an immunocompetent patient were genetically distinct,
belonging to different VZV clades (Clade 1, first episode; Clade 3,
second episode). In 2009, Quinlivan et al. [32] evaluated a case of
varicella in a 19-month-old child and found that the patient was
co-infected with two distinct strains of VZV (Clade 3 and Clade
4). In addition, a number of studies of complete genome sequences
of VZV have provided evidence that the currently circulating VZV
clades arose, at least in part, through inter-strain recombination,
which requires co-infection of cells with two different VZV strains
[32,58,59].

While the number is too small to determine the relative fre-
quency with which two episodes of HZ in an individual are caused
by identical versus different strains of VZV, the cases reported here
represent five of only six cases of recurrent HZ in which the viruses
causing both episodes have been subjected to molecular analysis.
The unique regions of all five pairs of viruses in this study were
identical, and thus they were all clonal viruses. Identity was also
observed in most of the R regions, with several exceptions. R3
and R4 are well-documented to exhibit variability in copy number
within the same VZV isolate, possibly representing R region vari-
ants that pre-existed in the original infecting VZV strain. The R5
regions in the VZV strains from the first and second episodes of
HZ in participant 2 are an anomaly, since that region has not pre-
viously been reported to occur as a mixture within the same VZV
strain. Thus, it seems reasonable to anticipate that in most
immunocompetent persons, first and second episode HZ will be
caused by the same VZV strain.

This study has limitations: The STPS and LTPS were only carried
out at 12 of the 22 SPS study sites, and enrollment was not ran-
domized or blinded to study drug assignment (ZVL or placebo).
Furthermore, during the STPS the population of placebo recipients
was shrinking as SPS placebo recipients received ZVL. Conse-
quently, there were no SPS placebo recipients enrolled in the LTPS.
Because of these differences in study populations, we cannot com-
bine the data to calculate an overall rate of HZ recurrences
throughout the SPS and its Persistence Substudies. In addition,
the sample of five participants with recurrent HZ is small, although
it includes all participants who developed two episodes of HZ dur-
ing the SPS, as well as all who developed two episodes of HZ during
the STPS (none) and the LTPS.

Our report indicates that VZV is extremely stable during the
replication phase of varicella and the subsequent establishment
of latency in sensory ganglia throughout the body, and it demon-
strates the stability of VZV during latency, reactivation, and the
subsequent replication that results in HZ.
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