in serum samples from HIV-infected adults. We report here a
decrease in serum opsonic activity against S. preurnoniae, de-
spite increased levels of type-specific IgG, in HIV-infected
Ugandan adults.

METHODS

Subjects and serum samples.
March 2001, 36 patients with CAP were enrolled in our study

From November 1998 through

on the day of admission to Mulago Hospital, Makerere Uni-
versity (Kampala, Uganda), after written informed consent had
been obtained [6]. The diagnostic criteria for CAP have been
described elsewhere [6, 17, 18]. Of these patients, 29 (13 men
and 16 women) were infected with HIV-1, and 7 (6 men and
1 woman) were not HIV infected. From July through October
1998, 35 asymptomatic HIV-1l-infected Ugandan adults (10
men and 25 women) and 23 asymptomatic HIV-uninfected
Ugandan adults (17 men and 6 women)} were randomly en-
rolled at the Joint Clinical Research Centre (Kampala) after
providing informed consent | 19]. Serum samples were obtained
from these subjects at the time of enrollment and stored at
—80°C. Neither the HIV-1-infected patients with CAP nor the
asymptomatic HIV-infected subjects had received any antiret-
roviral therapy. HIV-1 serostatus and CD4" lymphocyte counts
in peripheral blood were determined at the time of enroliment
[6, 19]. For the 35 asymptomatic HIV-l-infected subjects,
plasma HIV RNA loads were quantified as described elsewhere
[19]. The mean log, plasma HIV RNA load (=SD) of these
subjects was 44 = 1.0 copies/mL. The protocols of these 2
studies were reviewed and approved by the Ugandan AIDS
Research Committee and the National Council for Science and
Technology of Uganda. Frozen serum samples were shipped to
Japan in temperature-controlled (liquid nitrogen) thermal con-
tainers. Control immune serum was obtained from healthy
volunteers who had been immunized with the 23-valent pneu-
mococcal polysaccharide vaccine.

Measurement of total lgG and serotype-specific IgG.
Total IgG levels in serum were measured by laser nephelometry
using purified human IgG and goat antibody to human I1gG
(Cappel). During the period 1998-2002, we determined the
serotype of pneumococcal strains isolated from patients with
CAP in Uganda. Among 29 strains, 3 strains of type 3 and 5
strains of type 9 were identified (authors’ unpublished data).
We therefore decided to determine the levels of type-specific
IgG to type 3 and type 9 CPS (because these are the major
serotypes) by ELISA, according to a method reported elsewhere
{20, 21]. Ninety-six-well flat-bottom microtiter plates were
coated with bicarbonate buffer containing type 3 CPS (50 ug/
mL) or type 9 CPS (5 pg/mL) and incubated overnight at 4°C.
Twofold serially diluted preabsorbed serum with cell-wall poly-
saccharide (CWPS; Statens Serum Institute, Copenhagen, Den-

mark) was added to the antigen-coated plates, and the plates
were incubated for 30 min at room temperature [20]. After the
plates were washed, alkaline phosphatase-conjugated anti-hu-
man IgG (Biosource), diluted 1:2000, was added to each well,
and the plates were incubated for 30 min at room temperature.
The reaction was developed by p-nitrophenyl phosphate (Sigma
Chemicals), and the optical density at 405 nm was read. The
end-point titers were expressed as the reciprocal log, of the
final dilution, giving an optical density at 405 nm of >0.016
for type 3 CPS and >0.130 for type 9 CPS.

Chemiluminescence (CL) assay and opsonophagocytic kill-
ing assay. Luminol-enhanced CL was measured as described
elsewhere [22]. S. pneumoniae serotypes 3 (strain P97-182) and
9 (strain P20-049), both isolated from Ugandan patients with
CAP, were used for this assay. Human polymorphonuclear leu-
kocytes (PMNLs) were isolated from the peripheral blood of a
healthy, HIV-uninfected volunteer and suspended in Hanks’
balanced salt solution buffer with Ca* and Mg** (HBSS™).
Baby rabbit complement (Cedarlane Laboratories) was used as
a complement source. The reaction mixtures contained human
PMNLs (5 X 10° cells), bacterial suspension (5 X 10° cfu), 0.1
mg of luminol (5-amino-2,3-dihydro-1,4-phthallazinedione;
Sigma), 25 pl. of complement, and 25 plL of heat-inactivated
test serum or heat-inactivated control immune serum {CS) in
a total volume of 500 pL of HBSS™ containing 1% gelatin.
After the reaction mixtures had been allowed to equilibrate at
37°C for 10 min, the bacterial suspension, complement, and
heat-inactivated test serum or the CS were added to activate
the system. The light emission was recorded continuously for
90 min with a 6-channel Biolumat LB9505 luminometer
(Berthold).

The phagocytic killing assay for the killing of type 9 S. pneu-
monige by human PMNLs was simultaneously performed in
the same manner as the CL assay, using 7% rabbit blood agar,
as described elsewhere [23]. The percentage of survival
(mean = SD of 4 tests) was calculated as follows: (bacterial
load after incubation/bacterial load before incubation) X 100.
No significant bacterial killing was found in samples containing
PMNLs alone (94.8% * 74%), PMNLs and CS (81.8% =
15.9%), or PMNLs and complement (90.5% % 13.7%). In con-
trast, a significant level of bacterial killing was found in samples
containing PMNLs, CS, and complement (13.8% =+ 2.9%). The
CL response peaked and the light
8.21 X 10’ cpm in samples containing PMNLs, CS, and com-

emission reached
plement at 40 min after incubation. However, a minimal in-
crease in light emission was found in samples containing
PMNLs and CS (1.96 X 10° cpm), PMNLs and complement
{(1.76 X 107 cpm), and PMNLs alone (749 X 10° cpm) at 40
min after incubation. These results indicate that a correlation
exists between opsonophagocytic killing and the luminol-en-
hanced CL response. We, therefore, used the CL ratio (the ratio
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Table 1.

Clinical characteristics and laboratory data for 64 subjects with community-

acquired pneumonia (CAP) and 30 asymptomatic (AS) subjects in Uganda.

HiV-1-infected sutjects

HIV-uninfected subjects

CAP AS CAP AS
Characteristic {n = 29) (n = 35} n=7 {n = 23)
Age, mean years * SD 38.0 + 83 342 * 6.7 39.7 £ 1563 31.6 = 89
Peripheral blood CD4* cell count,
mean cells/ul = SD 161 + 138% 471 + 205 495 + 214° 909 + 250

Serum IgG level, mean mg/mL + SD 380 + 84° 38.0 + 9.1° 199 + 38 200 + 43

? P<.0001, vs, HIV-infected or HIV-unintected AS subjects; P = .012, vs. HIV-uninfected patients with CAP

® p=.002, vs. HIV-uninfected AS subjects.

¢ P<.001, vs. HIV-uninfected patients with CAP or HIV.unintected AS subjects.

of the peak CL value in the presence of test serum to the peak
CL value in the presence of the CS) to evaluate serum opsonic
activity. Because of the limited volume of stored serum, 2 sam-
ples from HIV-1-infected asymptomatic subjects and 15 sam-
ples from HIV-uninfected asymptomatic subjects were not
available for testing of opsonic activity against type 3 strains.

Statistical analysis,.  The StatView statistical package (ver-
sion 3.0) and SPSS software (version 10) were used for data
analysis. All data were expressed as mean * SD. Levels of serum
1gG, levels of serum IgG to CPS, and serum opsonic activity
were compared between the 2 groups using the unpaired Stu-
dent’s ¢ test or the Mann-Whitney U test. The subject’s age
and peripheral blood CD4" lymphocyte count, levels of serum
IgG, and bacterial killing in the opsonophagocytic assay were
analyzed by 1-way analysis of variance and by multiple com-
parison methods, including the Bonferroni-Dunn and Scheffé
tests. Levels of serum IgG to CPS and serum opsonic activity
among patients with CAP and asymptomatic subjects with or
without HIV infection were analyzed by the Kruskal-Wallis test
and Turkey’s multiple comparison. The significance of the cor-
relations was estimated using Spearman’s rank correlation. Data
were considered to be statistically significant when P was <.05.

RESULTS

Total IgG and type-specific IgG.  The clinical and laboratory
characteristics of 64 HIV-1-infected and 30 HIV-uninfected
subjects are shown in table 1. Among 29 HIV-1-infected pa-
tients with CAP, 7 patients were found to be infected with S.
pneumoniae, whereas no pneumococcal pneumonia was found
among 7 HIV-uninfected patients with CAP. The peripheral
blood CD4" lymphocyte count of patients with CAP was sig-
nificantly lower than that of asymptomatic subjects in the HIV-
uninfected group (P = .002) and in the HIV-1-infected group
(P<.001). Decreased CD4* lymphocyte counts, however, have
been found in patients with CAP during the acute phase, re-
gardless of HIV status [24]. The total serum IgG level among
HIV-1-infected subjects was higher than that among HIV-un-

infected subjects (38.20 = 8.74 vs. 19.95 £ 4.14 mg/mL; P<
.001), which confirms previous reports of B cell activation in
such individuals [8~11]. No significant difference, however, was
found in total levels of serum IgG between patients with CAP
and asymptomatic subjects, regardless of HIV serostatus (table
1). The titers of 1gG to type 3 and type 9 strains in serum were
significantly higher among the 64 HIV-1-infected subjects than
among the 30 HIV-uninfected subjects (8.34 = 093 vs.
7.07 = 1.02 for type 3 and 10.13 % 1.32 vs. 7.50 =+ 1.01 for type
9; P<.001, for either type); total levels of serum IgG were
significantly correlated with levels of serum 1gG to type 3 CPS
(r = 0.684; P<.0001) and type 9 CPS (r = 0.716; P<.0001)
among the 64 HIV-1-infected subjects.

Serum opsonic activity.
samples from 8 HIV-1-infected subjects with type-specific I1gG
titers of 7 for the type 3 strain was significantly higher than
that in samples from 55 HIV-1-infected subjects with type-
specific IgG titers of 8-10 (table 2; P<.001). The opsonic ac-
tivity in serum samples from 56 HIV-1-infected subjects with

The opsonic activity in serum

Table 2. Comparisons of opsonic activity against type 3 and
type 9 Streptecoccus pneumonias in serum samples containing
different levels of type-specific 1gG from HIV-1-infected subjects
in Uganda.

Type 3 {n = 63} Type 9 (n = 64)
Type-specific No. of Opsanic activity, No. ot Opsonic activity,
1gG titer subjects mean = SD subjects mean = SD
7 8 115 = 0.34” 1 1.1
8 28 0.88 = 0.38 [¢] 1.12 + 0.67
9 21 099 = 0.37 13 1.23 £ 0.54
10 6 0.82 = 0.26 19 1.19 = 0.55
1 17 113 + 0.42
12 5 0.60 = 0.22°
13 3 0.43 + 0.18°

? P<.001, for subjects with IgG titers of 7 vs. subjects with 1gG titers of
8-10.

® p<.001, for subjects with IgG titers of 12 and 13 vs. subjects with I1gG
titers of 7-11.
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type-specific IgG titers of 7-11 for the type 9 strain was also
significantly higher than that in serum samples from 8 HIV-
I-infected subjects with type-specific IgG titers of 12 and 13
{P<.001). In contrast, no significant difference was found in
opsonic activity against the type 3 strain in serum from 30
HIV-uninfected subjects with different titers of type 3-specific
IgG (P = .589, by the Kruskal-Wallis test). Similarly, no sig-
nificant difference in opsonic activity against the type 9 strain
was found in serum from 30 HIV-uninfected subjects with
different titers of type 3-specific 1gG (P = .757).

More interestingly, a significant correlation between the pe-
ripheral blood CD4* lymphocyte count and serum opsonic
activity against the type 3 strain was found for asymptomatic
HIV-1-infected subjects, as shown in figure 1A (r = 0.354;
P = .043). A similar relationship between these 2 parameters
was found for the type 9 strain, although the correlation was
not statistically significant (figure 1B; r = 0.282; P = .101). Be-
cause an inverse correlation between peripheral blood CD4*
lymphocyte counts and plasma HIV-1 RNA loads already has
been demonstrated in asymptomatic HIV-infected Ugandan
adults [19], we compared serum opsonic activity with the
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plasma virus load in such subjects. We found an inverse cor-
relation between the plasma virus load and serum opsonic ac-
tivity against the type 3 strain (figure 1C; r = —0.298; P =
.092) and the type 9 strain (figure 1D; r = —0.414; P = .016).

Serum opsonic activity in patients with CAP with or with-
out HIV infection. A significant decrease in serum opsonic
activity against the type 9 strain was found among 64 HIV-1-
infected subjects, compared with 30 HIV-uninfected subjects
(1.09 £ 0.52 vs. 1.73 £ 0.53; P<.001). In contrast, the levels
of serum opsonic activity against the type 3 strain were slightly
lower among 63 HIV-infected subjects than among 15 HIV-
uninfected subjects (0.94 * 0.37 vs. 1.04 = 0.34; P = .286), al-
though the difference was not statistically significant. Further-
more, a significant decrease in serum opsonic activity against
the type 3 strain was found among HIV-1-infected patients
with CAP, compared with activity levels for asymptomatic HIV-
I-infected subjects (figure 2C), whereas no significant differ-
ence was noted in the serum levels of IgG to type 3 CPS between
these 2 groups (figure 24). Serum opsonic activity against the
type 9 strain for HIV-infected patients with CAP was also sig-
nificantly lower than that for asymptomatic HIV-infected sub-
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jects (figure 2D), although no significant difference was noted
in the levels of serum IgG to type 9 CPS between these 2 groups
(figure 2B). No significant differences were observed in serum
opsonic activity against type 3 and type 9 strains and in serum
levels of IgG to type 3 and type 9 CPS between HIV-uninfected
patients with CAP and asymptomatic HIV-uninfected subjects
(figure 2C and 2D).

DISCUSSION

An increase in levels of type-specific IgG in serum from HIV-
infected subjects, compared with levels typical of HIV-unin-
fected subjects, was found. A significant correlation was also
found between levels of type-specific IgG and total IgG in serum
from HIV-infected subjects. In contrast, previous studies have
reported that levels of serum IgG to CPS in HIV-1-infected
subjects were significantly lower than those in HIV-uninfected
subjects {25, 26] or that no difference was found in levels of
type-specific IgG between HIV-1-infected and HIV-uninfected
subjects [27].

Two studies recently reported that the avidity of type-specific
IgG affects both in vitro opsonic activity and in vivo protective

activity and that this response is critical in pneumococcal in-
fection {28, 29]. These observations, however, have been largely
confined to HIV-uninfected subjects. [n the present study, se-
rum samples from HIV-infected subjects that contained lower
type-specific IgG titers (titers of 7 for type 3 and of 7-11 for
type 9) had higher levels of opsonic activity against the type 3
and type 9 strains (table 2). These data, together with the ob-
servation of increased serum levels of type-specific IgG in HIV-
infected subjects, who are susceptible to invasive pneumococcal
infection, may suggest that these subjects have specific func-
tional abnormalities of type-specific IgG. As a result, we ex-
amined the avidity of type 9-specific IgG in a limited number
of serum samples from HIV-1-infected and HIV-uninfected
Ugandan adults, using a method based on the dissociation of
antibody-antigen complexes in the presence of 0.6 mol/L so-
dium thiocyanate [30]. A significant correlation between the 2
parameters was found in a group of 6 asymptomatic HIV-
uninfected subjects (r = 0.81; P = .04), which is consistent
with reports published elsewhere {28, 29]. In contrast, no cor-
relation was found between the avidity levels of type-specific
IgG and opsonic activity in a group of 7 asymptomatic HIV-
infected subjects (r = 0.58; P = .33). These data suggest that
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the function of IgG to CPS in the serum of HIV-infected sub-
jects may be impaired.

Interestingly, we found a significant correlation between pe-
ripheral blood CD4* lymphocyte counts and serum opsonic
activity against the type 3 strain among HIV-1-infected subjects
(figure 1A). A similar relationship was found between periph-
eral blood CD4" lymphocyte counts and serum opsonic activity
against the type 9 strain in HIV-1-infected subjects (figure 1B).
Furthermore, the HIV-1 load correlated inversely with serum
opsonic activity in asymptomatic HIV-infected subjects (figure
1C and 1D). These data suggest that HIV-1 itself may inhibit
serum opsonic activity against S. pneumoniae. The interference
of HIV with type-specific IgG and complement, therefore, will
require further investigation. We also found a significantly de-
creased level of opsonic activity in serum from HIV-1-infected
patients with CAP, compared with asymptomatic HIV-1-in-
fected subjects (figure 2C and 2D). Because a transient increase
in HIV RNA levels is found during the acute phase of bacterial
pneumonia in HIV-infected adults [31], the increased virus load
might suppress opsonic activity in serum from HIV-l-infected
CAP patients at the time of admission. These data strongly
support previous findings that indicate that the risk for bacterial
pneumonia is highest among HIV-infected subjects with CD4"
lymphocyte counts of <200 cells/uL in African countries, as
well as industrialized countries |6, 32], and demonstrate a new
finding, that a defect in immunity is a mechanism in invasive
pneumococcal infections in these subjects.

A recent study reported that the use of double absorption
improved the correlation between antibody concentration and
opsonic activity against type 4 and type 19F pneumococcal
strains {33]. The notable exceptions, however, were type 3 and
type 14 CPS, in which double absorption had a minimal effect
on antibody concentrations. We therefore examined whether
double absorption might lead to an improvement in opsonic
activity against the type 9 strain, using serum samples from 6
HIV-1-infected subjects. We found that absorption of the cross-
reactive antibodies with CWPS and 22F CPS had no effect on
the opsonic activity against type 9 strain, compared with ab-
sorption with CWPS alone (data not shown).

In conclusion, we report decreased levels of serum opsonic
activity against S. pneumoniae, despite increased levels of serum
IgG to type 3 or type 9 CPS, among HIV-infected Ugandan
adults. Plasma HIV-1 loads correlated inversely with levels of
opsonic activity, whereas peripheral blood: CD4” lymphocyte
counts tended to correlate directly with serum opsonic activity,
against the type 3 and type 9 strains of S. preurmoniae among
asymptomatic HIV-1-infected subjects. These data suggest that
defective serum opsonic activity plays an important role in
invasive preumococcal infections in HIV-infected African
adults. Further investigations will be required to clarify the

specific functional abnormalities of type-specific IgG in the
serum of HIV-Il-infected African adults.
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Abstract

The complete genome of the varicella-zoster virus (VZV) Oka strain has been cloned as a bacterial artificial chromosome (BAC).
Following electroporation into Escherichia coli (E. coli) strain DH10B, the VZV BAC was stably propagated over multiple generations of
its host. Human embryonic lung (HEL) cells transfected with VZV BAC DNA recovered from DH10B showed cytopathic effect (CPE),
and virus spread to neighbouring cells was observed. BAC vector sequences are flanked by loxP sites and, coinfection of the reconstituted
virus, with a recombinant adenovirus expressing Cre recombinase removed the bacterial sequences. The resulting recombinant rV02 grew
as well as the parental virus in HEL cells. The recombinant VZV will promote VZV research and increase use of the viral genome as an

investigative tool.
© 2004 Elsevier Ltd. All rights reserved.

Keywords: VZV; BAC; Recombinant virus

1. Introduction

Varicella-zoster virus (VZV) is a human herpesvirus that
causes chickenpox (varicella) and shingles (herpes zoster).
A live attenuated varicella vaccine (Oka strain) was orig-
inally developed by Takahashi et al. [1] and is routinely
used in children in Japan and other countries, including the
United States of America. We previously determined the
DNA sequence of the Oka varicella vaccine virus (V-Oka)
and its parental virus (P-Oka) [2]. That study provided
critical information for investigating the genes involved in
VZV attenuation, but the mechanism of attenuation is still
not completely clear. Recently, the genomes of a number of
herpesviruses were cloned into a bacterial artificial chromo-
some (BAC) [3-20]. This bacterial genetics method allows
the stable maintenance of the viral genome in Escherichia
coli and the introduction of mutations into the genome [21].
In this report, we describe the construction of an infectious
BAC clone for VZV, which contains the complete genome

* Corresponding author. Tel.: +81-6-6879-3321; fax: +81-6-6879-3329.
E-mail address: yamanisi@micro.med.osaka-u.ac.jp (K. Yamanishi).

0264-410X/$ — see front matter © 2004 Elsevier Ltd. All rights reserved.
doi: 10.1016/j.vaccine.2004.03.062

of P-Oka, in E. coli. After the transfection of the VZV BAC
DNA into human embryonic lung (HEL) cells, infectious
viruses were recovered. Because the BAC vector sequence is
flanked by loxP sites, it is excisable from the genome of the
reconstituted virus by Cre recombinase, generating a recom-
binant virus without the BAC vector sequence. The in vitro
replication characteristics of the recombinant VZV were
indistinguishable from those of the parental P-Oka virus.

2. Materials and methods

2.1. Cells and viruses

P-Oka was isolated in Japan from a patient with varicella
and was propagated only in human embryonic lung cells [2].

2.2. Preparation of viral and BAC DNA

To isolate the VZV DNA from infected cells, the infected
cells were treated with 0.05% EDTA/PBS (—) and collected
by centrifugation at 500 x g. The cells were lysed in a solu-
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Table 1
Primers used for generation of recombinant plasmid

Primer name Sequence Product (size in bp)
VZIi1F 5'-TATA ACTAGT pd GCGGCCGC 1y TTACGAAAACGTGCATG-3' VZ ORF11(2652)
VZ11R 5'-CGCG ACCTGGT ,.n;y TTTTACAAACTCCTTTGTGG-3'

VZI2F 5"-GCGC ACCAGGT gy CTCTGITTAGACCITAAAATTTG-3' VZ ORF12(2164)

VZI2R

5'-TATA GCGGCCGC »;y TTTTAATCTGGTTGTGGAAATG-3'

Restriction enzyme sites are underlined in the oligonucleotide sequence, while sequence in italic letters indicate additional bases that are not present in

the VZV sequences.

tion containing 50 mM Tris—HCl (pH 7.6), 3.6 mM CaCly,
5mM MgSOy4, 125mM KClI, 0.5mM EDTA, 0.5% NP40,
and 0.5% sodium deoxycholate. The lysates were spun at
80,000 x g for 2h at 4°C through a 7— 40% glycerol gra-
dient in an SW28 rotor (Beckman). The pellet was treated
with buffer (10mM Tris—HCI, 150 mM NaCl, 10mM EDTA,
0.5% SDS) containing proteinase K (500 pg/ml). The viral
DNA was extracted with phenol—chloroform and precipi-
tated with isopropanol. Circular viral DNA was isolated from
infected cells by the Hirt extraction procedure [22]. VZV
BAC DNA was isolated using a NucleoBond PC 100 kit
{Macherey-Nagel) following the manufacturer’s protocol.

2.3. Plasmid construction
The plasmid pHA-2 containing guanine phosphoribosyl

transferase gene (gpt), gfp, loxP and BAC sequences was
used in this study [3]. DNA fragments encoding ORF 11

and ORF 12 of P-Oka were amplified from VZV genomic
DNA by PCR. The primers used for the PCR amplification
of the targeting regions are shown in Table 1. Following am-
plification, the ORF 11 PCR product was digested with Spel
and SexAl, and the ORF 12 PCR product was digested with
Notl and SexAl. Both fragments were inserted into pBlue-
script SK (Stratagene), which had been digested with Spel
and Noil, generating the resultant plasmid SK/VZ11-12.
Next, the BAC along with the gpt and gfp gene and flanking
loxP sites was released from pHA-2 by digestion with Pac
I, and the DNA ends were blunt-ended by treatment with
T4 DNA polymerase. The resulting fragment was inserted
into the blunt-ended SexAl site of SK/VZ11-12. The BAC
vector (named pKSO-gpt) [10] along with gfp and flanking
loxP sites is contained in plasmid pHA?2. Following trans-
formation into E. coli strain DH10B, the transformants were
plated on agar containing 17 ug/ml chloramphenicol. The
resulting plasmid was called pHA-2/VZV11-12 (Fig. 1C).

IRs

Us | TRs |

©

N

Not [

Fig. 1. Construction of the VZV genome BAC in E. coli. The VZV genome (A) is about 125-kbp long and consists of terminal repeat (TR), unique
long (UL), internal repeat (IR), and unique short (US) DNA domains. The recombinant plasmid, PHA-2/VZV11-12 (C) contained 2.0 kbp each of two
sequences from VZV (shaded boxes, 11 and 12) as well as the BAC vector, the gpt gene, and the gfp gene, flanked by loxP sites. The ORF11 and
the ORF12 fragments of the genome of the VZV wild-type strain, P-Oka (shaded boxes, 11 and 12) were generated by PCR amplification using the
appropriate primers (Table 1). The recombinant VZV BAC clone was generated in HEL cells by homologous recombination of the recombinant plasmid
PHA-2/VZV11-12 and the wild-type VZV virus, P-Oka. Electroporation of the circular VZV BAC cloned genome into E. coli generated the VZV BAC
plasmid. The recombinant VZV, rV01 (D) was generated by transfection of the VZV BAC plasmid into HEL cells. The recombinant VZV, 1V02, which
lacked the BAC vector sequences (E), was generated by superinfection of VZV rV01 and a recombinant adenovirus, AXCANCre. The VZV, rV02 contains

a single loxP site. The circle enclosing an L represents the loxP site.
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2.4. Generation of the VZV BAC

The recombinant plasmid pHA-2/VZ11-12 (Fig. 1C) con-
taining the BAC sequence and flanking homologies to the
VZV genes ORF-11 and -12 was linearized by Nofl treat-
ment. Linearized pHA-2/VZ11-12 (0.2 pg) was transferred
into HEL cells by electroporation with a Nucleofection unit
(Amaxa). One day posttransfection, the transfected cells
were overlaid with the harvested HEL cells that had been in-
fected with P-Oka, and had shown a cytopathic effect (CPE)
in more than 80% of the cells. Two days later, the overlaid
HEL cells were harvested. To enrich for the recombinant
viruses, the cells, which contained pHA-2/VZ11-12 DNA
and infected with P-Oka viruses, were harvested and trans-
ferred to a new flask of subconfluent HEL cells, and 50 pM
mycophenolic acid and 200 pM xanthine were then added
to select for recombinant virus using the gpt marker. Further
enrichment for recombinant viruses was done by both drug
selection and limiting dilution in 96-well plates. After sev-
eral rounds of selection, circular viral DNAs were isolated
from infected cells and transferred into E. coli DH10B (In-
vitrogen) by electroporation using a Bio-Rad E. coli Pulser
with 0.2-cm cuvettes at 2.5kV [23]. The transformants were
plated on agar containing 17 pwg/ml chloramphenicol.

2.5. Reconstitution of infectious virus

To produce the recombinant virus rV01 from VZV BAC,
1 pg of VZV-BAC DNA was transferred into HEL cells
by electroporation using a Nucleofection unit (Amaxa). Af-
ter the electroporation, the cells were propagated in six-well
dishes for 3—4 days. When the electroporated cells became
confluent in each well of dish, the cells were then propa-
gated in a new flask, and observed under a microscope until
a typical cytopathic effect with green fluorescence appeared.
Typical CPEs were observed in the cells at 1-2 days after
the cells were spread. To remove the BAC vector sequence,
HEL cells were infected with a recombinant adenovirus, Ax-
CANCre, which expresses the Cre recombinase (kindly pro-
vided by Dr. Yasushi Kawaguchi, Nagoya University School
of Medicine) [17] at a multiplicity of 100 PFU per cell. Af-
ter 2h of viral adsorption, the cells were washed with PBS
(—) and cultured with Dulbecco’ s minimal essential medium
(DMEM) containing 5% fetal calf serum (FCS). At 24-h
postinfection (PI) with the recombinant adenovirus, the cells
were superinfected cell—cell with the VZV BAC virus, rVO1,
and the infection of VZV was allowed to proceed until a
typical CPE without green fluorescence appeared.

3. Results and discussion
3.1. Cloning of the VZV genome in E. coli

The plasmid pHA-2, which contains BAC sequences,
guanine phosphoribosyl transferase (gpt) [24] as the se-

lection marker, the green fluorescence protein (gfp) gene,
flanked by loxP sites, was used in this study [3]. For
construction of the VZV BAC, the region between open
reading frame (ORF) 11 and ORF12 of P-Oka was chosen
for integration of the BAC vector (Fig. 1B), because this
region is predicted to be nonessential for replication based
on herpes simplex virus type 1 (HSV-1), which belongs
to the same subfamily and has similar characteristics [25].
The recombinant plasmid pHA-2/VZ11-12 (Fig. 1C) lin-
earized by Noil treatment was introduced into HEL cells
by electroporation. The transfected HEL cells were over-
laid with P-Oka infected HEL cells, showing a cytopathic
effect (CPE). To enrich for the recombinant viruses, the
cells, which contained pHA-2/VZ11-12 DNA and P-Oka
viruses, were transferred to a newly prepared flask of sub-
confluent HEL cells, and typical plaques of VZV exhibiting
green fluorescence under a fluorescence microscope were
seen in the cells, indicating that the recombinant virus had
replicated in the cells, because the gfp in the recombi-
nant virus was expressed. Recombinant viruses (Fig. 1D)
were selected using mycophenolic acid and xanthine by
utilizing the gpt marker. After several rounds of selec-
tion, circular viral DNAs were isolated from infected cells
and transferred into E. coli by electroporation. Restric-
tion enzyme analysis of DNA isolated from single E.
coli colonies allowed us to identify a bacterial clone con-
taining a BAC with a full-length VZV genome (data not
shown).

3.2. Stability of the VZV BAC plasmid VZV-BAC
in E. coli

BAC plasmids are usually propagated in the E. coli strain
DHI10B, which carries a recA mutation to minimize the
propensity for recombination {3]. Several herpesvirus-BACs
can be stably maintained in this E. coli strain [3-20]. The
MHV-68 genome that contains a large number of repeated
sequences, showed some heterogeneity with regard to the
number of repeated sequences when cloned and propagated
in E. coli [3]. However, the loss of repeated sequences
does not appear to influence the reconstitution or in vitro
growth properties of the infectious virus [3]. Therefore, we
examined the stability of VZV-BAC in E. coli. Bacteria
containing original VZV-BAC were grown for three pas-
sages of 24h each and finally plated on agar containing
17 pg/ml chloramphenicol. Overnight cultures were grown
from single colonies on agar plate, and the DNA was iso-
lated from these cultures and analyzed by restriction en-
zyme digestion and gel electrophoresis (Fig. 2, lanes 1-5).
All five colonies shown in Fig. 2 showed a BamHI re-
striction pattern that was identical to that of the original
VZV-BAC (Fig. 2, lane 6), indicating a high stability of
the VZV BAC in E. coli. Furthermore, we confirmed the
integration of the BAC DNA sequences between ORF 11
and ORF12 in the VZV genome by sequencing (data not
shown).
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Fig. 2. Stability of the VZV BAC DNA in E. coli. The original VZV
BAC clone was propagated three times in E. coli DHI0B. Afterwards,
bacteria containing VZV-BAC were plated on agar containing chloram-
phenicol. DNA was isolated from single colonies, digested with BamHI,
and analyzed by gel electrophoresis on 0.5% agarose gels in 0.5x
Tris-borate~EDTA buffer for 24 h at 2.5 V/cm. DNA fragments were visu-
alized by ethidium bromide staining. All five clones (lanes 1-5) showed
a restriction enzyme digestion pattern that was identical to that of the
original VZV BAC DNA (lane 6). Molecular sizes in (kilobase pairs)
are shown on the left. The picture of the agarose gel electrophoresis was
taken with a Bio-Rad Molecular Imager FX (Bio-Rad).

3.3. Reconstitution of infectious virus from the VZV BAC
DNA

To produce the recombinant virus from VZV BAC DNA,
VZV-BAC DNA was transfected into HEL cells by elec-
troporation. Several days later, typical CPEs were observed
in the cells. The resulting recombinant VZV containing the
BAC DNA sequence (Fig. 1D) was named rVO1. Since her-
pesviruses containing the additional BAC may have an al-
tered phenotype due to the insertion of non-viral sequences,
we excised the BAC vector sequences from rVO1. The BAC
vector sequences, including the gpt and gfp genes, were ex-
cised by site-specific recombination using the flanking by
loxP sites. This was achieved by co-infection of HEL cells
with the recombinant adenovirus, AXCANCre, which ex-
presses the Cre recombinase [17] [26] and rVO1. Follow-
ing this, a typical VZV CPE without green fluorescence ap-
peared. Correct excision of BAC sequences from the recom-
binant virus rVo2 (Fig. 1E), was confirmed by sequencing
(data not shown).

Fig. 3. Structural analysis by BamHI-digestion of the VZV BAC plasmid
and reconstituted viral genome. Wild-type VZV DNA (P-Oka) isolated
from infected cells (lane 1), VZV BAC DNA isolated from E. coli (lane
2), and reconstituted virus rv02 DNA (without the BAC vector sequences)
isolated from infected cells (lane 3) were digested with BamHI and
separated by gel electrophoresis. Fragments in the VZV BAC DNA(lane
2) appearing as a consequence of the inserted BAC sequences are marked
by arrowheads. The fragment in the reconstituted virus rv02 DNA (lane 3)
caused by the remaining /oxP sequence is marked by an arrow. Molecular
sizes (in kilobase pairs) are shown on the left.

Next, the DNA sequence of the recombinant virus was
compared with that of the parental virus, P-Oka. The re-
combinant viral DNA of rV02 was digested with BamHI,
separated by gel electrophoresis and the restriction enzyme
pattern was compared with that of P-Oka (Fig. 3). The re-
sults comfirmed that the VZV-BAC lacks the 8.1-kbp BamHI
wildtype fragment but contains two additional BamHI frag-
ments of approximately 7.8 and 9.2kbp (Fig. 3, lane 2).
These fragments resulted from the insertion of the BAC
vector sequences. In rV02, from which the BAC vector se-
quences had been removed, the 8.1 kbp wild type fragment
of P-Oka migrated at a slightly higher position because of
the remaining loxP sequence (Fig. 3, lane 3).

3.4. BAC-derived virus rV02 displays wild-type like in
vifro growth properties

To compare the growth of the recombinant virus, rV02,
with that of P-Oka, the infectious center assay was per-
formed as described previously [2]. Briefly, HEL cells were
infected with rV02 or P-Oka, then harvested by trypsin treat-
ment 0-5 days after infection. The trypsin-treated cells were
then diluted and transferred onto monolayers of HEL cells,
and the numbers of infected cells were assessed by count-
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Fig. 4. Infectious center assay of P-Oka and rV02. HEL cells in 35-mm
dishes were infected with V02 or the wild-type strain, P-Oka at a
multiplicity of 0.01 PFU per cell, then the cells were washed and treated
with trypsin at 0—5 days PI. The trypsin-treated cells were diluted and
transferred onto a monolayer of newly prepared HEL cells in 35-mm
dishes, and the numbers of infected cells were assessed by counting the
number of VZV plaques appearing at 7 days postinfection. The number
of infected cells was normalized to the initial viral titer per dish; the fold
increase indicates the number of infected cells to which virus had spread
from one initial infected cell at day O.

ing the plaques 7 days after inoculation. As shown in Fig. 4,
rv02 displayed similar growth compare to P-Oka in this as-
say. These results suggested that the in vitro growth of the
BAC-derived recombinant virus, rV02, was indistinguish-
able from that of P-Oka.

There are several reports describing the cloning of a her-
pesvirus genome as an infectious bacterial artificial chromo-
some in E. coli [3-20]. However, to date there has been no
report on the cloning of the VZV genome as an infectious
BAC in E. coli. The propagation of VZV virions in tissue
culture is difficult because of the highly cell-associated na-
ture of the virus and low cell-free virus production in the
culture supernatant. In addition, it is difficult to isolate vi-
ral DNA containing the full-length genome. Therefore, the
function of VZV proteins has been largely analyzed by anal-
ogy to herpes simplex virus type 1, the prototypical neu-
rotropic human alphaherpesvirus [27]. Recombinant VZV
genomes have been reconstituted using cosmid DNAs [28].
The cosmid system is useful for studying the role of the
viral genome and leads directly to the generation of recom-
binant viruses. However, the subgenomic fragments have to
be released from the vector backbone prior to transfection
and several recombination events are required in eukaryotic
cells for reconstitution.

Here, we have described construction of the first infectious
BAC clone for VZV in E. coli and successful reconstitution
of recombinant virus from the full-length VZV BAC genome
for the first time. We have described construction of the first
infectious clone for VZV in E. coli. This system will be a
very useful tool for analyzing the function of VZV-encoded
genes by mutagenesis of VZV BAC in E. coli, using estab-
lished protocols [21],and is likely to be more efficient and
reliable than reconstituting the genes from overlapping cos-

mid fragments [10]. Furthermore, this method will consid-
erably speed up the construction of VZV mutants, and allow
studies on the functional role of VZV genes in host-virus
interactions.
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