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The oncogenic human herpes virus, the Epstein-Barr virus (EBV),
expresses EBNA1 in almost all forms of viral latency. EBNA1 plays a
major role in the maintenance of the viral genome and in the
transactivation of viral transforming genes, including EBNA2 and
latent membrane protein (LMP-1). However, it is unknown
whether inhibition of EBNA1 from the onset of EBV infection dis-
rupts the establishment of EBV's latency and transactivation of the
viral oncogenes. To address this, we measured EBV infection kinet-
ics in the B cell lines BALL-1 and BJAB, which stably express a domi-
nant-negative EBNA1 (dnE1) fused to green fluorescent protein
(GFP). The EBV genome was surprisingly unstable 1 week post-
infection: the average loss rate of EBV DNA from GFP- and GFP-
dnE1-expressing cells was 53.4% and 41.0% per cell generation,
respectively, which was substantially higher than that of an ‘estab-
lished’ oriP replicon (2-4%). GFP-dnE1 did not accelerate loss of
the EBV genome, suggesting that EBNA1-dependent licensing
of the EBV genome occurs infrequently during the acute phase of
EBV infection. In the subacute phase, establishment of EBV latency
was completely blocked in GFP-dnE1-expressing cells. In contrast,
C/W promoter-driven transcription was strongly restricted in GFP-
dnE1-expressing cells at 2 days post-infection. These data suggest
that inhibition of EBNA1 from the onset of EBV infection is effec-
tive in blocking the positive feedback loop in the transactivation
of viral transforming genes, and in eradicating the EBV genome
during the subacute phase. Our results suggest that gene trans-
duction of GFP-dnE1 could be a promising therapeutic and prophy-
lactic approach toward EBV-associated malignancies. (Cancer Sci
2010; 101: 876-881)

The Epstein—Barr virus (EBV) is a risk factor in several
malignant diseases including Burkitt’s lymphoma and
nasopharyngeal carcinoma.”'™ The opportunistic B-cell lym-
phoma is becoming the major cause of death in AIDS patients in
an era of highly active antiretroviral therapy (HAART), and
EBYV is associated with a significant portion of AIDS lymphoma
cases.”™® Neither an EBV vaccine, nor specific antiviral agents
against EBV are available; thus attention should be paid to the
development of therapeutic agents against EBV.

EBV-encoded genes including EBNA1, EBNA2, and latent
membrane protein (LMP-1) are potential molecular targets for
the treatment of EBV-associated lymphomas because the(g play
central roles in the process of malignant transformation.'” We
are interested in EBNAL since it contributes to EBV oncogene-
sis in two ways: it supports the maintenance of the EBV genome
in cis and enhances expression of viral oncogenes, including
EBNA2 and LMP-1, in trans.”~” EBNAI exerts its biological
functions by binding to its cognate binding sites within the
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family of repeats (FR) and the dyad symmetry element (DS)
located within the origin of replication (oriP) of EBV DNA.
EBNAL interacts with FR to enhance transcription from the viral
C/W promoters (C/Wp) and to partition EBV DNA to daughter
cells; and with DS to initiate DNA replication.””’

Maintenance of the oriP replicon is stable once EBV latency
has been established. The loss rate of established oriP plasmids
is estimated at 2-4% per cell generation."'”'" Interestingly, the
loss rate of the oriP replicon is significantly higher in cells tran-
siently transduced with oriP plasmids (>25% per cell genera-
tion) than in established cells."'* In primary B cells, EBV DNA
is lost rapidly within 2 days post-infection (~98.9%)."'> How-
ever, the loss rate of the EBV genome during a week post-infec-
tion in B cells remains to be quantified.

Upon EBYV infection, the first viral genes expressed are the
transactivators EBNA2 and EBNA-LP transcribed from Wp sev-
eral hours after infection.”” EBNA2 binds to the EBNA2-
responsive elements and, in cooperation with EBNA-LP,
enhances transcription from Cp, which leads to expression of all
EBNA proteins, including EBNA1. EBNA1 binding to oriP acti-
vates C/Wp to boost viral latent gene expression, including the
EBNAs and LMP-1. The viral gene transactivation positive
feedback loop is established within a few days post-infection,
and EBNAL is one of the key factors that sustain this feedback
loop during the acute phase of EBV infection."'* In parallel,
EBNAI contributes to the establishment of the EBV genome as
a licensed replicon. It may be possible to stop EBV infection by
breaking the chain of EBNA1-dependent events and thus the
EBV-mediated malignant transformation of infected cells. Previ-
ous studies have assessed the therapeutic potential of a domi-
nant-negative derivative of EBNAI (dnEl) in cells in which
EBV latency was already established.">'® In this study, we
critically assessed whether inhibition of EBNA1 limits the early
stage of EBV infection in B cells. We provide evidence that
expression of dnEl strongly blocks the expression of virus-
encoded oncogenes in acutely infected cells without accelerating
EBV genome loss, and disrupts EBV latency in the subacute
phase of EBV infection.

Materials and Methods

Cells. The 293T, EBV-negative Burkitt lymphoma cell line
BJAB, EBV-positive Burkitt lymphoma cell line Daudi, EBV-
transformed healthy donor-derived B lymphoblastoid cell line
(B-LCL), and B acute lymphoblastic leukemia cell line BALL-1
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cells (kindly provided by Dr. Yokota, National Institute of
Infectious Diseases, Tokyo, Japan) were maintained in RPMI-
1640 medium (Sigma, St. Louis, MA, USA) supplemented with
10% fetal bovine serum (Japan Bioserum, Tokyo, Japan),
50 U/mL penicillin, 50 pg/mL streptomycin (Invitrogen,
Tokyo, Japan), and incubated at 37°C in a humidified 5% CO,
atmosphere.

Plasmids. The following primers were used to amplify dnE1l
from p1160"'” by PCR: 5-ACCGGTCTCGAGCAATTGCCA-
CCATGCGGGGTCAGGGTGATGGAGG-3" and 5’-GGATC-
CTCGAGCGGCCGCTCACTCCTGCCCTTCCTCACC-3'. The
GFP-dnEl expression vector (pGD) was constructed by cloning
the Mfel-Xhol fragment of the PCR product into the BglII-Sall
sites of pEGFP-C1 (Clontech, Palo Alto, CA, USA). The Mfel
and BgllI sites were blunted with T7 RNA polymerase. The
Agel-BamHI fragment from pGD was cloned into the corre-
sponding restriction sites of pPCMMP eGFP'>'® to generate
pCMMP GFP-dnEl. The EBNA1 expression vector p1553, the
FR-tk-luciferase reporter p985, and pLuciferase (pCMV-luc)
have been described previously.' ">

Luciferase assay. The 293T cells, grown in 48-well plates,
were co-transfected with the indicated plasmids using Lipofecta-
mine 2000 according to the manufacturer’s protocol (Invitrogen,
Tokyo, Japan). Cells were replated in 96-well plates in triplicate
at 2 h post-transfection. Luciferase activity was measured 48 h
after transfection using the Steady-Glo Kit (Promega, Madison,
WI, USA).

Murine leukemia virus (MLV) vector infection and cell
sorting. MLV vectors were produced as described previ-
ously."® B cells (I x 107 cells) were incubated with 2 mL of
MLV preparation overnight at 4°C with continuous agitation.
GFP-positive cells were collected using a FACS sorter (FACS
Vantage; Becton Dickinson, San Jose, CA, USA) at 11 days
post-infection.

Western blotting. Western blotting was performed as
described previously.®"*® The following reagents were used:
anti-GFP (MsX Green Fluorescent Protein; Chemicon, Temecu-
la, CA, USA) and Envision* Dual Link System-HRP (Dako,
Glostrup, Denmark).

EBV infection and nucleic acid extraction. The EBV B95-8
strain was a generous gift from Dr Fujiwara’s group at the
National Research Institute for Child and Development (Tokyo,
Japan). B cells (1 x 107 cells) were incubated with 100 uL of
B95-8 EBV for I h at 37°C, and genomic DNA was extracted
from half of the infected cells soon after infection (QlAamp
DNA Mini Kit; Qiagen, Tokyo, Japan). At 15 h post-infection,
half of the cells were washed once with PBS and incubated for
5 min in lysis buffer (10 mm Tris-HCI [pH7.4], 10 mm NaCl,
3 mm MgCl,, and 0.5% NP-40). The nuclear fraction was col-
lected by centrifugation for 5 min at 20.6 K x g (Kubota 3740;
Kubota, Tokyo, Japan), and high molecular weight DNA was
extracted (nuclear DNA). At 2 days post-infection and at later
time points, high molecular weight DNA, or total RNA (Pure-
Link Total RNA Blood Purification Kit; Invitrogen) was
extracted from 1 x 10° or 3 x 10° cells, respectively, according
to the manufacturer’s protocol. After EBV infection, 10 um aci-
clovir (Kayaku, Tokyo, Japan) was added to the culture medium.
The production and infection of the recombinant EBV Akata
strain carrying GFP and neomycin resistant genes has been
described previously.*® At 2 days post-infection, cells were
plated at a density of 1 x 10* cells per well in a flat-bottomed
96-well plate, and cultured in a medium containing 1 mg/mL
G418. The efficiency of EBV latency establishment was evalu-
ated as percentage of wells positive for the emergence of G418-
resistant cells at 2 to 3 weeks post-G418 selection.

Quantitative real-time PCR. Real-time PCR was performed as
described previouslzy; serial dilutions of positive controls were
used as standards.”"’ Amplifications were performed using the
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QuantiTect SYBR Green RT-PCR/PCR Kit (Qiagen), and the
following primers: BamHI W repeat, 5-GCCAGAGG-
TAAGTGGACTTT-3" and 5'-AGAAGCATGTATACTAAGC-
CTCCC-3'; cyclophilin A (CYPA), 5-CACCGCCACCATG-
GTCAACCCCA-3’ and 5-CCCGGGCCTCGAGCTTTCGAG-
TTGTCCACAGTCAGCAATGG-3"; C/Wp, 5-CCCTCGGA-
CAGCTCCTAAG-3" and 5-CTTCACTTCGGTCTCCCCTA-
3’; EBER1, 5-AAAACATGCGGACCACCAGC-3’ and 5-AG-
GACCTACGCTGCCCTAGA-3". The B-globin primers were
described previously.*" Following PCR amplification, the
amplicons were separated in a 2% agarose gel, stained with
ethidium bromide, and imaged with a Typhoon scanner (GE
Healthcare Bio-Sciences; Piscataway, NJ, USA).

Results

Construction and functional verification of dnE1 fused to
GFP. The carboxy half of EBNAI serves as a functional domi-
nant-negative inhibitor of EBNAI that restricts the replication
and maintenance of oriP plasmids as well as the EBNA1-depen-
dent enhancement of transcription.'”** We used a dnE1 mutant
encompassing amino acids 377 to 391 (the nuclear localization
signal, NLS) and 451 to 641 (the DNA binding and dimerization
domain) of EBNAI (Fig. 1A).47 To visualize the intracellular
distribution of dnEl, we constructed the retroviral expression
vector encoding GFP-dnEl. The expression of GFP-dnEl was
verified in transiently transfected 293T cells and stably trans-
duced B cell lines using an MLV vector. To verify the function
of GFP-dnEl, we conducted a reporter assay using a plasmid
encoding the FR-tk-luciferase cassette. EBNA1 enhances
expression of FR-tk-luciferase by binding to FR. If the GFP-
dnEl construct retains dnEl function, co-expressing EBNAI
and GFP-dnE1 should reduce reporter activity. Luciferase activ-
ity was increased significantly upon EBNA1 expression by
approximately 5.3-fold, consistent with previous findings
(Fig. 1B, P < 0.05, two-tailed Student’s r-test)."'” When GFP-
dnEl was co-expressed, the luciferase activity was decreased.
The decrease in luciferase activity was proportional to the
increase in GFP-dnEl expression vector (Fig. 1B, maximum
reduction: 22.3%, P < 0.05, two-tailed Student’s -test). This
effect was not observed with GFP alone. In addition, CMV pro-
moter-driven luciferase expression was unaffected by EBNAI,
GFP-dnE1, and GFP, suggesting that the reduction in luciferase
activity with GFP-dnEl in the EBNA1/FR-tk-luciferase system
is specific. These data indicate that GFP-dnE1 functions as an
inhibitor of EBNAI.

Establishment of B cells constitutively expressing GFP-
dnE1. To investigate the potential effect of GFP-dnEl on EBV
infection in B cells, we established BALL-1 and BJAB cells,
which constitutively express GFP-dnEl, using an MLV vector.
GFP was used as a control throughout this study. The distribu-
tion of GFP-dnE1 was examined by confocal microscopy, which
revealed an even distribution of GFP throughout the cell. In con-
trast, the majority of GFP-dnE1was localized to the nucleus due
to the presence of the NLS (Fig. 2A). Similar observations were
made in BJAB and 293T cells (data not shown). We sorted the
GFP- or GFP-dnE-expressing cells using a FACS sorter. To test
the dose-dependent effect, we collected BALL-1 cell popula-
tions bearing high or low levels of GFP fluorescence, denoted as
Hi and Lo, respectively. The expression of GFP and GFP-dnE1
was verified by Western blotting, which confirmed that GFP and
GFP-dnE1l Hi cells had higher intensity signals than the GFP
and GFP-dnE1 Lo cells (Fig. 2B). The rate of cell proliferation
and the morphology of GFP-dnEl cells were indistinguishable
from those of GFP cells (Fig. 2A and data not shown).

Effect of GFP-dnE1 on the nuclear translocation of EBV DNA
during the acute phase of EBV infection. To assess whether
GFP-dnEl could restrict the nuclear targeting of the EBV
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Structure of the EBNA1 protein and dnE1 used in this study. The linking regions (LR1 and LR2), the Gly-Gly-Ala repeat, the nuclear localization
signal (NLS), and the DNA binding and dimerization domain are shown. GFP-dnE1 encodes the NLS and DNA binding and dimerization domain
of EBNA1 fused to the C-terminus of GFP. (B) Repression of EBNA1-dependent transcriptional activation by GFP-dnE1. We transfected 293T cells
in 48-well plates with 200 ng of FR-tk-luc or CMV-luc reporter, and 500 ng of EBNA1 expression vector, along with increasing amounts of GFP or
GFP-dnE1 expression vector (20, 100, and 500 ng, respectively). *P < 0.05, two-tailed Student’s t-test.
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Fig. 2. Verification of stable green fluorescent protein (GFP)-
dominant-negative EBNA1 (dnE1) expression in BALL-1 cells. (A)
Distribution of GFP and GFP-dnE1 in BALL-1 cells was examined by
confocal microscopy. Cells were imaged unfixed using a confocal
microscope META 510 (Carl Zeiss, Tokyo, Japan). The green signal
represents GFP fluorescence, and blue represents the Hoechst-stained
nucleus. The bar represents 5 pm; magnification, x630. (B) GFP or GFP-
dnE1 expression in stably transduced BALL-1 cells was examined by
Western blot analysis using an anti-GFP antibody. Protein lysates from
5x10° cells were loaded for each sample, except GFP Hi cells
(5 x 10%). The molecular weight marker is shown on the right.

genome after infection, we measured the amount of EBV DNA
recovered from cells immediately after infection (representing
the amount of EBV attached to cells) and the amount of EBV
DNA that had migrated into the nucleus at 1 day post-infection.
We isolated the nuclear fraction to exclude EBV DNA that
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failed to enter the nucleus. The number of EBV DNA molecules
per cell was estimated by real-time PCR, which targeted the
BamHI W repeat, in 10 ng of genomic DNA. We estimated the
number of EBV DNA per cell given that a single cell contains
approximately 10 pg of genomic DNA, and an EBV DNA has
10 copies of BamHI W repeats on average. The nuclear target-
ing efficiencies of EBV DNA were as follows: BALL-1 GFP
cells, 43.3-108.6%; GFP-dnEl cells, 46.9-65.6%; BJAB GFP
cells, 37.4%; GFP-dnE1 cells, 35.0% (Table 1). These data sug-
gested that the effect of GFP-dnEl on the nuclear targeting of
EBV DNA should be assessed more sensitively in BALL-1 and
BJAB cell systems than in primary B cells because the nuclear
targeting efficiency of EBV DNA in primary B cells is extre-
mely inefficient (~1.1%)."'* In our experimental systems, the
nuclear targeting efficiencies of EBV DNA in GFP-dnEl-
expressing cells were similar to those in GFP-expressing cells.
In addition, the dose-dependency of GFP-dnEl was not
observed in BALL-1 cells (Table 1). These data suggest that the
nuclear targeting efficiency of EBV DNA was not restricted by
the presence of GFP-dnEl in B cells upon EBV infection.

Effect of GFP-dnE1 on the rate of loss of EBV DNA during the
acute phase of EBV infection. To examine the effect of GFP-
dnEl on the rate of loss (ROL) of EBV DNA during the acute
phase of viral infection, we monitored the EBV DNA copy num-
ber from day 2 to day 5 or day 6 post-infection, by real-time
PCR, which detects the viral genome in both linear and circular
configurations (Table 1). The ROL was estimated as the per-
centage reduction of EBV DNA per cell generation, considering
that the cell doubling time is 24 h, and the kinetics of viral gen-
ome loss follows an exponential decay. The ROL in GFP-dnEl-
expressing cells (19.2-85.9% per cell generation) was similar to
GFP-expressing cells (20.5-79.4% per cell generation) in both
BALL-1 and BJAB cells. In addition, there was no detectable
dose-dependent effect of GFP-dnEl in BALL-1 cells (Table 1
and Fig. 3). The averages + SEs of ROL in GFP- and GFP-
dnEl-expressing cells from six independent measurements in
BALL-1 cells were 37.7 + 10.7% and 25.7 + 6.5% per cell gen-
eration, respectively (data not shown), which was substantially
higher than the rate of loss of an established oriP replicon (2—-
4%).1%D) These results reflect the precipitous loss of oriP plas-
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Table 1. The kinetics of EBV DNA in the acute phase of EBV infection

Copy number of EBV DNA per cell at the

Cell Indicated day* Nuclear transport (%) Rate of loss of EBV DNA (% per cell generation§)
Expt 1
BALL-1 Day 0 Day 1 Day 2 Day 5
GFP Hi 20.38 11.92 3.57 0.019 58.5 85.9
GFP Lo 17.26 11.68 3.21 0.56 67.7 441
GFP-dnE1 Hi 23.02 10.79 3.30 0.30 46.9 54.9
GFP-dnE1 Lo 18.83 12.36 1.46 0.53 65.6 28.7
BJAB Day 0 Day 1 Day 2 Day 5
GFP 155.1 58.8 5.38 0.06 374 77.7
GFP-dnE1 64.6 37.4 5.69 0.05 58.0 79.4
Expt 2
BALL-1 Day 0 Day 1 Day 2 Day 6
GFP Hi 16.33 17.73 11.10 4.74 108.6 19.2
GFP Lo 17.35 7.51 8.75 1.13 433 40.1
GFP-dnE1 Hi 18.46 8.7 8.95 3.38 47.2 21.6
GFP-dnE1 Lo 14.14 7.05 6.97 2.79 49.9 20.5

+Nuclear DNA was used for day 1 data. #Estimated from day 0 and day 1 data. §Estimated from day 2 and day 5 or day 6 data with the
exponential decay. YBelow the limit of detection. dnE1, dominant-negative EBNA1; EBV, Epstein-Barr virus; GFP, green fluorescent protein.
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Fig. 3. Kinetics of Epstein-Barr virus (EBV) DNA loss during the acute
phase of EBV infection. (A) Representative data from BALL-1 cells
(Expt. 1 in Table 1) is shown. The filled squares, open squares, filled
circles, and open circles represent GFP Hi, GFP Lo, GFP-dnE1 Hi, and
GFP-dnE1 Lo, respectively. The limit of detection was below 0.01
(dashed line). The gray lines represent an approximation to the
exponential decay. The dashed gray line represents the 4% rate of
loss per cell generation. (B) Representative data from BJAB cells
shown in Table 1. The circles and squares represent GFP and GFP-
dnE1, respectively. Please see Table 1 for the detailed analysis.
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mids (26-37%) in transiently transfected non-B cells."? The
data suggest that GFP-dnEl1 is unable to accelerate the ROL in
the acute phase of EBV infection in B cells, presumably because
the EBV genome is not established as an EBNA1-dependent sta-
ble licensed replicon. It should be noted that this is the first time
that quantitative ROL data has been obtained by introducing the
oriP replicon into B cells via EBV infection, which is an
approach that does not confer any selective advantage on the
infected cells.

Effect of GFP-dnE1 on efficiency of establishment of EBV
latency. Cells infected with recombinant EBV, carrying the
neomycin resistance gene, were seeded at 5 x 107 cells per well
into a 96-well plate, and the efficiency of the establishment of
EBV latency was assessed as the percentage of wells positive
for the emergence of G418-resistant cells. G418-resistant cells
appeared in BJAB, Daudi, parental BALL-1, and BALL-1 GFP
cells at 56-100% efficiencies. In sharp contrast, G418-resistant
cells were absent from GFP-dnEl-expressing BALL-1 cells
(Table 2). These data clearly suggest that, although the ROL
during the acute phase of EBV infection was not enhanced by
GFP-dnE1l, GFP-dnE1 was able to block the establishment of
EBV latency completely during the subacute phase of EBV
infection.

Effect of GFP-dnE1 on EBV-encoded latent gene expression.

EBV gene expression was tested at 2 days post-infection by
quantitative RT-PCR. We focused on the C/Wp activity
because it expresses key viral transactivators including
EBNAI, -2, -3s, and -LP to boost viral transforming gene
expression. We detected C/Wp-driven transcripts in GFP Hi
BALL-1 cells as expected. Conversely, C/Wp-driven tran-
scripts were undetectable in GFP-dnEl Hi and Lo BALL-1
cells, although these cells retained similar EBY DNA levels
to GFP-expressing cells (Fig. 4 and Table 3). The Cp-driven
transcript was under the limit of detection by RT-PCR, sug-
gesting that the Wp is predominantly activated at the earl
phase of EBV infection consistent with previous findings."”
Inhibition of viral gene transcription was not observed in the
RNA polymerase Ill-driven transcript EBER1,”> and cyclo-
philin A mRNA levels were similar between GFP- and GFP-
dnEl-expressing cells (Fig. 4 and Table 3). This indicates that
the effect of GFP-dnEl on C/Wp activity is specific, and
uncovers an active role of EBNAI in supporting transactiva-
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Table 2. The establishment efficiency of EBV latency

Emergence of G418-resistant

G4l cellst
BJAB 100% (6/6)
Daudi 100% (10/10)
BALL-1
Parental 56% (5/9)
GFP Hi 67% (2/3)
GFP-dnE1 Hi 0% (0/6)
GFP-dnE1 Lo 0% (0/6)

tPercentage of wells positive for G418-resistant cells over the number
of tested wells from 96-well plates indicated in the bracket. Shown
are the sum of two independent experiments. dnE1, dominant-
negative EBNA1; EBV, Epstein—Barr virus; GFP, green fluorescent
protein.
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Fig. 4. PCR-based analysis of Epstein-Barr virus (EBV) gene
expression. The effect of green fluorescent protein (GFP)-dominant-
negative EBNA1 (dnE1) on the loss of EBV DNA (DNA PCR, upper
panels) and transcription of the C/W promoter-driven transcript
(C/Wp), EBER1, and cyclophilin A (CYPA; RT-PCR, lower panels) in
BALL-1 cells at 2 days post-infection were examined. EBV-transformed
B-lymphoblastoid cell line (B-LCL) and BJAB cells, denoted as EBV(+)
and EBV(-), were used as positive and negative controls for viral DNA
and RNA shown, respectively. B-Globin and CYPA were used as
controls.

Table 3. Quantification of EBV transcripts in BALL-1 cells by real-time
PCR at 2 days post-infection

BALL-1 W1/2 exon EBER1 CYPA
cells (copiest) (copies¥) (copies¥)
GFP Hi 2.2 2.8 x 10% 1.4 x 10°
Lo NT§ 0.8 x 10? 1.0 x 10°
GFP-dnE1 Hi BLDY 3.3 x 10% 1.3 x 10°
Lo BLDY 1.2 x 10° 1.5 x 10°

tCopies per 13-14 ng total cellular RNA. $Copies per 200 ng total
cellular RNA. §Not tested. {Below the limit of detection. CYPA,
cyclophilin A; dnE1, dominant-negative EBNA1; EBV, Epstein-Barr virus;
GFP, green fluorescent protein.

tion from C/Wp. Taken together, these results show that
inhibition of EBNAI1 functions strongly restricts EBV-
encoded transforming gene expression and, although there is
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no detectable effect on the ROL of EBV DNA at the acute
phase of viral infection, it blocks the establishment of EBV
latency during the subacute phase.

Discussion

This is the first report describing the effect of EBNAI inhibition
from the onset of EBV infection in B cells. Unexpectedly, the
dnEl was unable to accelerate the ROL during the acute phase
of EBV infection since dnEl enhanced the loss of the oriP plas-
mid in the transient transfection assays."'" In the subacute
phase of EBV infection, the establishment of EBV latency was
potently blocked by dnEl. In addition, we observed a strong
repressive effect of dnEl on the EBNAl-dependent enhance-
ment of viral gene transcription from C/Wp during the early
phase of EBV infection, similar to the transient transfection
assays.'” These data suggest that viral oncogene expression
depends heavily on EBNAI during the acute phase of viral
infection, and that EBNAI contributes little to EBV genome
maintenance during this period. The results emphasize that an
EBNAL1 inhibitor should serve as an attenuator of viral oncogene
expression since activation of C/Wp is the ‘root’ event of the
positive feedback loop involved in the transactivation of viral
transforming gene expression. In this regard, the EBNA1 inhibi-
tion approach could be superior to LMP-1 or EBNA2 inhibition.

If EBNAL1 binding to oriP is essential for both the enhance-
ment of viral gene transcription and for genome maintenance,
what mechanism prevents dnEl from affecting the ROL during
the acute phase of EBV infection? It is likely that maintenance
of the oriP replicon immediately after its introduction into cells
is less efficient than in cells harboring an ‘established’ oriP rep-
licon as an autonomously replicating plasmid. The ROL of an
established oriP replicon is 2-4% per cell generation.'*'" In
contrast, our data from the EBV/B cell-based assay gave an
average ROL of 26-38% during the week post-infection (acute
phase of EBV infection). In agreement with our findings, it is
reported that a transiently transduced oriP replicon is lost from
cells at 26-37% per cell generation 1-2 weeks post-plasmid
transduction.'® These data indicate that maintenance of the oriP
replicon is largely EBNAl-independent immediately after
its introduction into cells, regardless of whether the route of
introduction is by transfection or EBV infection. In other words,
the establishment of EBV latency should be a rare epigenetic
event. The data also suggest that the artificial minichromosome
approach may be relevant in understanding EBV genome
behavior.'?

Our study suggests that gene therapy using GFP-dnEl is
an attractive approach, not only for therapeutics, but also for
prophylactic interventions of EBV-associated malignancies.
For example, in peripheral blood stem cell transplantation
(PBSCT), GFP-dnEl transduction into CD34* cells should
protect the differentiated B cells from EBV infection, thus
preventing the genesis of EBV-associated B cell lymphomas.
We will attempt to prove this_hypothesis using a small ani-
mal model in future studies.*® Additionally, EBNAI is a
potential molecular target for developing a small molecular-
weight EBV inhibitor as mentioned previously.'*'> The
advantages of EBNAI-inhibitor development are that the bio-
logical assay system is already established and the X-ray
crystal structure of the DNA-bound EBNA1 DNA binding
and dimerization domain is known, which means that com-
puter-aided drug design technology can be immediately
applied. Although EBV is associated with various malignan-
cies, preventive and therapeutic measures against EBV infec-
tion have not been developed. We believe that an anti-EBV
agent, such as an EBNAI inhibitor, would have an enormous
impact in the medical field due to the substantial number of
patients with EBV-associated malignancies.

doi: 10.1111/j.1349-7006.2009.01474.x
© 2010 Japanese Cancer Association
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ABSTRACT

To better understand the mechanism of HIV group-specific antigen (Gag) and protease (PR) co-evolution
in drug-resistance acquisition, we analyzed a drug-resistance case by both bioinformatics and virological
methods. We especially considered the quality of sequence data and analytical accuracy by introducing
single-genome sequencing (SGS) and Spidermonkey/Bayesian graphical models (BGM) analysis, respec-
tively. We analyzed 129 HIV-1 Gag-PR linkage sequences obtained from 8 time points, and the resulting
sequences were applied to the Spidermonkey co-evolution analysis program, which identified ten muta-
tion pairs as significantly co-evolving. Among these, we focused on associations between Gag-P453L, the
P5’ position of the p1/p6 cleavage-site mutation, and PR-D30N/N88D nelfinavir-resistant mutations, and
attempted to clarify their virological significance in vitro by constructing recombinant clones. The results
showed that P453L%% has the potential to improve replication capacity and the Gag processing efficiency
of viruses with D30NPR /N88DPR but has little effect on nelfinavir susceptibility. Homology modeling anal-
ysis suggested that hydrogen bonds between the 30th PR residue and the R4525% are disturbed by the
D30NPR mutation, but the impaired interaction is compensated by P453L52 generating new hydropho-
bic interactions. Furthermore, database analysis indicated that the P453L%2¢ /D30NPR/N88D"® association

was not specific only to our clinical case, but was common among AIDS patients.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Major mutations in the human immunodeficiency virus-1 (HIV-
1) protease (PR)-coding region selected by protease inhibitors (PIs)
are mainly located within the active sites of the PR, and these muta-
tions significantly reduce PR activity and viral replication capacity,
i.e., viral fitness, compared to that of wild-type strains (Mahalingam
et al., 1999). However, Pl-resistant viruses have the potential to
undergo further selection and evolution to recover their impaired
PR activity and viral fitness by acquiring additional mutations not
only in the PR but also in its natural substrate, the Gag protein

* Corresponding author at: Clinical Research Center, National Hospital Organiza-
tion, Nagoya Medical Center, 4-1-1, San-no-maru, Naka-ku, Nagoya, Aichi 4600001,
Japan. Tel.: +81 52 951 1111; fax: +81 52 963 3970.
E-mail address: wsugiura@nih.go.jp (W. Sugiura).
! Currentaddress: Inserm U941, IUH, Université Paris Diderot, Hopital Saint Louis,
75475 Paris Cedex 10, France.

0166-3542/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.antiviral.2011.02.004

(Nijhuis et al., 1999). In particular, mutations in Gag cleavage sites
can improve the replication capacity of Pl-resistant viruses. Indeed,
tight associations have been demonstrated between Pl-resistant
mutations and Gag cleavage-site mutations, such as $373Q%%
(Malet et al., 2007) and 1376V53 (Ho et al., 2008) at p2/NC,
A431VS28 (Bally et al., 2000; Doyon et al., 1996; Gallego et al.,
2003; Koch et al., 2001; Maguire et al., 2002; Malet et al., 2007;
Verheyen etal.,2006; Zhang et al., 1997) at NC/p1, L449F%2¢ (Doyon
et al.,, 1996), and P453L52¢ (Bally et al., 2000; Maguire et al., 2002;
Verheyen et al.,, 2006) at p1/p6. Gag mutations at non-cleavage
sites have also been reported to improve the fitness of Pl-resistant
viruses (Myint et al., 2004). Thus, the selection and evolution of Gag
and PR are accepted to significantly interfere with each other. This
phenomenon is known as “Gag-PR co-evolution.”

However, previous reports of Gag-PR co-evolution appear to
have two technical limitations related to data quality and ana-
lytical method. First, the standard population-based genotyping
method commonly used for determining HIV-1 variants has limited
accuracy for technological reasons. To sequence the viral genome,
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Fig. 1. Clinical course of patient-treatment protocols. Open squares and solid circles indicate plasma viral load and CD4+ cell count, respectively. Each treatment regimen is
indicated in the upper part of the graph by horizontal dashed lines between arrows. Sample collection points are labelled A to H, and numbers of sequences analyzed at each
point are shown in parentheses. AZT, zidovudine; d4T, stavudine; ddl, didanosine; 3TC, lamivudine; NVP, nevirapine; NFV, nelfinavir; RTV, ritonavir; SQV, saquinavir; IDV,

indinavir.

viral RNA from patient plasma must be reverse-transcribed to
cDNA, and the target regions are then amplified by PCR. Since
viral cDNA includes multiple viral populations, using such sam-
ples as a template for the PCR step followed by sequencing results
in amplification of predominantly the major variants (Gunthard
etal., 1998; Hance et al., 2001), which may not represent the diver-
sity of the original population. Furthermore, there is always a risk
of artificial recombination of viral cDNAs, which are estimated to
occur at rates of 4-70% during the PCR step (Meyerhans et al.,
1990) and may disturb the linkage of mutation sites. Thus, this
artificial linkage information may significantly affect the results of
co-evolution analyses. To circumvent this technical problem, we
employed the single-genome sequencing (SGS) technique based on
limiting-dilution assays (Palmer et al., 2005). With SGS, artificial
recombination can be avoided during PCR because cDNA samples
are diluted after the reverse transcriptase reaction to a single cDNA
molecule, which is used as the PCR template. Therefore, the viral
sequence information obtained by SGS is not only more sensitive
for analyzing HIV population diversity and mutation linkages than
that obtained by standard genotype analysis, but also more precise
for identifying co-evolving sites.

Second, many analytical methods have been developed for
detecting co-evolving sites in molecular sequences. However,
early methods did not accommodate the evolutionary history
among sequences, and risked generating false-positive predictions
(Altschuh et al,, 1987; Gutell et al., 1992; Martin et al., 2005;
Neher, 1994; Pollock and Taylor, 1997; Tillier and Lui, 2003).
In recent years, the accuracy of estimating co-evolving sites has
greatly improved due to several computational algorithms that
incorporate the phylogenetic relationships among molecular data
(Bhattacharya et al., 2007; Dutheil et al., 2005; Poon et al., 2008;
Tuff and Darlu, 2000; Wollenberg and Atchley, 2000; Yeang and
Haussler, 2007). In particular, Spidermonkey analysis (Poon et al.,
2007a,b, 2008) not only considered the phylogenetic relationships
but also implemented two empirical HIV-1 subtype B amino acid-
substitution models for describing between- and within-host HIV
evolution (Nickle et al., 2007).

In this study, we clarified the impact of Gag and PR co-evolution
in the acquisition of drug resistance by inferring co-evolving sites

between Gag and PR in a dataset of HIV-1 Gag-PR linkage sequences
from a single patient who had undergone highly active antiretro-
viral therapy (HAART) for a long period. We used the SGS method
for sequencing viral samples to avoid artificial recombination, and
applied Spidermonkey analysis to our data by using its option for
the within-host HIV substitution model. Virological significance of
the estimated co-evolving sites was analyzed in vitro by construct-
ing recombinant viruses on a pNL4-3 backbone. The replication
kinetics, susceptibility to anti-HIV drugs, and the Gag process-
ing efficiency were evaluated for each clone. We also conducted
homology modeling analysis to examine Gag-PR interactions and
database analysis to confirm the universality of the co-evolving
sites.

2. Materials and methods

2.1. Sample collection and gag-PR-coding region sequencing by
single-genome sequencing

From all HIV/AIDS patients monitored from April 1998 to August
2002 at the National Institute of Infectious Diseases in Japan,
we selected a virological failure case with a history of multiple
antiretroviral treatments. Of all cases, this one had been followed
for the longest period and had enough detailed clinical informa-
tion to perform our analysis. For the selected case, we collected
plasma samples and clinical information, such as treatment regi-
mens, changes in viral load, and CD4 counts (Fig. 1).

The single-genome sequencing (SGS) method was used as
described (Palmer et al., 2005). Briefly, HIV-1 RNA was extracted
from plasma samples (containing a minimum of 1000 copies of
HIV-1 RNA) by guanidinium isothiocyanate treatment. cDNA was
synthesized using Superscript Il RT kit (Invitrogen, Carlsbad, CA)
and a random hexamer. cDNA was serially diluted and amplified
by PCR and nested PCR using Platinum Taq DNA Polymerase High
Fidelity (Invitrogen). The endpoint of reverse-transcribed cDNA
was determined as a single clone by the Poisson distribution, with
cDNA dilutions yielding PCR products in 3 out of 10 reactions.
The following primer sets were used in the first and nested PCR
amplifications: first PCR-WGPF1 (5'-CTCTCTCGACGCAGGACTCG-
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Fig. 2. Construction of recombinant viruses. Four different types of recombinant
viruses were constructed according to their mutation patterns: (1) P, NL4-3 back-
bone with patient-derived Gag and protease (PR); (2) P~453, NL4-3 backbone with
patient-derived Gag and PR but P453L5% was converted to wild-type; (3) N*453/30/38
NL4-3 backbone including the substitutions P453L%2¢, D30N™®, and N88DR; (4)
N*30/88 NL4-3 backbone including the substitutions D30NPRand N88DPR,

3’) and 3500- (5'-CTATTAAGTATTTTGATGGGTCATAA-3'), nested
PCR-WGPF2 (5'-TTGCTGAAGCGCGCACGGCAAGA-3') and 3410-
(5'-CAGTTAGTGGTATTACTTCTGTTAGTGCTT-3'). These primer sets
amplified a 2.7 kbps fragment containing gag, the PR-coding region
of pol, and the first 900 nucleotides of the reverse transcriptase-
coding region of pol. Positive PCR products were determined
by agarose gel electrophoresis and sequenced using ABI Prism
BigDye Terminator version 3.1 dideoxyterminator cycle sequenc-
ing (Applied Biosystems, Carlsbad, CA). Sequences, including the
entire gag gene (1500bp) and PR-coding region (297 bp), were
aligned on the HXB2 reference using Sequence Navigator soft-
ware (Applied Biosystems). Sequences containing mixtures at
any position were excluded from analysis. Pl-resistant muta-
tions and other PR mutations in our data set were determined
using the Calibrated Population Resistance tool Version 4.3 beta
(http://cpr.stanford.edu/cpr/).

2.2. Detecting co-evolution using Spidermonkey analysis

Co-evolving sites between Gag and PR were inferred using
Spidermonkey analysis (Poon et al., 2007a,b, 2008) to analyze
all sequences (data type = protein), including the entire Gag (500
amino acids) and PR (99 amino acids) sequences. A phylogenetic
tree was first reconstructed using the neighbor-joining method
(Saitou and Nei, 1987). To infer co-evolving sites, we selected the
within-host HIV protein-substitution model (frequencies: model-
defined), based on the maximum likelihood method (Nickle et al.,
2007). Amino acid sequences at MA/CA, CA/p2, p2/NC, NC/p1, and
p1/p6 Gag cleavage-sites (residues P5 to P5’) and the complete
PR sequence were selected for BGM analysis. We used the default
options for calculations and inferred co-evolving sites if the esti-
mated posterior probability for a pair of positions exceeded the
cutoff value of 0.5.

2.3. Construction of recombinant HIV with a patient-derived
gag-PR-coding region

To confirm the contributions of P453L%? in the context of
patient-derived gag-PR-coding region, three types of recombinant
viruses were constructed (Fig. 2). Recombinant viruses were con-
structed using the pNL4-3 molecular clone of HIV-1 (GenBank
accession No. AF324493). A patient-derived gag-PR-coding region
containing P4531528, D30NPR, and N88DPR was chosen from sam-
pling point F. The recombinants were (1) P, NL4-3 backbone with
patient-derived gag-PR-coding region; (2) P-P453L, NL4-3 backbone

with patient-derived gag-PR-coding region but P453L%38 was con-
verted to wild-type.

Details of the recombinant virus construction were as follows.
The patient-derived 1.9 kbp gag-PR-coding region was subcloned
into pCR4-TOPO (Invitrogen) (designated pCR4-TOPQP2tient), Using
pCR4-TOPOPatent a5 3 template, P453L6% was substituted
with wild-type P453. Each substitution was introduced using
the following primer sets: For the Gag-P453 substitution,
forward: 5-TTCAGAACAGACCAGAGCCATCAGCT-3/, reverse: 5'-
AGCTGATGGCTCTGGTCTGTTCTGAA-3'. Subsequently, the substi-
tuted gag-PR-coding region was amplified using the follow-
ing primers: WGPF2: 5-TTGCTGAAGCGCGCACGGCAAGA-3' and
DRPRO6: 5'-ACTTTTGGGCCATCCATTCCTGGCTTT-3'. The NL4-3-
derived RT-coding region was amplified using the following
primers: RT-63F: 5-TAAACAATGGCCATTGACAGAAG-3' and RT-
898R: 5'-CTGCTTCTTCTGTTAGTGGTACTAC-3'. Primers DRPRO6
and RT-63F are phosphorylated at their 5’ ends. Both resulting frag-
ments were ligated and digested with BssHII and Sbfl, and cloned
back into pNL4-3. All pNL4-3-based recombinant DNAs (3.75 .g)
were transfected into 2 x 10° Hela cells using Fugene6 (Roche,
Indianapolis, IN), and culture supernatants were harvested at 72 h
after transfection, filtered through a 0.45 wum membrane, assayed
for reverse transcriptase (RT) activity (Willey et al., 1988), and kept
as virus stocks at —80 °C until use. Each virus stock (5 x 106 32P cpm
of RT activity) was used for replication kinetics analyses.

24. Construction of pNL43 with P453L5%, D30NPR, and N88DPR
by site-directed mutagenesis

In addition to constructing patient-derived gag-PR-coding
region recombinant viruses, we evaluated the effect of P453L538,
D30NPR, and N88DR interference by constructing three types
of pNL4-3-based recombinant viruses (Fig. 2). These were (1)
N*453/30/83 ' NL4-3 including P453L¢/D30NPR/N8SD™R; and (2)
N*30/88 ' NL4-3 including D30NPR/N88DPR, These recombinant
viruses were constructed as follows. pCR4-TOPO (Invitrogen)
including the Apal-Sbfl fragment of pNL4-3, which contained
the complete p1/p6 of gag and PR-coding region, was con-
structed as a template for further mutagenesis. This construct was
designated as pCR4-TOPO/NLAP2I-SMl Jsing pCR4-TOPO/NLAPal-Sbfl
as a template, we introduced three mutations (P453L6%,
D30NPR, and N88DPR) by site-directed mutagenesis. The fol-
lowing primer sets were used to introduce each mutation:
For P453L%%, forward: 5-TTCAGAGCAGACTAGAGCCAACAGCC-
3’ and reverse: 5-GGCTGTTGGCTCTAGTCTGCTCTGAA-3'. For
D30NPR, forward: 5'-CAGGAGCAGATAATACAGTATTAGAAG-3' and
reverse: 5'-CTTCTAATACTGTATTATCTGCTCCTG-3'. For N8SDFR,
forward: 5-CATAATTGGAAGAGATCTGTTGACTC-3’ and reverse:
5'-GAGTCAACAGATCTCTTCCAATTATG-3'. After each mutagenesis
reaction, the entire sequences were verified and cloned back
into pNL4-3 using Apal and Sbfl restriction enzymes. All pNL4-3-
based recombinant DNAs (3.75 .g) were transfected into 2 x 10°
Hela cells using Fugene6 (Roche), and culture supernatants were
harvested at 72h after transfection, filtered through a 0.45 wm
membrane, assayed for RT activity (Willey et al., 1988), and kept
as virus stocks at —80°C until use. Each virus stock (4 x 105 32P
cpm of RT activity) was used for replication kinetics analysis.

2.5. Replication kinetics of recombinant viruses

Replication kinetics of recombinant viruses was evaluated as
described (Matsuoka-Aizawa et al., 2003). Briefly, 5 x 104 MT-2
cells were infected with each virus stock in the absence or presence
of 0.1 wM nelfinavir at 37 °C for 16 h. Cells were then washed once
and resuspended in 0.5 ml culture medium with the same concen-
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tration of nelfinavir, and cultures were maintained for 12-22 days,
changing half of the medium every 2 or 3 days. The titer of each
virus was evaluated by both RT activity and p24 amount; as both
measures demonstrated good correlation, p24 amount was used
to adjust the virus inoculum. Culture supernatants were collected,
and residual supernatants were kept at —80 °C until use. Replication
kinetics was independently analyzed two times.

2.6. Evaluation of nelfinavir susceptibilities of recombinant
viruses

Recombinant viruses were evaluated for nelfinavir susceptibil-
ity using an in-house drug susceptibility assay with the MaRBLE
cell line (MaRBLE assay) as described (Chiba-Mizutani et al., 2007).
Briefly, 1 x 105 MaRBLE cells were infected with 100 CCIDsq of
each recombinant virus, and virus replication was monitored in
serial dilutions of nelfinavir from 1.28 x 10~'3 to 1.0x10M
for 7days in triplicate. At day 7, cells were harvested and lysed
in luciferase assay reagent. Firefly (FF) and renilla luciferase
(RF) activities produced by the cells were quantified using a
Dual-luciferase Reporter Assay System (Promega, Madison, WI).
The relative virus replication rate (% replication) at each drug
concentration was calculated by the following formula: % repli-
cation=(observed FF luciferase activity with drug—background
[mock] FF luciferase activity)/(observed FF luciferase activity with-
out drug — background [mock] FF luciferase activity) x 100. ICsp
values were calculated with 95% confidence intervals using Graph-
Pad Prism software and nonlinear regression analysis fitted with a
sigmoidal dose-response curve with variable slope.

2.7. Analysis of Gag processing patterns in recombinant viruses

The Gag processing patterns of recombinant viruses were ana-
lyzed as described (Sugiura et al., 2002) with minor modifications.
In brief, NL4-3-based recombinant DNAs (18 pg) was transfected
into 5 x 106 Hela cells using Fugene6 (Roche). The culture super-
natants were harvested at 48 h after transfection with a culture
medium change at 12 h post transfection to the absence or pres-
ence of 0.1 wuM nelfinavir. For pelleting virus through a sucrose
cushion, 25 ml of cell culture medium was layered onto 10 ml of
20% sucrose (wt/vol, in PBS) before centrifugation at 30,000 rpm
in a swing rotor for 1.5h. The medium and cushion were dis-
carded, and the virus pellet was dissolved in 200wl Laemmli
sample buffer (Bio-Rad, Hercules, CA). Viral supernatants were nor-
malized using PETRO-TEK HIV-1 p24 Antigen ELISA (ZeptoMetrix
Corporation, Buffalo, NY) and subjected to sodium dodecyl sul-
fate polyacrylamide gel electrophoresis (SDS-PAGE). Proteins in
the gels were passively transferred to PVDF membranes (Bio-Rad).
The membranes were incubated with a chicken anti-p6 polyclonal
antibody (Sigma-Aldrich Corporation, St. Louis, MO) and a murine
anti-p24 monoclonal antibody (ZeptoMetrix Corporation) for 2 h,
followed by incubation with secondary antibody, a chicken HRP-
conjugated, IgG antibody (Bethyl Laboratories Inc., Montgomery,
TX), a mouse HRP-conjugated, IgG antibody (Thermo Fisher Scien-
tific, Yokohama, JP), respectively. Finally, proteins were visualized
using SuperSignal West Dura Extended Duration Substrate (Thermo
Fisher Scientific).

2.8. Molecular modeling of Gag p1/p6 peptide-PR complexes

We constructed three-dimensional models of PR in complex
with peptide representing Gag-p1/p6 substrate by a homology
modeling method (Baker and Sali, 2001; Marti-Renom et al., 2000;
Shirakawa et al., 2008) using Molecular Operating Environment
(MOE) ver. 2008.10 (http://www.chemcomp.com/, Chemical Com-
puting Group Inc., Montreal, Quebec, Canada). For the modeling

template, we used an X-ray crystal structure of inactive D25N PR
in complex with the p1/p6 substrate at 2 A resolution (PDB code:
1KJF) (Prabu-Jeyabalan et al., 2002), as it had the highest similarity
(94.2% identity) to the HIV-1 NL4-3 strain among HIV-1 protease-
p1/p6 peptide structures in the protein data bank, even though this
is an inactive model. Furthermore, the active-site D25NPR mutation
has been reported to hardly influence the structure of the pro-
tease in complex with ligands (Sayer et al., 2008). In the models,
nine-amino-acid-length peptides corresponding to the Gag p1/p6
of the NL4-3, N*30/88 and N*453/30/88 strains were bound to the cat-
alytic sites of PRs of the same strains. We considered effects of a
water molecule (HOH11) that mediates important hydrogen bonds
between the Gag p1/p6 peptide and the PR. AMBER ff99 force field
(Wang et al., 2000) and generalized Born/volume integral (GB/VI)
implicit solvent model (Labute, 2008) were applied for intra- and
inter-molecular energy calculations.

2.9. Database analysis

To confirm the universality of P453L522/D30NPR/N88DFR, we
obtained 3249 sequences of HIV-1 subtype B gag-PR-coding region
(positions 2146-2516) from the Los Alamos National Labora-
tory HIV sequence database (http://www.hiv.lanl.gov/). For the
dataset, we applied Fisher’s exact test and investigated associations
between the D30N/N88D mutations in PR and the P453L mutation
in Gag and between the 30/88 mutations in PR and the P453L muta-
tion in Gag, respectively. Fisher’s exact test was implemented using
the R 2.6.1 statistical package.

3. Results

3.1. The majority of patient-derived Gag cleavage-site mutations
are in p2/NC and p1/p6

Twenty-three plasma samples were serially collected from a
patient who had received HAART for 52 months. The patient’s clin-
ical history, changes in viral load, and CD4 counts are depicted
in Fig. 1. At 8 sampling points (A-H), 129 gag-PR-coding region
sequences were obtained, with p2/NC and p1/p6 Gag cleavage-
site mutations observed at each point in more than 60% of clones
(Table 1). Pl-resistant mutations and other PR mutations are also
summarized in Table 1. None of the clones had CA/p2 cleavage-site
mutations, and only a few clones had MA/CA or NC/p1 cleavage-
site mutations. The Y132F28 mutation in MA/CA was found in
1.6% of the clones, and E428D%28 and R429K%28 within NC/p1 had
prevalences of 1.6% and 5.4%, respectively. On the other hand,
cleavage-site mutations were frequently observed within p2/NC
and p1/p6. In the p2/NC site, we observed 11 mutations: $373QGa¢
(83.7%), S373P5%8 (15.5%), A374G538 (79.8%), A374VC8 (16.3%),
A374553 (2.3%), A374RC% (0.8%), T375NC% (100%), 1376VCas
(3.9%), M378L622 (0.8%), G381SG22 (0.8%), and N382YG2 (0.8%).
In the p1/p6 site, we observed three mutations: L449F¢% (0.8%),
S451NC2 (100%), and P453L528 (65.1%).

3.2. Ten Gag-protease co-evolving sites are inferred by
Spidermonkey analysis

Among the 129 gag-PR-coding region sequences analyzed
by Spidermonkey analysis (Poon et al., 2007a,b, 2008), ten co-
evolving sites were inferred. These sites were identified using
the default cutoff posterior probability (pp) value of 0.5. The ten
co-evolving pairs identified with pp>0.5 are shown in Table 2.
Four pairs, R429KG€/M36VPR (pp=0.87), S373QC28/T12APR
(pp=0.83), P453L538/D30NPR (pp=0.63), and P453L53/N88DPR
(pp=0.61), represented Gag/PR inter-molecular co-evolution;
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Table 1
Gag cleavage-site mutations and PR mutations from a HAART-treated case.

Sampling point Gag cleavage-site mutation (%)?

PR mutation (%)*

p2/NC p1/p6 Pl-resistant mutations Other PR mutations

AtoH (n=129) T375N S451N - 162V, L63P,A71T, 193L

A(n=19) S$373Q(100), A374G (89), - - M361(95),172V(11), V771(100)

B(n=18) $373Q(100), A374G (94) P4531(100) D30N(100), M461(6), N88D(100) E35D(94), M361(100), V771(100),

C(n=15) $373Q(100), A374G(100) P453L(100) D30N(100), N88D(100) L10F(80), E35D(100), M361(100), K45R(27),
1727(7), V771 (100),

D(n=13) $373P (85), A374V (85) P453L (8) D30N (8), N88D (8) L10F(8), V111 (8), T12A(8), K20R(8), E35D(8),
M36I(100), H69Y(8), V771(8)

E(n=14) S373P (64), A374V(71) - - T12A(7), M361(100), K55N (7), V771(7)

F(n=14) $373Q(100), A374G(100) P4531(100) D30N(100), N88D(100) L10F(100), 113V(79), E34G(7), E35D(100), M361
(100), N37T (86), K45R (14), Q58E (86), 172T
(7), V771(100)

G(n=19) S373Q(100), A374G(100) P453L(100) D30N(100), N88D(100) L10F(100), 113V (68), E35D(100), M361(68),
M36V(32), N37T(100), Q58E(100), V771(100)

H(n=17) S$373Q(100), A374G(100) P453L(100) D30N(100), 154V(76), N88D(100), L10F(100), 113V (94), K20R (76), E35D (100),

L90M (47)

M361 (94), M36V (6), N37T (100), Q58E (100),
172T (53), V771 (100), G78R (6)

Gag mutations refer to HXB2 and Pl-resistant mutations and other PR mutations were determined using the Calibrated Population Resistance tool Version 4.3 beta.

4 Numbers in parentheses are the percentages of mutations at each sampling point.

one pair, S373QC28/A374GC28, represented Gag/Gag intra-
molecular co-evolution; and the other five pairs, N37TPR/Q58EPR
(pp=0.94), E35DR/M46IPR (pp=0.89), K20RPR/I54VPR (pp=0.88),
V11IPR/K20RPR  (pp=0.86), and D30NPR/N8S8DPR (pp=0.62),
represented PR/PR intra-molecular co-evolution.

We focused on three pairs, P453L528 N88DPR, P4531528/D30NFR,
and D30NPR/N88DPR because D30NPR and N88DPR are well-known
major and minor nelfinavir-resistant mutations, respectively
(Johnson et al., 2008), and P453L52¢ is the P5’ position of the p1/p6
cleavage-site mutation. Although D30NPR has been associated with
N88DPR (Rhee et al., 2007; Wu et al., 2003), the interactions among
P453L52%, D30NPR, and N88DPR have not been investigated. Since
P453L628/D30NPR/N8SDPR was frequently observed in the presence
of nelfinavir (Fig. 1 and Table 1), we conducted in vitro experiments
to confirm whether the co-existence of P4531.628/D30NPR/N8SDPR
has a virological advantage in the presence of nelfinavir.

3.3. P453L5% improves the replication capacity of viruses with
D30NPR/NSSDPR in both patient- and NL4-3-derived genetic
backgrounds

To evaluate the virological impact of P453LG2 in the patient-
derived genetic background, we constructed two types of
patient-derived gag-PR-coding region viruses, P and P~P453L (Fig. 2).
These two recombinant viruses and the wild-type virus (NL4-3)
were cultured independently in the absence or presence of nelfi-
navir, and their replication kinetics was monitored by measuring
RT activity in culture supernatants. Assays for replication kinetics
were independently performed twice, confirming identical orders
of replication kinetics.

Table 2
Positions of coevolving pairs inferred by Spidermonkey analysis.

Position Position Expected posterior Total number of
probability sequences
4296 36" 0.866 7
3736 12PR 0.825 2
453Gag 30PR 0.632 84
453Ca2 88k 0.607 84
3736 37462 0.895 22
37™ 58Pk 0.938 48
35k 46" 0.887 1
207 54PR 0.877 13
1% 20%R 0.858 1
30™R 88PR 0.618 84

Significant coevolving sites (pp value >0.5) are shown.

In the absence of nelfinavir (Fig. 3A), the RT activities of the
NL4-3 and P viruses peaked at 6days after infection, and the RT
activity of NL4-3 was higher than that of the P virus, whereas viral
replication was delayed in the P-P433L virus (i.e., P virus without
P453L6%8), and its RT activity peaked at 10days after infection.
The order of replication kinetics in the absence of nelfinavir was
wild-type (NL4-3)>P>P-P453L_QOn the other hand, in the presence
of nelfinavir (Fig. 3B), replication of the wild-type virus was com-
pletely suppressed, and replication of P virus was the most active,
demonstrating peak RT activity at 6 days after infection. The P-P433L
virus showed lower replication capacity than the P virus. Thus,
the order of replication kinetics in the presence of nelfinavir was
P>P-P433L > wild-type (NL4-3).

To assess whether the complex P453L528/D30NPR/N88DFR con-
ferred an advantage not only in the patient-derived genetic
background but also in the HIV-1 molecular clone (NL4-3)-derived
genetic background, we constructed two types of NL4-3-based
gag-PR-coding region recombinant viruses, N*453/30/88 3pd N*30/88
(Fig. 2). The results of independent culture studies are shown in
Fig. 3C and D. In the absence of nelfinavir, the RT activities of NL4-3,
NL4-3 with P453L528/D30NPR/NSSDFPR (N*453/30/88) and NL4-3 with
D30NPR/NSSDPR (N*30/88) viruses peaked at 11days, 14days, and
16days after infection, respectively, and the order of replication
kinetics was NL4-3 > N*+453/30/88 5 N+30/88_(Qp, the other hand, in the
presence of nelfinavir, the N*453/30/88 vijrus grew the most actively
with its peak RT activity at 14 days after infection. The N*30/88 yjrus
was the second most actively replicating, and the wild-type did not
replicate. Thus, the order of replication kinetics in the presence of
nelfinavir was N*453/30/88 5 N*30/88 5 N 4.3,

In both studies, not only in the patient-derived genetic back-
ground but also in the NL4-3-derived genetic background, the
virus with D30NPR/N88DPR showed lower replication capacity than
the virus with P453L528/D30NPR/N88DFR, suggesting that P453L628
significantly contributes to the fitness recovery of virus with
D30NPR/NSSDFPR,

3.4. P453L%% does not influence susceptibility to nelfinavir

To clarify whether P453L%28 affects nelfinavir susceptibility, the
ICsps of nelfinavir for NL4-3-based gag-PR-coding region recombi-
nants were determined using MaRBLE cells. Both N*453/30/88 3nd
N*30/88 recombinants showed 14.4 and 15.8-fold greater resistance
to nelfinavir than wild-type virus, respectively (Table 3). How-
ever, the difference in ICsg between the two recombinants was
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Fig. 3. Replication kinetics of recombinants. MT-2 cells were infected with patient-
derived gag-PR-coding region, (A) in the absence of, and (B) in the presence of 0.1 uM
nelfinavir. Open squares, solid triangles, and solid circles indicate wild-type NL4-
3, NL4-3 with patient gag-PR-coding region insert, and NL4-3 with patient insert
without P453L substitution, respectively. MT-2 cells were also infected with NL4-3-
based recombinant, (C)inthe absence of, and (D) in the presence of 0.1 uM nelfinavir.
Open squares, solid triangles, and solid circles indicate wild type NL4-3; NL4-3 with
P453L, D30N, and N88D; and NL4-3 with D30ON and N88D, respectively. Diamonds
indicate mock-infected controls. Assays were independently performed twice, and
one representative set of results is shown.

not significant, suggesting that P453L%28 had no effect on nelfinavir
susceptibility.

3.5. P453L5% improves Gag p1/p6 processing in virus with
D30NPR/N8SDPR

To gain further insights into the virological effects of P453L528,
we examined Gag processing patterns in the absence and presence
of 0.1 M nelfinavir by Western blot analysis with an anti-p6 poly-
clonal antibody and an anti-p24 monoclonal antibody. The amount

Table 3
Nelfinavir susceptibilities of recombinant viruses.

HIV-1 1Csp (NM) 95% confidence interval Fold-resistance
NL4-3 13 0.8-2.4 1.0
INL*453/30/88 18.7 9.2-37.8 144
N30/88 206 12.6-33.6 15.8

of sample loaded in each lane was normalized by p24 antigen con-
tent (600 ng for each lane as determined by ELISA) (Fig. 4A). In the
absence of nelfinavir, the partially cleaved Gag intermediate p15
(including NC, p1, and p6) of NL4-3 was efficiently cleaved to the
p6 peptide (Fig. 4B, lane 3). In contrast, the processing of NL4-3 was
less efficient in the presence of nelfinavir, as indicated by the accu-
mulation of p15 (Fig. 4B, lane 4). N*39/88 showed defects in cleavage
at the p1/p6 site, as demonstrated by the accumulation of p15 and
p7 (p1/p6) (Fig. 4B, lanes 5 and 6). On the other hand, lesser p15
and p7 accumulated in N*453/30/88 than in N*39/88 (Fig. 4, lanes 7 and
8). Interestingly, a 8-9 kDa band, which is neither p6 nor p7, was
observed in N*39/88 (Fig. 4B, lanes 5 and 6).

3.6. Impaired Gag-PR affinity in the N*3%88 strain is recovered by
new L4535% interactions with M46'PR and F53'"R

To elucidate the structural impact of the mutations described
above on interactions between Gag-p1/p6 substrate and PR, we
generated three-dimensional models of the PR in complex with
peptide representing Gag-p1/p6 substrate by homology model-
ing (Baker and Sali, 2001; Marti-Renom et al., 2000; Shirakawa
et al,, 2008) using Gag and PR sequences of the NL4-3, N*30/88,
and N*453/30/88 strains, Comparison of the thermodynamically opti-
mized models showed obvious differences in interactions between
side chains of PR and p1/p6 (Fig. 5). First, D30NPR mutation resulted
in fewer hydrophilic interactions between side chains of the 30th
PR and 452nd p1/p6 residues; NL4-3 had two hydrogen bonds
between the side chains of D30PR and R45262¢ (Fig. 5A), while
N*30/88 and N*453/30/88 had only a single hydrogen bond between
the side chains of N30PR and R452C22 (Fig. 5B and C). Second, the
P453L62€ mutation in the p1/p6 substrate of the N*453/30/88 strain
led to new hydrophobic interactions between side chains of the
46th PR and 453rd p1/p6 residues, as well as of the PR 53F and
p1/p6 P4531L528 residues (Fig. 5C).

To examine whether these changes in interactions influenced
the binding affinity of the p1/p6 substrate to PR, we analyzed

mogk NL4-3 N<30/88 45330188
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NFV - * - + ” + . +
A «p55
4p39
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Fig. 4. Western blot analysis of Gag processing in the absence or presence of nelfi-
navir, Western blot analyses in the absence or presence of nelfinavir. HeLa cells were
transfected by each recombinant clones and cultured in the absence or presence of
NFV (0.1 wM). At 48 h post-transfection, virions in culture supernatants were har-
vested and subjected to Western blot analysis with anti-p24 monoclonal antibody
(A)and an anti-p6 polyclonal antibody (B). Each lane was normalized by p24 antigen
content (5 ng for each lane as determined by ELISA). Lanes 1 and 2, mock, lanes 3
and 4, NL4-3, lanes 5 and 6, N*453/30/88 |anes 7 and 8, N*30/88,
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Fig. 5. Structural models of the Gag-PR complexes. Catalytic sites of the NL4-3 (A), N*3%/88 models (B), and N*453/30/88 models (C) are highlighted. Green cartoons and sticks
represent main and side chains of PR, respectively. Cyan sticks represent 452nd and 453rd residues in Gag corresponding to the p1/p6 region. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of the article.)

their binding energies using the PR-p1/p6 peptide complex mod-
els. The predicted binding energies of the NL4-3, N*30/88 apd
N*433/30/88 models were —137.6kcal/mol, —133.3 kcal/mol, and
—137.1kcal/mol, respectively, suggesting that p1/p6 substrate has
lower affinity with N*30/88 PR than with NL4-3 and N*453/30/88 pRs,
Taken together, these data suggest that PR mutations in the N*30/88
strain can reduce Gag-PR affinity primarily via loss of the hydrogen
bond between N30PR and R452622 and that the Gag p1/p6 mutation
in the N*453/30/88 strain (P453L528) can recover affinity by gener-
atinpgR new hydrophobic interactions of L4532 with M46"R and
F53'%.

3.7. P453L5%8/D30NPR/N8SDR association is commonly observed
in a large database

To confirm the prevalence of the P453LG38/D30NPR/NSSDFR
association in other HIV-infected individuals, we investigated
3249 sequences of HIV-1 subtype B gag-PR-coding region from
the Los Alamos National Laboratory HIV sequence database
(http://www.hiv.lanl.gov/). We found that the P453L%2¢ muta-
tion was significantly associated with D30ONPR/N8SDFR (Table 4;
p<0.001, Fisher’s exact test). These data support the virological
advantage of the P453L528/D30NPR/N88DPR association.

4. Discussion

In this study, we analyzed mechanisms of anti-HIV drug-
resistant mutation acquisition by investigating crosstalk between
Gag and PR mutations. We traced the clinical course and sequence
changes in gag and the PR-coding region of a virological-failure
case heavily treated with multiple regimens, including different
protease inhibitors. To focus on the quality of sequence data and
accuracy of analysis, we used SGS and Spidermonkey analysis,
respectively.

Among the ten co-evolving Gag—Protease pairs inferred by Spi-
dermonkey analysis, we confirmed a linkage between P453LG8
and D30NPR/N88DPR. D30NFPR has been reported to associate with
N88DPR (Rhee et al., 2007; Wu et al., 2003), P453L (Verheyen

Table 4
Los Alamos National Laboratory HIV sequence database analysis.
453G 30PR/88FR
D30/N88 N30N/D88D
P(n=2801) n=2743 n=8
L(n=237) n=223 n=8
p-value <0.001

et al., 2006), and positively correlate with p1/p6 cleavage-site
mutations (Kolli et al., 2006). We were interested in the associ-
ation between P453L%% and D30NFR/N8SDPR nelfinavir-resistant
mutations, as P453L5%8 is located at the P5’ position of the p1/p6
cleavage ssite, and expected to physically interact with the protease.
Thus, we sought to clarify the biological advantage of interfer-
ence among P453L53, D30NPR, and N88D™R in recombinant viruses
with patient- and NL4-3-derived genetic backgrounds. Virological
advantage was evaluated in three aspects: (1) virological supe-
riority in replication competency, (2) resistance to antiretroviral
selective pressure, and (3) Gag processing pattern in virions. Our
results indicated that the P453L62€ cleavage-site mutation has the
potential to improve the replication capacity and Gag processing
of viruses with D30NPR/N88DPR, but has little effect on nelfinavir
susceptibility. This latter finding is of interest since Gag cleavage-
site mutations have been suggested as a mechanism for protease to
develop drug resistance (Dam etal., 2009; Kolli et al., 2009). We also
need to consider not only antiretroviral selective pressure but also
immune selective pressure. Several of the positions we noted have
been described as associated with human leukocyte antigen (HLA)
escape mutations. For example, PR codons 12, 35, and 36, and Gag
codons 373 and 374 are all potentially HLA-related (Brumme et al.,
2009). To confirm the contributions of HLA and immune pressure,
further study is required.

Although samples were collected chronologically at multiple
times, the order of P4531.53, D30NPR and N88DFR acquisitions was
unclear as all three mutations were detected at the same time. How-
ever, a plausible order seems to be the selection of D30NPR/N8DPR
followed by P453L¢% acquisition. Nelfinavir appears to select
D30NPR/N88DPR mutations for resistance because these mutations
obviously increase drug resistance to nelfinavir (Johnson et al.,
2009), whereas the P453L528 mutation without any PR mutations
has been reported to have almost no effect on susceptibility to Pls
and on viral replication capacity (Maguire et al., 2002). Although
D30NPR js known as one of the most unstable Pl-resistant muta-
tions (Martinez-Picado et al., 1999) and viruses with this mutation
have lower PR activity than the wild-type, the impaired repli-
cation caused by D30ONPR has been reported to be compensated
by N88DFR (Mitsuya et al.,, 2006; Sugiura et al., 2002). Further-
more, the fitness of virus with D30NPR/N88DPR was recovered in
our study by an additional P453L%%¢ mutation (Fig. 3). However,
the P453L63% mutation was not introduced into NL4-3 carry-
ing D30NPR/N88DPR (N*30/88) and patient D30NFR/NSSDPR clones
(P~P453L) during in vitro culture with nelfinavir, suggesting that the
P4531528 mutation is a sufficient condition for D30N/N88D clones
to replicate efficiently.

Virus with D30NPR/N88DPR was suggested by results of our
Western blot analyses to process p1/p6 cleavage inefficiently, as
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demonstrated by the accumulation of p15 and p7 non-cleaved pre-
cursors, but addition of P453L538 improved the processing (Fig. 4B).
Accumulation of p15 and p7 products has been reported in previ-
ous studies using different PR mutant viruses (Doyon et al., 1996;
Maguire et al., 2002). In these studies, the additional mutations at
NC/p1 or p1/p6 cleavage sites also resulted in efficient process-
ing of these precursors. Interestingly, an aberrant band, which did
not match either p6 or p7, was observed in N*3%/88 in our study
(Fig. 4, lanes 5 and 6). Although further analyses will be required
to determine the exact mechanisms, the band suggests inaccu-
rate or alternative recognition of the cleavage site by virus with
D30NPR/N8SDPR, and P453L52 may confer an advantage by adjust-
ing the protease to recognize and cleave the right site. As the
HIV-1 p6 protein is important for efficient particle budding (von
Schwedler et al., 2003), the defect in p1/p6 cleavage may affect
viral maturation, which in turn may reduce viral infectivity and
replication capacity.

To understand the relevance of P453L52 from a structural view-
point, we used homology modeling with the published X-ray crystal
structure of the PR-p1/p6 substrate complex as a template (Fig. 5).
Although P453L6% is located at the P5' position and does not
directly interfere with the protease active site or subsites, the
modeling demonstrated that P453L%%8 can compensate for the
binding affinity of PR and p1/p6. This mechanism is interesting
because it suggests that a mutation outside the cleavage site inter-
feres with the PR-Gag interaction. Indeed, Prabu-Jeyabalan et al.
(2004) documented that a Gag mutation (A431V©?8) compensates
for a PR mutation (V82AFR), which is not in direct contact with
A431VG28, Thus, our data confirm the virological and structural
advantages of P453L5? in viruses possessing D30NPR/N8SDPR, Fur-
thermore, this association appeared to be quite common as the
frequency of P453L5% is 7.3% in the Los Alamos National Lab-
oratory HIV sequence database. Though nelfinavir is no longer
recommended as a first-line antiretroviral in the guidelines of
developed countries, many cases previously exposed to nelfinavir
have acquired D30N/N88D mutations. Indeed, the prevalence of
the D30N mutation in Pl-treated persons infected with subtype
B viruses (n=7396) and in nelfinavir-treated persons (n=1128) is
7.9% and 28.1%, respectively, in the Stanford HIV drug resistance
database (http://hivdb.stanford.edu/).

Regarding the bioinformatics analysis strategy, we selected the
within-host substitution model in Spidermonkey analysis to infer
the co-evolving sites (Nickle et al.,2007) as the data were sequences
serially collected over 5years from a single patient under anti-HIV
treatment. One disadvantage of this program is that it does not
account for the number of descendant clones. Often, mutation pairs
on few viral clones might be determined as co-evolving pairs. In our
study, 46™R and 35PR mutations were determined as a co-evolving
pair with high posterior probability, but only one clone with this
pair was observed among 129 sequences (Table 2), suggesting this
co-mutation pair could not become “fixed” in a viral population.
Thus, it is important to confirm the significance of the program
output.

5. Conclusions

In conclusion, we successfully determined the Gag-protease
associated sites P453L63/D30NPR/NSSDPR by applying single-
genome sequencing, suggesting the usefulness of this method.
However, as SGS is a more expensive method than direct sequenc-
ing, researchers need to consider which method has the best
advantage for their samples. Extrapolating from our data, the rela-
tionships between the major mutations found by SGS may not differ
significantly from direct sequencing results, but we might have a
greater chance of seeing a variety of minority clones with minor
mutations. In addition, our observation of higher variation at later

sampling points suggests that cases with longer treatment histories
are good sample candidates.

We found that the viruses acquiring P453L528/D30NFR/NSSDPR
distinctly showed biological advantages. From results obtained
using both viral experiments and bioinformatics, we speculate that
the P453L528 mutation does not necessarily occur in the presence
of nelfinavir, but if it occurs with D30NPR/N88DFR mutations, viral
fitness can be improved, which may eventually lead to worse clin-
ical outcomes of anti-HIV therapy. We believe that the findings
of this study provide new insight into the mechanism of within-
patient HIV-1 co-evolution and into the acquisition of resistance to
anti-HIV drugs.
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The major routes of hepatitis B virus (HBV) infection in Japan has been mother-to-child transmission
(MTCT) and blood transfusion. However, HBV cases transmitted through sexual contact are increasing,
especially among HIV-1-seropositive patients. To understand the molecular epidemiology of HBV in HBV/
HIV-1 coinfection, we analyzed HBV genotypes and HIV-1 subtypes in HBV/HIV-1-coinfected patients at
Nagoya Medical Center from 2003 to 2007. Among 394 HIV-1-infected Japanese men having sex with men
(MSM) who were newly diagnosed during the study period, 31 (7.9%) tested positive for the hepatitis B virus
surface antigen. HBV sequence analyses were successful in 26 cases, with 21 (80.7%) and 5 (19.3%) cases
determined as genotypes A and C, respectively. Our finding that HBV genotype A was dominant in HIV-1-
seropositive patients alerts clinicians to an alternative outbreak of HBV genotype A in the HIV-1-infected MSM
population and a shift in HBV genotype from C to A in Japan. The narrow genetic diversity in genotype A cases
suggests that genotype A has been recently introduced into the MSM population and that sexual contacts
among MSM were more active than speculated from HIV-1 tree analyses. In addition, we found a lamivudine
resistance mutation in one naive case, suggesting a risk of drug-resistant HBV transmission. As genotype A
infection has a higher risk than infection with other genotypes for individuals to become HBV carriers,

prevention programs are urgently needed for the target population.

The number of hepatitis B virus (HBV)-infected persons in
Japan is estimated to be 1 million, or 0.8% of the total popu-
lation (31). HBV is classified into eight genotypes, A to H, by
their differences in genome sequences (11, 12, 22). Circulating
genotypes in Japan differ according to geographical region,
with the prevalent genotypes in 2001 being C (84.7%) and B
(12.2%), while A (1.7%) and D (0.4%) were less frequent (17).
HBYV infection in Japan has been transmitted mainly by two
routes, mother-to-child transmission (MTCT) and blood trans-
fusion, which have been targeted by prevention programs still
being operated today (13, 15-17, 25).

Regarding MTCT, all pregnant women are screened for
HBYV antigen and antibody. Mothers who are HBV infected
are prohibited from breast-feeding, and their newborns are
vaccinated against HBV. Regarding infection by blood trans-
fusion, all donated blood is tested by anti-hepatitis B surface
antibody (HBsAb) testing and PCR to exclude HBV-contam-
inated blood from the supply. These prevention programs have
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been successful, and the risks of HBV infection by these two
routes have been reduced dramatically.

However, HBV infection by sexual contact has recently be-
come a prevailing alternative transmission route of HBV in
Japan (30, 36). In particular, coinfection with HBV and human
immunodeficiency virus type 1 (HIV-1), the causative agent of
AIDS, has been increasing among men who have sex with men
(MSM), and the incidence of HBV infection associated with
HIV-1-seropositive cases appeared to be 8.8%, which is higher
than that in the general population (5). Thus, the epidemiology
of HBV infection in Japan is quickly shifting. Here we report
the most recent molecular epidemiologic status of HBV/HIV-1
coinfection.

MATERIALS AND METHODS

Sample. HIV/AIDS patients newly diagnosed at Nagoya Medical Center from
2003 to 2007 were tested for hepatitis B surface antigen (HBsAg), and HBsAg-
positive patients were enrolled in the study. Clinical data (age, gender, suspected
route of HIV-1 infection, aspartate aminotransferase [AST] and alanine amino-
transferase [ALT] plasma levels, CD4-positive T cell count, and HIV viral load)
were obtained from medical records. Plasma HBV viral load was measured with
COBAS TagMan (Roche Diagnostics, Basel, Switzerland), and plasma HBc IgM
titer was measured with Lumipulse (Fujirebio, Tokyo, Japan). The time of HBV
infection was estimated by patient interview and HBc IgM titer results. This
study was conducted according to the principles expressed in the Declaration of
Helsinki. The study was approved by the Institutional Review Boards of the
National Institute of Infectious Discases and Nagoya Medical Center. All pa-
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FIG. 1. Genetic regions of HBV and HIV-1 used for phylogenetic tree analyses. The whole HBV genome was amplified in two fragments, L
and §, and assembled. L and S fragments are indicated by single and double dashed lines, respectively.

tients provided written informed consent for collection of samples and subse-
quent analysis.

Amplification of HBV and HIV DNA fragments and determination of DNA
sequences. HBV nucleic acid was extracted from plasma using a MagNA Pure
Compact Nucleic Acid Isolation Kit I (Roche Diagnostics). As shown in Fig. 1,
the full-length HBV genome was amplified in two fragments, L (3,167 bases) and
S (624 bases). The primers used for amplifying HBV DNA were both newly
designed and have been published previously (27). Details of these primers are
summarized in Table 1. The DNA polymerases used for the first and nested

PCRs were LA Taq (Takara, Shiga, Japan) and Prime Star HS (Takara) poly-
merase, respectively. The HBV genotypes were also determined using a com-
mercial kit (Institute of Immunology, Tokyo, Japan) based on enzyme immuno-
assay to confirm that the results did not differ from those based on phylogenetic
tree analysis.

The HIV-1gag p17 (396 bp [bp 790 to 1185]), pol (1,117 bp [bp 2253 to 3369]),
and env C2V/3 (222 bp [bp 6996 to 7217]) regions were amplified from extracted
plasma HIV-1 RNA by reverse transcription-PCR (RT-PCR) using the Super-
Script one-step RT-PCR system for long templates (Invitrogen, Carlsbad, CA)

TABLE 1. Primers for amplifying the HBV and HIV-1 genomes

Name Direction” Sequence (5" — 3') Region

P1 F TTTTCACCTCTGCCTAATCA First PCR, HBV L fragment

P2 R AAAAAGTTGCATGGTGCTGG First PCR, HBV L fragment
1605F F CGCATGGAGACCACCGTGAA First PCR, HBV S fragment
HB8R R ATAGGGGCATTTGGTGGTCT First PCR, HBV S fragment
1857F F CTACTGTTCAAGCCTCCAAG Nested PCR, HBV L fragment
HB6R R AACAGACCAATTTATGCCTA Nested PCR, HBV L fragment
1645F R AGGTCTTGCATAAGAGGACT Nested PCR, HBV S fragment
2249R F CCAAAAGACACCAAATAYTC Nested PCR, HBV S fragment
172A F ATCTCTAGCAGTGGCGCCCGAACAG RT-PCR, HIV-1 gag fragment
173B R CTGATAATGCTGAAAACATGGGTAT RT-PCR, HIV-1 gag fragment
174A F CTCTCGACGCAGGACTCGGCTTGCT Nested PCR, HIV-1 gag fragment
175B R CCCATGCATTCAAAGTTCTAGGTGA Nested PCR, HIV-1 gag fragment
K1 F AAGGGCTGTTGGAAATGTGG RT-PCR, HIV-1 pol fragment
U13 R CCCACTCAGGAATCCAGGT RT-PCR, HIV-1 pol fragment

K4 F GAAAGGAAGGACACCAAATGA nested PCR, HIV-1 pol fragment
U12 R CTCATTCTTGCATATTTTCCTGTT Nested PCR, HIV-1 pol fragment
106A F CATACATTATTGTGCCCCGGCTGG RT-PCR, HIV-1 env fragment
17B R AGAAAAATTCCCCTCTACAATTAA RT-PCR, HIV-1 env fragment
14A F AATGTCAGCTCAGTACAATGCACAC Nested PCR, HIV-1 env fragment
10B R ATTTCTGGGTCCCCTCCTGAGG Nested PCR, HIV-1 env fragment

4 F, forward; R, reverse.
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TABLE 2. HBV genotype reference sequences collected from the
DNA Database of Japan (DDBJ) for tMRCA analysis

Genotype

DDBJ accession no.

FJ692588, GQ325786, GQ477503, GQ477496,
GQ486599, EU414132

FJ751547, GQ924611

GQ924615, GQ486096, EU939589, GQ486684

GQ486337, FI349228, GQ924652, EU414124,
GQ922001, GQ486586

GQ486756, GQ161830, FJ349237

.GQ486537, GQ486515, GQ486570

.GQ486843

GQ486592, AB266536

followed by a second PCR using LA Tag polymerase. The primers used for
HIV-1 sequencing are also summarized in Table 1. The amplicons were purified
using a MultiScreen PCR filter plate (Millipore, Billerica, MA), and the sequenc-
ing reaction was performed using the BigDye Terminator v3.1 cycle sequencing
kit (Applied Biosystems, Carlsbad, CA) and analyzed with the ABI PRISM 3130
(Applied Biosystems) autosequencer. Electropherograms were edited and veri-
fied by SeqScape v2.5 software (Applied Biosystems).

Phylogenetic tree analyses and genotype determination. HBV genotypes were
determined by phylogenetic tree analysis with reference sequences. HBV se-
quences were aligned with 23 reference sequences from the National Center for
Biotechnology Information (NCBI) database by using the CLUSTAL W pro-
gram and analyzed by Kimura two-parameter methods. Genetic distances were
calculated by the maximum composite likelihood, and phylogenetic trees were
constructed by the neighbor-joining method using MEGA version 4 software.
The reliabilities of branches were evaluated by bootstrap analysis with 1,000
replicates.

Phylogenetic trees of the HIV-1 gag, pol, and env regions were also constructed
with 62 HIV-1 reference sequences obtained from the HIV-1 sequence database
(Los Alamos National Laboratory).

Estimated tMRCAs. Evolutionary rates, chronological phylogenies, and other
evolutionary parameters of HBV genotypes were estimated from heterochro-
nous data for the HBV genomic sequences collected in our study, together with
reference sequences from public databases (Table 2), using the Bayesian Markov
chain Monte Carlo (MCMC) method. The nucleotide substitution model was
cvaluated by the hierarchical likelihood ratio test using PAUP v4.0 (29) with
MrModeltest (14) and the general time-reversible (GTR) model with both in-
variant site (I) and gamma-distributed site (G) heterogeneity for four rate cat-
cgories showing maximum likelihood. Bayesian MCMC analyses were performed
with BEAST v1.4.8 (4) using the substitution model of GTR + I + G, three
partitions into codon positions, and a relaxed molecular clock model (the un-
correlated log normal-distributed model) (3). Four different population dynamic
models (exponential growth, logistic growth, constant population, and Bayesian
skyline plot [BSP]) were tested in the analyses. According to BSP properties,
constant-growth models were adopted for the HBV genome sequences. Each
Bayesian MCMC analysis was run for 40 million states and sampled every 10,000
states. Posterior probabilities were calculated with a burn-in of 4 million states
and checked for convergence using Tracer v1.4 (21). The maximum clade cred-
ibility tree for analyzing the MCMC data set was annotated by TreeAnnotator in
the BEAST package. The posterior distribution of the substitution rate obtained
from the heterochronous sequences was subsequently incorporated as a prior
distribution for the mean evolutionary rate of the HBV genome, thereby adding
a time scale to the phylogenetic histories of the given viruses and enabling
estimation of the time of the most recent common ancestor (tMRCA) (19).

Determination of HBV drug resistance mutations. HBV cases resistant to
nucleoside analogue reverse transcriptase inhibitors (NRTI) were determined by
analyzing amino acid sequences of the RT region. The approved anti-HBV drugs
in Japan are lamivudine, adefovir, and entecavir. In cases of HBV/HIV-1 coin-
fection, tenofovir and emtricitabine are also used. We studied whether the
viruses have drug resistance mutations against these antiretroviral drugs with or
without a history of antiretroviral treatments and confirmed the following resis-
tance mutations: lamivudine/emtricitabine resistance mutations V173L, L180M,
and M2041/V; adefovir resistance mutations A181V, 1233V, and N236T; ente-
cavir resistance mutations 1169T, L180M, T184G, S2021, M2041/V, and M250V;
and tenofovir resistance mutation A194T (1, 2, 24, 32, 34, 35). Furthermore,
major drug resistance mutations in HIV-1 were defined according to the criteria
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of the International AIDS Society (IAS)-USA and Stanford HIV drug resistance
database (7, 23).

RESULTS

The major HBV genotype circulating among Japanese MSM
is genotype A. During the study period, 394 cases were newly
diagnosed as HIV/AIDS, and 31 cases were determined as
HBsAg positive. Thus, the average prevalence of HBV/HIV-1
coinfection in our study population was 7.9%. Analysis of the
coinfection prevalence in each year showed increases from 2.8
to 3.3% in 2003 to 2004 and from 7.4 to 13.2% in 2005 to 2007
(Fig. 2). As the suspected route of HIV-1 infections in all 31
cases was MSM, HBV appears to be quickly spreading among
the MSM population. Of these HBV/HIV-1-coinfected cases,
26 isolates were successfully sequenced for both HBV and
HIV-1, and their subtypes and genotypes were determined.
Regarding the five cases for which the HBV genome could not
be sequenced, plasma HBV DNA copies were undetectable in
four cases, and low (10** copies/ml) in one case.

The median age of the patients was 34 years (interquartile
range [IQR], 29.5 to 37.0) (Table 3). The median plasma viral
loads of HBV and HIV-1 were 4.4 X 10* (IQR, 4.9 X 10* -
6.3 x 10%) and 6.4 x 10* (IQR, 2.0 X 10* 2.0 X 10°) copies/ml,
respectively. Hepatitis B core antigen (HBcAg) IgM was pos-
itive in nine patients, of which two were suspected to harbor
acute HBV infection according to their HBsAg positivity, AST
and ALT plasma levels, and patient interviews. The other 7
HBcAg-positive patients were categorized as having acute hep-
atitis or exacerbated chronic hepatitis, and 17 HBcAg-negative
patients were determined as being in the chronic hepatitis
stage.

According to phylogenetic tree analysis, 26 cases were clas-
sified into two genotypes, either A or C. As shown in Fig. 3, 21
and 5 cases were classified as genotypes A and C, respectively.
The subgenotypes of the 21 genotype A cases were all A2, the
predominant subgenotype in Europe and North America,
whereas the subgenotypes of the 5 genotype C cases were all
C1, the most prevalent subgenotype in eastern Asia, including
Japan, South Korea, and northern China. Genotype B, the
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FIG. 2. Transitions in HBV infection rates in HBV/HIV-1-coin-
fected patients. HBV infection rates are plotted versus year, with the
numbers of HIV-l-infected and HBV/HIV-1-coinfected patients
shown below the x axis.
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= = second most predominant HBV genotype in Japan, was not
= 3 v detected in our study. Interestingly, the genotype A and C
populations showed obvious differences in genetic diversity.
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