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FIG, 6. Anti-HCV effects of inhibitors of the sphingolipid biosynthetic pathway. Subgenomic replicon cells derived from HCV isolate N or
JFH-1, as well as HCVee-producing cells, were treated with ISP-1 (0.1, 1, or 10 uM), HPA-12 (0.1, 1, or 10 uM) or alpha interferon (IFN) (100
U/ml) for 72 h. HCV RNA titers in the replicon cells (A) and the HCV core protein content of the culture medium of infected cells (C) were
determined. Data are means from four independent experiments. Error bars, standard deviations, (B) De novo synthesis of sphingolipid in the
absence or presence of I1SP-1 (10 pM) and HPA-12 (10 wM) was monitored in duplicate by metabolic labeling with ["*Clserine for 2 h at 37°C.

Cer, ceramide; PE, phosphatidylethanol
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particles. Replenishing the viral membrane with cholesterol
following treatment with 5 mg/ml B-CD successfully restored
viral infectivity to the same level as that of untreated virus (Fig.
1), suggesting that reversible B-CD-induced changes in HCV
structure might critically influence viral infectivity. However,
we were unable to restore viral infectivity by replenishing cho-
lesterol after pretreatment of the virion with concentrations of
B-CD exceeding 10 mg/ml (data not shown). Under these
conditions, it is likely that large holes in the viral membrane
destroy the virus, a result that cannot be reversed by supplying
exogenous cholesterol.

How are cholesterol and sphingolipid involved in the HCV
virion during the process of virus maturation? Like most pos-
itive-stranded RNA viruses, HCV is thought to assemble at the
ER membrane, However, Miyanari et al. (32) reported that
lipid droplets are important for HCVee formation. These au-
thors have shown that the characteristics of lipid-droplet-asso-
ciated membranes in Huh-7 cells differ from those of ER
membranes. In the case of flaviviruses, for which the mecha-
nism of viral assembly and budding remains unclear (15), a few

PS, phosphatidylserine.

studies have demonstrated budding at the plasma membrane
(13, 36, 37, 41), and it has been proposed that the site of
budding may be virus and cell type dependent (27). We dem-
onstrate here that subpopulations of HCV structural proteins
partition into cellular detergent-resistant, lipid-raft-like mem-
brane fractions in HCVce-producing cells (Fig. 4) and that
inhibitors of the sphingolipid biosynthetic pathway block HCV
virion production (Fig. 6). Furthermore, a large proportion of
HCV E2 protein incorporated into HCVec is endoglycosidase
H resistant (data not shown), Thus, membrane compartments
containing cholesterol- and sphingolipid-rich microdomains
may be involved in HCV virion maturation. Another explana-
tion for the recruitment of these lipids to the HCV membrane
may be an association between the virus and very-low-density
lipoprotein (VLDL) or low-density lipoprotein. Recently,
Huang et al. (16) demonstrated a close link between HCV
production and VLDL assembly, suggesting that an HCV-
VLDL complex is generated and secreted from cells.

Recent reports have demonstrated that CD81-mediated
HCV infection is partly dependent on cell membrane choles-
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terol (19) and SM (53). We further characterized the role of
lipid on the plasma membrane in viral infectivity and found
that cholesterol depletion by B-CD), as well as hydrolysis of SM
by SMase, moderately inhibits HCV infectivity (Fig. 5). These
results suggest that cholesterol and sphingolipid in the plasma
membrane environment may assist HCV entry, while HCV
virion-associated cholesterol and sphingolipid appear to play
critical roles in viral infection.

We previously demonstrated that HCV RNA and nonstruc-
tural proteins are present in DRM structures, likely in the
context of a lipid-raft structure, and that viral RNA is likely
synthesized at a raft membrane structure in cells containing the
genotype 1b HCV replicon (2, 10, 46). Here we observed that
ISP-1 and HPA-12 suppress HCVec production, but not viral
RNA replication, by the JFH-1 replicon (Fig. 6). Impairment
of particle assembly and maturation, rather than suppression
of genome replication, by these drugs may account for the
inhibition of HCV production in the JFH-1 system. Viral RNA
replication of the HCV-N replicon, however, was efficiently
inhibited by these compounds, as found in previous reports
(43). The virus strain specificity of the anti-HCV activity of
cyclosporine has recently been demonstrated: JFH-1 replica-
tion is less sensitive to cyclosporine than replication of geno-
type 1b strains. Furthermore, the requirement for interaction
with a cellular replication cofactor, cyclophilin B, differs among
HCV strains (18). It appears that ISP-1 and HPA-12 are fur-
ther examples of diverse effects on HCV strain replication.

In summary, our data here demonstrate important roles of
cholesterol and sphingolipid in HCV infection and virion mat-
uration. Specifically, mature HCV particles are rich in choles-
terol. Depletion from HCV or hydrolysis of virion-associated
SM results in a loss of infectivity. Moreover, the addition of
exogenous cholesterol restores infectivity. In addition, choles-
terol and sphingolipid on the HCV membrane play key roles in
virus internalization, and portions of structural proteins are
localized at lipid-raft-like membrane structures within cells.
Finally, inhibitors of the sphingolipid biosynthetic pathway ef-
ficiently block virion production. These observations suggest
that agents capable of modifying virion-associated lipid con-
tent might function as antivirals by preventing and/or blocking
HCV infection and production.
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We have previously described a novel flavivirus vaccine technology based on a single-cycle, capsid (C)
gene-deleted flavivirus called RepliVAX. RepliVAX can be propagated in cells that express high levels of C but
undergoes only a single cycle of infection in vaccinated hosts. Here we report that we have adapted our
RepliVAX technology to produce a dengue vaccine by replacing the prM/E genes of RepliVAX WN (a West Nile
virus [WNV] RepliVAX) with the same genes of dengue virus type 2 (DENV2). Our first RepliVAX construct
for dengue virus (RepliVAX D2) replicated poorly in WNV C-expressing cells. However, addition of mutations
in prM and E that were selected during blind passage of a RepliVAX D2 derivative was used to produce a
second-generation RepliVAX D2 (designated D2.2) that displayed acceptable growth in WNV C-expressing
cells. RepliVAX D2.2 grew better in DENV2 C-expressing cells than WNV C-expressing cells, but after several
passages in DENV2 C-expressing cells it acquired further mutations that permitted efficient growth in WNV
C-expressing cells. We tested the potency and efficacy of RepliVAX D2.2 in a well-described immunodeficient
mouse model for dengue (strain AG129; lacking the receptors for both type I and type II interferons). These
mice produced dose-dependent DENV2-neutralizing antibody responses when vaccinated with RepliVAX D2.2,
When challenged with 240 50% lethal doses of DENV2, mice given a single inoculation of RepliVAX D2.2
survived significantly longer than sham-vaccinated animals, although some of these severely immunocompro-
mised mice eventually died from the challenge. Taken together these studies indicate that the RepliVAX

technology shows promise for use in the development of vaccines that can be used to prevent dengue.

Dengue viruses (DENV) are the etiologic agents of dengue
fever, dengue hemorrhagic fever, and dengue shock syndrome.
The viruses are transmitted to humans by Aedes spp. mosqui-
toes, DENV infections are a serious cause of morbidity and
mortality in most tropical and subtropical areas of the world
(12). Dengue cases are estimated to occur in up to 100 million
individuals annually, and there are over 2.5 billion people
living in areas at risk for infection, making dengue the most
important arbovirus disease in the world. DENV belongs to
the Flavivirus genus in the family Flaviviridae and exists as four
antigenically distinct serotypes (DENV1 to -4) (4). The four
serotypes of DENV do not confer cross-protective immunity,
and epidemiological evidence indicates that immunity to one
serotype of DENV increases the chance of a more severe
disease upon infection with a second serotype by about 10-fold
(26).

DENYV are single-stranded, positive-sense RNA viruses and
have an 11-kb genome characterized by a single open reading
frame encoding three structural proteins (C, prM/M, and E)
and seven nonstructural proteins (NS1, NS2A, NS2B, NS3,
NS4A, NS4B, and NS5) and untranslated regions at its 5’ and
3’ termini (5’ untranslated region [UTR] and 3'UTR). Viral
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RNA replication occurs in the cytoplasm via a negative-strand
intermediate, leading to the accumulation of positive-strand
RNAs. Several NS proteins have been implicated in the pro-
cess, The NS2B/NS3 serine proteinase is required for process-
ing at multiple sites in the NS polyprotein. NS3 also possesses
RNA triphosphatasc and RNA helicase activities, and NS5
contains methyltransferases and RNA-dependent RNA poly-
merase activities (33).

Currently there are licensed vaccines available to prevent
yellow fever, Japanese encephalitis (JE), and tick-borne en-
cephalitis. No licensed vaccines are available for dengue, al-
though many are under development, including live-attenuated
virus vaccines (LAV), inactivated virus vaccines (INV), and
subunit virus vaccines (51). It is generally believed that LAV
are more economical to produce and should be able to induce
durable humoral and cellular immune responses with one
dose. The licensed LAV for yellow fever (strain YFV-17D) is
one of the most efficacious vaccines in use today, but an alarm-
ing number of cases of YF (indistinguishable from jungle YF
and referred 1o as acute viscerotropic disease following yellow
fever vaccination [YEL-AVD]) have been associated with re-
cent YF-17D vaccination campaigns, suggesting that a safer
vaccine is needed. Of particular concern are analyses of the
viruses recovered from some cases of YEL-AVD that have
failed to produce evidence that YEL-AVD has been caused by
simple reversion of the vaccine virus, suggesting that the vac-
cine itself is virulent in some individuals (15). In contrast, INV
such as those used to prevent JE are thought to be safer, but
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these too are in need of improvement, as evidenced by the
recent halt in production of the efficacious mouse brain-de-
rived JE INV due to adverse events associated with its use (7).
Furthermore, INV are less potent than LAV, generally requir-
ing multiple doses, resulting in high vaccination costs. An ex-
perimental INV has been developed for DENV and has dem-
onstrated potency and efficacy in nonhuman primates, but it is
likely to be very expensive 10 manufacture (48).

Recently, we reported the development of single-cycle fla-
viviruses that can be used as safe and effective vaccines (18, 36,
52). These vaccine candidates, which we have named Repli-
VAX, are single-round infectious particles that encode a ge-
nome harboring a truncated C (trC) gene that prevents the
RepliVAX genome from being packaged into infectious par-
ticles unless a functional C gene is supplied in trans (for ex-
ample, by C-expressing packaging cells [18, 36, 52] or by a
C-expressing helper genome [47]). RepliVAX can infect nor-
mal cells in vaccinated animals, and infected cells release E-
containing subviral particles and NS1, which induce antiviral
immune responses (both humoral [18, 36, 52] and cellular
[1. D. Brien, D. G. Widman, J. L. Uhrlaub, P. W. Mason, and
J. Nikolich-Zugich, unpublished data]). However, RepliVAX
infection cannot spread or cause disease in vaccinated animals,
making RepliVAX a very safe LAV. We have recently shown
that RepliVAX WN (derived from West Nile virus [WNV])
can prevent disease in two animal models of WN encephalitis
(52). We have also reported that a RepliVAX JE could be
produced by replacing the prM/E genes of RepliVAX WN with
the same genes of JEV and shown that RepliVAX JE could
prevent JE in a murine model for this important disease (18).

In the present study, we report that we have adapted our
RepliVAX technology to produce a vaccine for dengue. Spe-
cifically, we have shown that a chimeric RepliVAX that ex-
presses the prM/E genes of DENV2 in place of the WNV
genes has been developed. This vaccine candidate, referred to
as RepliVAX D2, replicated poorly at first. However, by cre-
ating a RepliVAX D2 derivative with a longer version of the C
gene, transfecting this derivative into WNV C-expressing cells,
and cocultivating these cells with WNV C-expressing cells for
multiple passages and then further blind-passaging this deriv-
ative on cells expressing WNV C, we were able to generate a
better-growing version of this construct. Sequence analyses of
the “adapted” genome of this construct revealed amino acid
changes in prM and E that were used to produce RepliVAX
D2.2, which displayed acceptable growth in C-expressing cells.
Passage of RepliVAX D2.2 in cells expressing the DENV2 C
protein produced further adaptive changes that contributed to
the ability of this single-cycle virus to grow in cells expressing
the WNV C protein. When RepliVAX D2.2 and its passaged
derivatives were used to vaccinate AG129 mice (an immuno-
deficient murine model for dengue), it produced dose-depen-
dent DENV2-neutralizing antibody responses, and the vacci-
nated mice were protected from challenge with DENV2.,

MATERIALS AND METHODS

Celll. viruses, and RepliVAX. BHK cells were maintained at 37°C in minimal

| medium (MEM) suppl 1 with 105 fetal bovine serum (FBS) and
antibiotics. Vero cells were maintained at 37°C in MEM containing 6% FBS and
antibiotics. BHK(VEErep/C*-EPac) cells expressing the WNV C-prM/E pro-
teins (8), BHK(VEErep/Pac-Ubi-C*) cells expressing the WNV C protein (52),
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and BHE(VEErep/Pac-Ubi-D2C) cells expressing the DENV2 C protein (see
below) were propagated at 3'?'(.‘ in Dulbecco’s MEM supplemented with 10%
FBS and 10 wg/ml puromy iously described (8), The WNV derived
from an infectious cDNA engmutmd from a 2002 WNV isolate was

described (49), and RepliVAX WN.2 has also been described (52). The DENV2
used for in vitro and animal studies consisted of a high-passage, mouse brain-
adapted derivative of the New Guinea C (NGC) strain.

Plasmid construction. The plasmid pBelo WNV-Rz containing the infectious
cDNA of a 2002 isolate of WNV was previously described (49). To construct the
WNV/DENV2 chimeric cDNA. the WNV prM/E coding region of this bacterial
artificial chromosome (BAC) plasmid-propagated full-length WNV cDNA was
rcphmd with lhv.- c¢DNA encoding the prM/E genes of DENV2 strain NGC,

] from a low-passage sirain of DENV2 NGC (monkey pl, mosquito p1,
and C6736 p2 [9]).

A previously described RepliVAX WN cDNA that had been introduced into
a BAC plasmid to enhance its stability (52) was used to produce a RepliVAX D2
cDNA by replacing the WNV prM/E gene of RepliVAX WN with the prM/E
gene of the DENV2 NGC strain. Gene substitution was accomplished by using
overlap extension PCR (16) to precisely fuse the last C codon of RepliVAX to
the first codon of the DENV2 NGC prM signal and 1o precisely fuse the last
codon of the final transmembrane domain of the DENV2 E protein to the firs
NS1 codon of RepliVAX. The template used for cDNA amplification consisted
of a previously cloned and characterized DENV2 cDNA (9) from the strain
described above. The resulting RepliVAX was named RepliVAX D2,

To construet a WNV/DENVZ chimeric virus cDNA with a small deletion in
the WNV C gene (referred 1o as WNV-D2prME shntC), the truncated C gene
found in all RepliVAX WN derivatives (lacking codons 32 to 100) was replaced
with a WNV C gene lacking codons 58 to 98,

To obtain a cell line expressing DENV2 C protein, 8 VEErep (VEErep/Pac-
Ubi-D2C) construct was created by subuhulms the codon-optimized DENV2 C
gene (based on the protein seq of ber AFD38403 [11]) for the
WNV C gene in VEErep/Pac-Ubi-C*, BHE cell lines harboring this DENV2
C-expressing VEErep were created as previously described (52). Sequences of all

are available from the authors upon request.

RNA transcription and fection. To g hetic RepliVAX RNAs,
the relevant plasmids were linearized with Swal and the resulting template
DNAs were in vitro transcribed using a MegaScript T7 synthesis kit (Ambion) in
the presence of TmG(ppp)G cap analogue (New England Biolabs). For synthetic
VEErep RNAs, plasmids were Ii.nurhed by Mln.l. and the re.lulllng template
DNAs were in vitro d using a N Script SP6 h kit (Ambi
in the presence of 7mG(ppp)G cap mlosuc The )rsclr.l and integrity of tran-
mipuw:mdmmmuwdbyumg 3 g gel el horesis, and ali
of n reaction mi were used for fection without
puri&:ﬂlinn.

RNA was transfected into BHK packaging cells by using Lipofectin (Invitro-
gen) with a slight modification of the mnu!nmureu sumed protocol. Two
hours after transfection, the RNA-Lipofecti were removed
from the cell layers and the cells were refed with fresh medium and incubated at
ITC until assayed as described below. In some cases, BHK and BHK packaging
cells were e%emnpnmed umh ‘[‘T uuwxplmn reactions, and viruses or Repli-
VAX were collected as p described (8).

ReplivVAX D2 tllnlinn. To determine the titers of viruses and RepliVAX D2
(and its derivatives), cell monolayers prepared in multiwell plates were incubated
with dilutions u! ples and then laid with medium containing 1% FBS (in
SOMe cases g 0.8% cart t {lulose ). Following incubation for
the appropriate time, . the monolny!rs were fixed and |mmunmta.med as previ-
ously described (41), and foci or individual cells were d and used 1o
calculate a titer of focus-forming units (FFU)/ml for spreading infections or
infectious units (1U)ml for nonspreading infections.

For growth curves, Vero or BHK mg cells were infi i at defi
multiplicities of infection (MOIs) and then incubated at 37°C. Media were
removed and replaced with fresh media at the indicated time points and stored

at —=80°C for subsequent titration as described above,

Preparation of ReplivAX m.: for lll vivo studies. The m:\und gnnmlion of
RepliVAX D2 (RepliVAX D2.2; its) that contai
in the prM and Emwuuudiur all animal wrk.Thetnm‘ibed RNA was
electroporated into BHK(VEErep/C*-E/Pac) cells as described above. The su-
pernatant harvested at day 4 was used 1o infeet BHK{VEEruprlc -Ubi-D2C)
cells. The harvest from this ge (pl) was sub d by
mixing with polyethylene glyml 8000 (PEG) and NaCl (Io achicve final concen-
trations of 10% and 500 mM, respectively), and the resulting precipitate was
collected by high-speed ifugation. This PEG d pellet was resus-
pended in MEM containing 1% FBS at 5% of the original volume. The passage

A
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1 material from the BHK({VEErepPac-Ubi-D2C) cells was also passaged a
further seven times (p8) in BHK(VEErep/Pac-Ubi-D2C) cells, material from the
p8 was concentrated as above using PEG/NaCl, and p¥ material was used without
a concentration step. For each of these samples, titrations were performed on
Vero cells (as dascribed above), and samples were diluted to achieve the con-
centrations described below.

Mouse inoculations. Eight-week-old AGI29 mice (purpose-raised from
founders kindly provided by W, Klimstra) were used to test the ability of a single
intraperitoneal (ip.) inoculation of RepliVAX D22 to prevent lethal DENV2
infection. Mice were assigned 1o the following four groups of 10 animals. The
first group received diluent. The second group received 50,000 TU of RepliVAX
D22 p9 [suf fluid prepared without PEG concentration from Repli-
VAX D2.2 passaged nine times in BHK{VEErep/Pac-Ubi-DIC) cells]. The third
group received 500,000 IU of RepliVAX D22 pl [prepared from a PEG con-
centrate of RepliVAX D22 recovered from BHK(VEErep/C*-E/Pac) cells and
passed one time in BHK(VEErep/Pac-Ubi-D2C) cells]. The fourth group re-
ceived 500,000 U of RepliVAX D22 p8 [prepared from a PEG concentrale of
material passaged eight times in BHK(VEErep/Pac-Ubi-D2C) cells]. The re-
maining infectious inocula were back-titered in Vero cells immediately after the
vaceination and found to have the expected titers.

Twenty-one days p 10N, SCrUMm was § from Is by retro-
orbital puncture (among three groups. a single animal was lost during this
procedure). Pooled samples of sera from each group were used to determine the
neutralization antibody titers, and individual sera were tested for specific anti-
bodies for DENV2 E by using an linked i bent assay (ELISA)
(see below). To assess vaccine efficacy, all mice were challenged at 28 duys
postvaccination with 1,000 FFU of NGC DENV2 by the ip. route, a dose
corresponding to 240 50% lethal doses (LDsy,) in these mice. All animals were
weighed daily from 3 days prior to challenge and until 28 days postchallenge and
examined for signs of infection. Animals that appeared 1o be unable to survive
until the next day (based on lethargy, weight loss, and paralysis) were humanely
cuthanized in compliance with the UTMB Animal Care and Use Committee
requirements and scored as “dead” the following day. All surviving animals were
cuthanized at 28 days postchallenge.

Microneutralization assay. Sera from each group were pooled and tested for
neutralizing activity on Vero cell monolayers in a focus reduction neutralization
test using 96-well plates, Sera were heat inactivated at 56°C for 30 min. Twofold
serial dilutions of the serum samples (1/8 to 1/256) were mixed with an equal
volume containing 40 FFU of DENV2, strain NGC, and incubated rocking at
37°C for 1 h. Fifty l of each mixture was transferred to two wells of Vero cells
plated in a 96-well plate and incubated rocking at 37°C for 1 h. Duplicate wells
of a no-serum control were included in each experiment. After the 1-hour
adsorption period at 37°C, the inocula were removed, the cells were rinsed once
with medium, and 100 pl of overlay medium (0.8% cark | cellulose and
2% FBS in MEM) was added 10 each well. The plates were incubated s 37°C for
72 h and then fixed with hanol and i ined as described
above, with a flavivirus E-specific lonal dy (37) (& ly lied
by E. Konishi). Foci counted in duplicate wells were averaged and mmpamj 10
the no-serum wells, and neutralization titers were reported as the highest serum
dilution yielding a 90% red in focus b

ELISA. To evaluate the i P to DENV2 E, we constructed a
VEErep expressing a His-tagged truncated (tr) DENV2 E protein by expressing
the first 395 amino acids of DENV2 NGC E followed by a Gly-Gly linker and six
His residues in a VEErep, as previously described for a WNV E ELISA antigen
(18). A BHK cell line harboring this VEErep was used as the source of DENV2
trE-containing culture fluid. which was used to coat the plaics that were used to
perform ELISAs as previously described, except that blocking steps and incuba-
tions were p d using phospk fiered saline g 5% nonfatl
dried milk (Cammn) instead of the previously reported horse serum blocking
huﬁ:t (18) Results are presented as a\rtrlsca and standard deviations of data

ined from duplicate wells d d using 1/100 dilutions of sera from each

animal.

RESULTS

Construction and characterization of a chimeric WNV en-
coding the DENV2 prM/E genes. We have previously reported
that genetically engineered single-cycle flaviviruses containing
a deletion of the C gene (named RepliVAX) could be used as
a vaccine platform by demonstrating that a chimeric Repli-
VAX created by replacing the prM/E genes of RepliVAX WN

J. VIROL.

B 1o
z 10" = WNV
> ' X
E 2 | = wNv-D2oME
g et 2 | s DENVZ
| -"A
104
¥
10*
0 20 40 @60 80 100
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FIG. 1. Genomic structures and growth properties of WNV, WNV/
DENV2 chimera (WNV-D2prME), and DENV2, (A) Schematic rep-
resentation of the virus genomes. The fusions between the coding
regions were precisely constructed to fall at the predicted signal pep-
tidase sites following the C protein by fusing the last codon of the
WNV prM signal pcpude to the first mdun of the mature DENV2 prM
and that of the predicted signal p leavage site following the
second transmembrane domain of E by fusing the last codon of
DENV2E to the first codon of WNV NS1. (B) Growth curves showing
titers obtained from monolayers of Vero cells infected with the indi-
cated virus at an MOI of (.02 and incubated at 37°C. At each time
point, the media were removed and frozen for subsequent titration and
fresh media were added. Virus titers were determined by focus for-
mation assay in Vero cells (see Materials and Methods).

with the same genes of JEV could be used as a vaccine 1o
prevent JE (18). Before applying this method to produce a
dengue vaccine, we constructed a full-length chimeric WNV/
DENV2 ¢DNA, which included the prM and E genes of the
DENV2 (NGC strain) with all other sequences derived from
WNV as shown in Fig. 1A. To demonstrate that this chimeric
virus encoding DENV2 prM/E (WNV-D2prME) was viable,
full-length RNAs generated by T7 RNA polymerase from this
c¢DNA were transfected into BHK cells. Three days posttrans-
fection, the cells were fixed and immunostained with an anti-
WNV hyperimmune mouse ascitic fluid, and 100% of trans-
fected cells were shown to be immunopositive (data not
shown), indicating that WNV-D2prME was viable.

To compare WNV-D2prME to its parents we performed a
growth curve analysis on Vero cells. To this end, Vero cells
were infected with all three viruses at an MOI of 0.02 FFU/cell,
and culture supernatants were taken at the indicated time
points. The growth of the chimeric virus was delayed relative to
WNV, although the chimeric virus grew faster than DENV2
NGC (Fig. 1B). These results demonstrate that the WNV/
DENV2 chimeric genome could be packaged into virus parti-
cles using the WNV-C and DENV2-prM/E proteins.

RepliVAX D2 failed to grow in the WNV C-expressing cell
line. Generation of a viable WNV/DENV2 chimeric virus en-
couraged us to construct a RepliVAX D2 single-cycle virus
using the same methods we had applied for producing Repli-

-126—-

6007 ‘82 Alenuer uo saseas|q SNOKIaJuU] J0 amisul (Buonen 1 Bio'wse'iaf wol pepeojumoq



Vou. 83, 2000
A o
R1A 7 - R

B 1o

5 104
2
-

100

e, W
Sz, .
‘“%:S%%,

FIG, 2. Construction of RepliVAX D2. (A) Schematic representa-
tion of the genome of RepliVAX D2. Fusion sites used in this con-
struction were precisely the same as those used for construction of
WNV-D2prME (see the legend for Fig. 1), (B) Titers of RepliVAX D2
produced by transfection of BHK(VEErep/Pac-Ubi-C*) or BHK
(VEErep/C*-E/Pac) with RepliVAX D2 RNA. Dilutions of the super-
natant collected § days posttransfection were used to inoculate mono-
layers of BHK(VEErep/Pac-Ubi-C*) cells, the cells were fixed 5 days
postinfection and stained with anti-WNV antibody, and then stained
cells were counted to determine the titers produced by the transfec-
tions.

VAX JE (18) and the WNV/DENV2 chimera. To make a
RepliVAX D2-encoding ¢DNA plasmid, the cDNA corre-
sponding to the prM/E genes of the RepliVAX WN plasmid
was replaced by a ¢cDNA encoding prM/E of DENV2. Inser-
tion was accomplished to produce in-frame fusions at the sig-
nalase cleavage sites between WNV C and DENV2 prM and
between DENV2 E and WNV NSI1 precisely as we had done to
generate the WNV-D2prME chimera (Fig. 2A).

RNA derived from this plasmid was generated in vitro and
transfected into BHK packaging cells, BHK{VEErep/Pac-Ubi-
C*) cells expressing WNV C, or BHK(VEErep/C*-E/Pac) cells
expressing WNV structural proteins, C, prM, and E (8).

As shown in Fig. 2B, RepliVAX D2 produced a titer of 3.3 %
10° IU/ml in BHK(VEErep/C*-E/Pac) cells 5 days postirans-
fection. In contrast, no infectious particle production was de-
tected in the supernatant recovered from the transfected
BHK(VEErep/Pac-Ubi-C*) cells, although the RepliVAX D2-
transfected BHK(VEErep/Pac-Ubi-C*) cultures contained
large numbers of cells that were immunostained by a WNV
antibody that was unable to detect the cells in the absence of
transfection (data not shown). These virus titration data sug-
gested that the RepliVAX D2 genome was able to replicate
and be packaged into WNV-C/prM/E particles, whereas trans-
expressed WNV-C was not able to complement DENV2-
prM/E for efficient production of infectious particles. This in-
terpretation was confirmed by studies showing the RepliVAX
D2 particles recovered from transfected WNV C/prM/E-ex-
pressing cells could not be neutralized by a DENV2 E-specific

SINGLE-CYCLE FLAVIVIRUS VACCINE FOR DENGUE 1873

antibody and RepliVAX D2 particles recovered from trans-
fected WNV C-expressing cells were neutralized by this
DENV2-specific antibody, whereas the converse neutralization
results were obtained with a WNV E-specific antibody (results
not shown). Despite our inability to detect RepliVAX D2
particles in culture fluid obtained from transfected C-express-
ing cells, the large number of immunopositive cells in the
cultures of BHK(VEErep/Pac-Ubi-C*) transfected with Repli-
VAX D2 RNA suggested that RepliVAX D2 particles could
be produced in the presence of trans-expressed WNV C.

Serial passage of WNV/DENV2 chimera virus with small
deletion of C gene. Since RepliVAX D2 could clearly replicate
its genome but appeared to be very inefficient at spreading in
BHK(VEErep/Pac-Ubi-C*) cells, blind passages of RepliVAX
D2 were performed in BHK(VEErep/Pac-Ubi-C*) cells to ob-
tain a better-growing strain, a method that had helped us to
produce a better-growing RepliVAX JE (18), However, the
titer of RepliVAX D2 produced by BHK(VEErep/Pac-Ubi-
C*) appeared to be too low for this procedure, and the infec-
tious titer was lost during the passaging procedure (results not
shown). To aid in the recovery of a better-growing RepliVAX,
we took advantage of data from other studies on WNV repli-
cons that indicated that replicons with an incomplete but
slightly larger version of the C gene (shrtC) displayed replica-
tion properties superior to replicons containing the rC gene
found in RepliVAX (R. Fayzulin and P. W, Mason, unpub-
lished data). To this end, we constructed WNV/DENV2 chi-
mera virus with this shriC gene (named WNV-D2prME shrtC)
(Fig. 3A). When transcribed RNA for WNV-D2prME shrtC
was introduced into BHK(VEErep/Pac-Ubi-C*), this RNA
produced foci of infection larger than those produced by Repli-
VAX D2 RNA transfection but smaller than those produced
by RepliVAX WN RNA (Fig. 3B). Despite this apparent en-
hancement in packaging over RepliVAX D2, we were unable
to blind passage WNV-D2prME shrtC in BHK(VEErep/Pac-
Ubi-C*) cells.

To overcome this apparent severe growth defect when we
attempted to complement in trans the DENV2 prM/E with
trans-expressed WNV C, we undertook the unusual blind pas-
saging procedure of trypsinizing the cultures of the WNV-
D2prME shrtC RNA-transfected BHK(VEErep/Pac-Ubi-C*)
cells and then passaging the cells in the presence of a fourfold
addition of naive BHK(VEErep/Pac-Ubi-C*) cells. Using this
unusual strategy, the cultures continued to produce low, but
detectable, titers of infectivity (close to 10° IU/ml). The super-
natant obtained from the eighth such passage of these cocul-
tured cells (18) was then blind passaged an additional six times
on BHK(VEErep/Pac-Ubi-C*) cells, and the sixth blind pas-
sage sample (18/p6) showed a titer of greater than 10° IU/ml on
BHK(VEErep/Pac-Ubi-C*) cells.

Sequence analyses were used to determine how WNV-
D2prME shrtC changed during the passage. To address this,
the 18/p6 stock of WNV-D2prME shrtC was inoculated into
Vero cell cultures (to permit amplification of the flavivirus
genome in the absence of the packaging cell line-encoded C
gene), and RNA was extracted 2 days postinfection. The RNA
was reverse transcribed into ¢cDNA, and the full-length viral
genome was sequenced using previously described methods
(49). Analysis of these sequence data revealed that blind-pas-
saged WNV-D2prME shrtC had six nucleotide changes rela-
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SLIGLERAMLSLIDGKGPIREVLALLAFFRITATAPTRAVLORWRGVNRQTAMKHLLS FREELGTLTSAT
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uC (in RepliVAX)  MSKKPOG SLIGLK
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B

RepliVAX WN

FIG. 3. Effect of addition of C coding sequences on focus formation by single-cycle chimeric viruses. (A) Segment of the WNV coding region
showing the WT C gene, the C gene deletion of RepliVAX, and shrtC. (B) Micrographs of monolayers of BHK(VEErep/Pac-Ubi-C*) transfected
with the in vitro transcripts of the indicated constructions and then fixed at 5 days posttransfection and stained with anti-WNV antibody.

tive to the original sequence (Fig. 4). These included two
nucleotide changes in the M-coding region, resulting in amino
acid codon changes at position 9 (G to R) and position 13 (E
1o V), and one mutation in the E-coding region, resulting in a
change of a T to a K codon at position 120. Analyses of these
data also revealed a change in the NS2A-coding region, which
resulted in an F-to-L coding change, However, this position
appeared 1o contain a mixture of the original and mutated
nucleotides, suggesting that this mutation was not essential for
efficient viral replication. One synonymous change was de-
tected in the NS4B coding region, as well as a change in the
3'UTR (Fig. 4).

Incorporation of mutations into the RepliVAX D2 genome.
Among six mutations observed in the blind-passaged WNV-
D2prME shrtC, we focused on the three mutations in the M
and E protein-coding regions, since amino acid changes in viral
structural proteins appeared likely to be the primary cause of
the improved viral replication, In addition, the mutation in
NS2A was a mixed population, and mutation in NS4B did not
produce an amino acid change. Although the change in the
3'UTR was intriguing, its location at a position between con-

served elements RCS3 and CS3 that were found only in flavi-
viruses from the JEV complex (13, 20, 21) argued that it was
unlikely to contribute substantially to viral replication.

To directly determine whether these mutations in the struc-
tural region were responsible for the enhanced growth, Repli-
VAX D2 genomes containing either the two neighboring mu-
tations in M (Mmut) or the single mutation in E (Emut), or all
three mutations (MEmut, referred to from this point forward
as RepliVAX D2.2), were constructed.

BHK(VEErep/Pac-Ubi-C*) cells were transfected with each
of these newly generated RNAs and cultured for 4 days. The
titer obtained from cells transfected with the RepliVAX D2
RNA containing both the M and E mutations was significantly
higher than those of RNAs containing cither M or E muta-
tions, whereas the cells transfected with RNA from the original
RepliVAX D2 produced no detectable titer (Fig. 5), suggesting
that both M and E mutations needed to act cooperatively to
improve the growth of RepliVAX D2, Furthermore, similarity
in growth of WNV-D2prME shrtC t8/p6 and a genetically
engineered derivative of WNV-D2prME shrtC that contained
all three structural protein gene mutations argued that the NS

NS28 NS4A
NSt |Ns2a] | NS3 [ [[nses] NS5 —_—
- \\ \ '
posiion 646 659 1268 3623 7181 10522
region M M E NS2A NS4B TUTR
@ ¢ 13 120 48 128
GGA GAG ACA T &5T c
WNV-D2prME shriC p E - - 5
WNV-DZprME shdC  aGA  Gic  Aan ¥ o GGa g
(18/p6) B Y K crr (Mixed) &

-

FIG. 4. Schematic diagram showing the WNV-D2prME shrtC and the mutations that were detected in the genome of the vanant passaged eight
times by mixing trypsinized infected BHK(VEErep/Pac-Ubi-C*) cells with naive cells and then six times by simple passage of infected culture fluid
in BHK(VEErep/Pac-Ubi-C*) (see text). The “position” indicates the number of altered nucleotides in the genome, “region” indicates functional
localization, and “aa” indicates the amino acid position of the affected codon within the individual protein-coding regions. Lowercase letters
designate nucleotide changes, and underlined amino acids indicate changes in coding capacity.
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FIG, 5. Demonstration that structural protein mutations found in
WNV-D2prME shrtC (t8/p6) enhance replication of RepliVAX D2
Supernatants recovered from BHK(VEErep/Pac-Ubi-C*) cells 4 days
postiransfection with synthetic RepliVAX D2 RNA or derivatives con-
taining both M mutations (Mmut), the E mutation (Emut), or all three
mutations (RepliVAX D2.2) were diluted and used to infect mono-
layers of BHK( VEErep/Pac-Ubi-C*) cells. Six days later the monolay-
ers were fixed and stained with anti-WNYV antibodies and the numbers
of FFU per ml were calculated.

protein and 3'UTR mutations selected during the passage had
no growth-promoting capabilities (results not shown). The in-
ability of the M and E mutations to independently effect better
growth of these chimeric viruses was consistent with the pro-
longed passaging protocol that was needed to obtain a sub-
stantially better-growing version of WNV-D2prME shrtC.
DENV2 C-expressing cells can produce RepliVAX D2.2 more
efficiently than WNV C-expressing cells. Although RepliVAX
D2.2 could be readily propagated on BHK(VEErep/Pac-Ubi-
C*) cells, the titers of the released infectious particles never

A VEErep/Pac-Ubi-C*

VEErep/Pac-Ubl-D2C

B BHK(VEErep/Pac-Ubl-C*)  BHK(VE

Erep/Pac-Ubi-D2C)
(expressing DENV2 C)
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exceeded 10* TU/ml. Therefore, we tested to see if RepliVAX
D2.2 could be grown to higher titers in DENV2 C-expressing
cells. To this end, DENV2 C-expressing cells were established
using a VEE replicon encoding codon-optimized DENV2 C
sequence [BHK(VEErep/Pac-Ubi-D2C)] (Fig. 6A), using pre-
cisely the same strategy employed to make the VEErep used in
the production of the BHK(VEErep/Pac-Ubi-C*) cells (see
Materials and Methods). Side-by-side focus formation assays
of RepliVAX D2.2 on WNV C-expressing cells and DENV2
C-expressing cells revealed that RepliVAX D2.2 produced
larger foci on DENV2 C-expressing cells than on WNV C-
expressing cells (Fig. 6B). Side-by-side growth curves were also
generated with RepliVAX D2.2 in infected WNV C-expressing
cells or DENV2 C-expressing cells. As shown in Fig. 6C, Repli-
VAX D2.2 grew faster and to higher titers on DENV2 C-
expressing cells than on WNV C-expressing cells.

Further passage of RepliVAX D2.2 yielded even-better-
growing variants that grew well in cells expressing WNV-C.
Successful propagation of RepliVAX D22 using BHK
(VEErep/Pac-Ubi-D2C) encouraged us to examine whether
blind passage of RepliVAX D2.2 could generate a beuer-
growing derivative. Following multiple passages on these
DENV2 C-expressing cells we were able to demonstrate that
RepliVAX D22 at the eighth blind passage produced larger
foci on BHK(VEErep/Pac-Ubi-D2C) than the passage () stocks
(harvested from transfection) and grew 1o titers of greater than
10° TU/ml (results not shown), Side-by-side growth analysis
revealed that the RepliVAX D22 p8 achieved titers up to
fivefold higher than RepliVAX D2.2 p0 on BHK(VEErep/Pac-
Ubi-D2C) (Fig. 7A). In addition, RepliVAX D2.2 p8 achieved
titers approximately 100 times higher than RepliVAX D2.2 p0
on BHK(VEErep/Pac-Ubi-C*) cells which produced the WNV
C protein (Fig. 7A). Sequencing of the entire genome of this

W 2 4 &
Days post Infection

—— BHK(VEErep/Pac-Ubi-D2C)
- BHK(VEErep/Pac-Ubi-C*)

FIG. 6. RepliVAX D22 grows betier in packaging cells expressing the DENV2 C protein than cells expressing the WNV C protein.
{A) Schematic representation of the VEE replicon used to supply the WNV and DENV2 C protein in packaging cells. Noncytopathic VEE
replicons (VEErep/Pac-Ubi-C* or VEErep/Pac-Ubi-D2C) encode the mature C of WNV or DENV2 along with the Pac-selectable marker
expressed as a fusion protein with ubiquitin. (B) Photographs of immunohistochemically stained RepliVAX D2.2 foci of infection produced on
monolayers of BHK(VEErep/Pac-Ubi-C*) cells or BHK(VEErep/Pac-Ubi-D2C) cells. Infected monolayers were incubated for 5 days under a
carboxymethyl cellulose overlay and then fixed and stained with anti-WNV antibody. (C) Growth curves of RepliVAX D2.2 on BHK(VEErep/
Pac-Ubi-C* ) or BHK({VEE/Pac-Ubi-D2C) cells. Monolayers of BHK packaging cells were infected with the RepliVAX D2.2 at an MOI of 0.5 and
incubated at 37°C. At each time point, the media were removed and frozen for subsequent titration and fresh media were added. RepliVAX titers
were determined by infectious assay in Vero cells (see Materials and Methods).
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FIG. 7. Phenotypic and genotypic changes observed in RepliVAX D2.2 following blind passage on BHK(VEErep/Pac-Ubi-D2C) cells.
(A) Growth curves of RepliVAX D2.2 p0 (recovered directly from electroporation) and RepliVAX D22 p8 [from passages performed on
BHK(VEE/Pac-Ubi-D2C) cells] performed on BHK(VEErep/Pac-Ubi-C*) cells (open squares) or BHE(VEE/Pac-Ubi-D2C) cells (filled dia-
monds). Cells were infected at an MOI of 0.5, medium was collected, and titers were determined on Vero cells as indicated in Materials and
Methods. (B) Schematic diagram showing the RepliVAX D2.2 genome and the mutations that were detected in the genome of the variants
passaged cight times BHK(VEErep/Pac-Ubi-D2C) cells. The “position” indicates the number of altered nucleotides in the genome, “region™
indicates functional localization, and “aa” indicates the position of the affected codon within the individual protein-coding regions. Lowercase
letters designate nucleotide changes, and underlined amino acids indicate changes in coding capacity.

p8 population revealed three nonsynonymous changes in NS1,
NS2A, and NS3 (Fig. 7B). The NS1 mutation was found as a
mixed population, suggesting it was not important for the en-
hanced growth phenotype, which was confirmed using reverse
genetics studies (results not shown). Similar reverse genetics
studies showed that RepliVAX D2.2 recreated with both the
NS2A and NS3 mutations grew to higher titers than the pa-
rental RepliVAX D2.2, although neither of these mutations
appeared to have a demonstrable effect on genome replication
(when inserted separately or together in replicon RNAs).
NS2A has previously been implicated in flavivirus packaging,
although our mutation is found distant (on the linear NSZA
peptide) from mutations previously shown to have an effect on
packaging (25, 32). Furthermore, an NS3 mutation found some
distance from our mutation, but still within the RNA helicase
domain of NS3, has been shown to have a deleterious effect on
packaging (39).

Determination of RepliVAX D2.2 potency and efficacy in
AG129 mice. To determine RepliVAX D2.2 potency and effi-
cacy we utilized severely immunodeficient strain AG129 mice,
which are susceptible to morbidity and mortality following
peripheral DENV infection (19). Mice were bred under stan-
dard sterile housing conditions and then inoculated by the i.p.
route with three different preparations of RepliVAX D2.2 (see
Materials and Methods). Twenty-one days postinoculation
blood was collected from the mice by retro-orbital puncture,

and sera obtained from these samples were tested by ELISA
and microneutralization assays to determine individual and
group titers, respectively. Table 1 shows the results of these
studies. The ELISA data show the average and standard devi-
ations of the optical density values obtained with a single
serum dilution (1/100), and the neutralization data show the
serum dilutions that produced a 90% neutralization of
DENV2. Both tests showed low or undetectable serological
activity in the diluent-inoculated mice and dose-dependent
DENV2-specific responses in the RepliVAX D2.2-inoculated
mice. These data failed to show any convincing differences in
the responses to the various RepliVAX D2.2 preparations,
consistent with the small changes observed in the genomes of
the passaged variants (Fig. 7B).

Twenty-eight days after their single vaccination with Repli-
VAX D2.2, the animals for whom results are shown in Table 1
were challenged by i.p. inoculation with 1,000 FFU of a mouse
brain-adapted DENV2 NGC, a challenge dose that corre-
sponds to 240 LDs, in AG129 mice. The postchallenge data
from these studies are shown in Fig. 8 and summarized in
Table 1. These studies demonstrated that this challenge dose
produced 100% morbidity (as measured by a 10% drop in
weight) (Fig. 8; Table 1) and 100% mortality by days 15 and 19,
respectively, in diluent-vaccinated animals. Vaccination with
any of the doses of RepliVAX D2.2 evaluated in this experi-
ment produced significant delays in the onset of both illness
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TABLE 1. Prechallenge serology and summary of postchallenge efficacy data from AG129 mice vaccinated with RepliVAX D2.2 and
challenged with DENV2 NGC

% Efficacy
AP Prechalienge serology” Protection from Protection from
Vaccination group morbidity on™: martality on*:
DENV2 trE ELISA® Neut. titer Day 21 Day 28 Day 21 Day 28
1: diluem 0.09 (0.04) <1:16 0 0 0 0
2: RepliVAX D2.2 p9, 50,000 IU 0.45 (0.27) 1:16 67 kx} 78 33
3: RepliVAX D2.2 p8&, 500,000 IU 0.77(0.24) 1:32 90 80 100 100
4: RepliVAX D2.2 p1, 500,000 TU 1.00 (0.47) 1:32 67 56 89 78

o Scrulogy data were obtained using sera collected at 21 days postvaccination.
" Average of UE ELISA ODs obtained from 1/100 dilutions of sera obtained from all animals in each group; standard deviations within the groups are shown in
parentheses.
& H'rhm serum dilution (from pooled sera from all animals) yielding 90% focus reduction as d ined using a lization test with DENVZ
“ Protection from morbidity was recorded at 21 or 28 days postchallenge (see Fig. 8A). Statistical significance values (calculated by Fisher's exact test using two-tailed
analyses) between group 1 and the other groups were found to be <0.01 (1 versus 2), <0.0001 (1 versus 3), <0.01 (1 versus 4) on day 21, and not significant (NS; 1
versus 2), <(.001 (1 versus 3), and <0.05 (1 versus 4) on day 28,
‘ Protection from mortality was recorded at 21 or 28 daye postchallenge (see Fig. 8B). § values | by Fisher's exact test using two-tailed
analyses) between group 1 and the others were found to be <0.005 (1 versus 2), <0.0001 (1 versus 3), and <0.001 (1 versus 4) on day 21 and NS (1 versus 2), <0,0001

Eotog e ing

(1 versus 3), and <0.005 (1 versus 4) on day 28.

and death in these animals (Fig. 8; Table 1). Inspection of the
data from this experiment shows a clear correlation of protec-
tion from morbidity and mortality with vaccine dose and pre-
challenge serological data (Fig, 8; Table 1), Further, over the
28-day course of observation not a single animal died in the
group inoculated with 500,000 IU of the RepliVAX D2.2 p8,
and in this group only two animals showed illness due to
infection and this appeared late in the challenge period (Fig. 8;
Table 1).

A 100

% Healthy
2 3
T

s
H

0
0 5 10 15 20 25 30
Days post challenge
B 100
Racea

£ 40 =
B "11 :

ua 5 10 15 20 25 30
Days post challenge
Odilvent A ReplVAX 02 2 pB 50,000
WRepiVAX D22 p8 500,000  * RepiiVAX D2.2 p1 500,000

FIG. 8. Vaccination with RepiVAX D2.2 protects AG129 mice
from DENV2 NGC morbidity and mortality. (A) Kaplan-Meier curve
showing onset of illness (as indicated by loss of 10% of weight relative
to day of challenge) in animals following challenge with 240 LD, of
DENV2 NGC (see Materials and Methods). (B) Kaplan-Meier curve
showing onset of death following challenge with 240 LD, of DENV2
NGC (sce Materials and Methods). Staustical significance levels for
diluent and vaccine groups in terms of morbidity and mortality are
shown in Table 1.

DISCUSSION

A safe and effective vaccine 1o prevent dengue is urgently
needed. We have previously reported that RepliVAX, which is
based on a single-cycle infectious WNV (36, 52), could be used
to produce a safe and effective JE vaccine by replacing the
prM/E genes of RepliVAX WN with the same genes of JEV
(18). In this study, we showed that this strategy could also be
used to produce a RepliVAX WN-based dengue vaccine. How-
ever, a suitable chimeric RepliVAX D2 construct with our
RepliVAX WN proved much more difficult to obtain than the
RepliVAX JE construct.

Our initial RepliVAX D2 construct, produced by the iden-
tical strategy used to produce RepliVAX JE, failed to produce
detectable titers of infectious particles when it was propagated
on cell lines expressing the trans-complementing WNV C pro-
tein. However, this RepliVAX D2 construct was able to pro-
duce infectious particles when introduced into WNV C/prM/
E-expressing cells, indicating that the trans-expressed WNV C
and cis-expressed DENV2 prM/E were less efficiently utilized
for genome encapsidation than when all three structural pro-
teins were coexpressed in frans. Although we have not fully
determined why the RepliVAX-encoded DENV2 prM/E pro-
teins were so poorly utilized for encapsidation with the trans-
expressed WNV C, we have also noted that RepliVAX WN
grows more poorly in WNV C-expressing cells than in cells
expressing WNV C/prM/E (R. Suzuki and P. Mason, unpub-
lished data). Thus, the poor growth performance of our initial
RepliVAX D2 construct could result from the lower efficiency
of encapsidation by trans-expressed homologous C, exacer-
bated by the use of a heterologous prM/E. Further support for
this idea came from studies demonstrating that a chimeric virus
encoding the DENV2 prM/E with the intact WNV C coding
region (WNV-D2prME) grew faster than the parental DENV2
NGC, demonstrating that DENV2 prM and E were clearly
competent for viral assembly with the WNV C protein (al-
though, as discussed below, we found some evidence that the
DENV2 C protein could be used more efficiently than the
WNV C protein by DENV2 prM and E).
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Studies to “rationally” enhance the replication of RepliVAX
D2 by making a large number of different mutations within the
DENV2 prM signal peptide of RepliVAX D2 (which differs
significantly in both length and amino acid sequence from the
WNYV prM signal peptide) did not result in the generation of
single-cvcle viruses that grew more efficiently (Suzuki and Ma-
son, unpublished). In addition, blind passage of WNV-
D2prME (the fully infectious chimera) in normal cells did not
readily produce better-growing variants (Suzuki and Mason,
unpublished). Therefore, we attempted to blind passage our
single-cycle viruses to produce better-growing variants, which
we presumed would select variants with enhanced frans-encap-
sidation efficiency. This strategy, which we had successfully
employed to produce better-growing variants of RepliVAX
WN and RepliVAX JE (18, 52), failed 1o produce positive
results, likely due to the very low titers obtained with both
RepliVAX D2 and the related construct WNV-D2ZprME
shrtC. When this strategy failed, we decided to blind passage
WNV-D2prME shrtC, using the unusual strategy of passaging
the C-expressing cells infected with this crippled virus and later
passaging the virus itself. Interestingly, the better-growing pas-
saged populations of WNV-D2prME shrtC obtained from this
passaging regimen contained multiple mutations, including
three nonsynonymous changes in the M and E regions. Al-
though reverse genetics studies demonstrated that either the
two M or single E mutations improved the production of in-
fectious particles of RepliVAX D2, RepliVAX D2.2, which
contained all three of these structural protein mutations, rep-
licated much better in WNV C-expressing cells than the pa-
rental RepliVAX D2. The positions of these mutations were
initially surprising to us, since we had previously found that
blind passaging of RepliVAX WN (52) and RepliVAX JE (18)
selected adaptive mutations at the junction between prM and
the truncated C protein, and work by multiple other groups
had also demonstrated that amino acid changes near the
NS2B/NS3 cleavage site in this region of the flavivirus genome
can alter encapsidation efficiency (1, 23, 30, 34, 53).

The mechanism(s) by which these three structural protein
mutations enhanced the yield of RepliVAX D2 is currently
under investigation. Their effects could be manifest at several
levels, including improved assembly of prM/E into provirions,
improved maturation, improved stability of the mature virion,
improved receptor binding/entry, and/or improved specific in-
fectivity. For a number of viruses (including flaviviruses) it has
been demonstrated that adaptation to grow in some cell lines
results in the selection of mutants that bind heparin with high
affinity (5, 22, 29, 31, 35, 42). This phenomenon appears to
result from selection of viruses that harbor mutations that
increase the positive charge on surface proteins, permitting
more efficient interaction with the cell surface heparan sulfate
or another negatively charged glycosaminoglycan(s), facilitat-
ing infection. All three structural protein mutations we ob-
served in the blind-passaged WNV-D2prME shrtC resulted in
a nel increase in positive charge, suggesting that these muta-
tions could enhance binding to cells, improving the infectivity
of RepliVAX D22. The E protein mutation selected in this
manner was on the surface of domain II of the DENV 2 E
protein, and the Lys residue selected at this position (residue
120) has previously been associated with increased DENV2
binding to heparin, more rapid clearance following peripheral

J. VIROL.

inoculation in AG129 mice, lower neuroinvasiveness in these
mice, and increased specific infectivity in cells in culture (31).
Although insertion of this E mutation on its own improved the
growth characteristics of RepliVAX D2, it was more efficient
in improving growth when combined with two mutations in M.
Even though a detailed three-dimensional structure of this
region of M is not available, a cryo-electron microscopy struc-
ture (54) has been derived which places the transmembrane
domains of M in proximity to the domain II (residue 120)
mutation we found in E. The proximity of our two M mutations
to the transmembrane domain of M suggests that all three of
our selected mutations could function together to facilitate
binding to negatively charged cell surface molecules, enhanc-
ing RepliVAX D2 growth. However, these two M mutations
are also near the furin cleavage site in prM, so it is possible that
they might be able to increase growth of RepliVAX D22
through an alternative mechanism. As a further alternative, it
is possible that these mutations may also have contributed to
the ability of the DENV2 prM/E cassette to function in the
context of the WNV C protein (see below), although we did
not test this directly.

Other studies revealed that the DENV2 C-expressing cells
produced RepliVAX D2.2 more efficiently than WNV C-ex-
pressing cells, suggesting that, despite the lack of readily visible
associations between the nucleocapsid and envelope glycopro-
teins of mature (24) or immature (55) flavivirus particles, the
ability of C to interact with these proteins may be important for
genome encapsidation. For hepatitis C virus, a member of
another genus in the family Flaviviridae, the oligomerized core
protein has been shown to interact with E1 protein (38). Al-
though this type of interaction has not been reported for the C
and M/E proteins among members of the Flavivinus genus,
such an interaction might affect efficient viral assembly and
could help to explain our data.

Further blind passage of RepliVAX D22 on DENV2 C-
expressing cells produced populations of RepliVAX with an
increased ability to grow both in these cells and in cells that
expressed the WNV C protein. Interestingly, the mutations
detected in this blind-passaged population were found in the
NS1, NS2A, and NS3 regions of the genome. However, only
the NS2A and NS3 mutations appeared to be needed to confer
the enhanced growth properties. The precise mechanism by
which our NS2A and NS3 mutations influence RepliVAX yield
will be of great interest to explore, since these studies could
lead 10 methods to enhance the yields (and possibly efficacies)
of all RepliVAX-based vaccines.

As part of our studies to evaluate our vaccines, we per-
formed an efficacy study in the severely immunodeficient
mouse model for dengue (19). This strain of mouse has been
used for studies to evaluate dengue pathogenesis (28, 43, 44)
and has also been reported to be useful in vaccine studies (6,
17, 27). Although we had some concerns about the abilities of
these mice to mount an effective immune response to Repli-
VAX D22 inoculation, we detected no untoward effects of
vaccination (consistent with the inability for high-dose Repli-
VAX WN 1o cause disease in severely immuno-incompetent
baby mice [36]), and we detected readily measurable levels of
both anti-E immunoglobulin G and neutralizing antibodies.
Following vaccination we challenged these mice with a highly
passaged, mouse brain-adapted sirain of DENV2 NGC. This
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challenge virus was surprisingly virulent in these mice, with the
challenge dose of 1,000 FFU in cell culture corresponding to
over 240 times the LDy, Despite this highly lethal challenge,
100% of the mice given a single dose of RepliVAX in one of
our vaccine groups survived for 28 days postvaccination, and all
groups showed statistically significant protection from infec-
tion relative to diluent-inoculated animals at either 21 or 28
days postchallenge. All of the vaccinated animals that did suc-
cumb to the challenge did so after all of the control animals
had died. We believe that the eventual demise of these animals
is consistent with the severely immunodeficient phenotype
of these mice, which would have prevented them from
mounting an effective cytotoxic T-cell response, which is
known to be essential for recovery from flavivirus infections
(3, 40, 45, 46, 50).

Due to the well-known epidemiological association of severe
dengue disease with secondary dengue infection, it is widely
accepted that any dengue vaccine deployed for widespread use
must produce high-titer tetravalent immunity or run the risk of
producing more severe disease in vaccinated populations (14).
This poses challenges for the use of tetravalent LAV, since the
coadministration of a tetravalent LAV might result in compe-
tition, dampening the infection (and hence potency) of one or
more of the serotypes. This type of competition has been
observed in some studies (2, 10), but it remains unclear if
competition will be a problem as these products are further
developed. In the case of single-cycle particle vaccines, this
problem may be lessened by using high doses of each compo-
nent of the vaccine, initiating synchronous infections that may
be less susceptible to competition. From that standpoint, Repli-
VAX may have some advantages over other types of LAV, but
titers of RepliVAX will likely need 1o be higher 10 effect
efficient vaccination. From that standpoint, we were particu-
larly disappointed by the low titer of our prototype RepliVAX
D2 construct, and although RepliVAX D2.2 grows to higher
titers, we expect that additional improvement in titer (and/or
boosting) will be essential for its eventual utility as a human
vaceine candidate.

In conclusion, we have demonstrated that the single dose of
our unique single-cycle dengue vaccine was able to elicit neu-
tralizing antibodies in mice and provide protection from lethal
challenge with DENV2. The demonstration of the immunoge-
nicity and protective efficacy of RepliVAX D2.2 as a vaccine
against DENV2 challenge in mice indicates that the RepliVAX
platform is suitable for developing a dengue vaccine.
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Abstract DNA fragmentation factor is a heterodimer
complex of the nuclease CAD and its specific inhibitor
ICAD, which can be activated during apoptosis to induce
DNA fragmentation. Although ICAD expression levels
have been quantified in a variety of human cancer cells, the
mechanism of ICAD gene regulation remains unknown.
In this study, we identified a 106-bp TATA-less region
upstream of the transcription start site as a basal promoter
of the human ICAD gene. An E-Box motif, which binds
transcription factors of the basic helix-loop-helix/leucine
zipper family, is responsible for transcriptional activity, as
demonstrated using mutated promoter-reporters. A chro-
matin immunoprecipitation assay further demonstrated that
Mye binds to an endogenous /CAD promoter. The func-
tional importance of Myc in the regulation of ICAD
transcription was also demonstrated by knock-down of
c-Myc and N-Myc gene expression, as well as their ectopic
expression. Structural analysis of the human /CAD pro-
moter and identification of factors which regulate its
activity might further our understanding of the biological
role of ICAD with respect to regulation of apoptosis and
cancer development.
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Introduction

Apoptosis or programmed cell death ensures the elimination
of unwanted cells during normal development and homeo-
stasis [1]. This process is progressively inactivated during
malignant development and loss of the capacity for apoptosis
is a hallmark of malignant cells. Chromatin condensation
and internucleasomal DNA fragmentation are typical
nuclear features and well-recognized events in apoptosis.
DNA fragmentation factor (DFF) is a heterodimer protein
composed of a 40-kDa caspase-activated DNase (CAD)
otherwise known as DFF40, and its cognate 45-kDa inhibitor
(inhibitor of CAD: ICAD or DFF45 [2-8]). Both human
genes map to 1p36 [9, 10]. CAD is thought to be responsible
for the majority of nuclear activity resulting in chromosomal
DNA fragmentation. When apoptosis is activated, ICAD is
cleaved by executor caspases, mainly caspase-3, into three
fragments, after which it dissociates from CAD, resulting in
CAD activation.

Thus, the DFF complex may play a role in malignant
transformation, and up- or down-regulation of ICAD/CAD
expression might correlate with cancer aggression. Expres-
sion levels of ICAD have been examined in a variety of
human cancers. For example, ICAD expression is down-
regulated during the exponential growth phase of human
colon carcinoma cells [11]. In some neuroblastomas, pref-
erential ICAD expression is observed in low-stage, but not in
their high grade [12]. Other research suggests that down-
regulation of ICAD may contribute to tumor growth and
lymph node metastasis in esophageal carcinoma [13], and
that ICAD expression might serve as a marker of aggressive
tumor behavior with an associated poor prognosis in ovarian
cancer [14]. We have previously demonstrated that the
hepatitis C virus core protein, which not only encodes the
viral nucleocapsid but has a number of properties enabling
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persistent viral infection, induces gene expression of /CAD,
thereby increasing steady-state levels of the ICAD protein
[15]. To date, the mechanism of transcriptional regulation of
the ICAD gene is not well understood. Analysis of the gene
structure of mouse JCAD showed that a 118-bp flanking
region of the /ICAD gene is required for promoter activity
[16]. In this study, we identified a functional promoter of the
human /CAD gene and investigated the role of c-Myc and
N-Myc in regulation of the /JCAD promoter.

Materials and methods
Cell cultures

Human hepatoblastoma cells (Huh-7), human oral squa-
mous carcinoma cells (HSC-2, HSC-3 and Ca22-9), mouse
neuroblastoma cells (IMR-32 and GOTO) and mouse 3T3
cells were maintained in Dulbecco’s modified Eagle's
medium (DMEM) supplemented with 10% fetal bovine
serum, 100 units/ml of penicillin, and 100 mg/ml of
streptomycin and kept at 37°C in a 5% CO- incubator.

Cloning of the 5'-upstream region of the human
ICAD gene

Human genomic DNA was isolated from Huh-7 cell lines
using the QlAamp DNA Mini kit according to the manu-
facturer’s instructions (QIAGEN). A 5"-upstream region of
the ICAD gene was amplified by PCR using primers based
on the genomic DNA sequence of the human JCAD gene
(GenBank accession No. NM_004401). Primers containing
EcoRl sites were used as follows: forward (5-GA-
ATTCAGGCTGGTCTCAAACTACTG-3') and reverse
(5'-GAATTCGATCTCGCCAGATTCTGGTA-3").  The
PCR reaction was carried out at 94°C for I min, 55°C for
1.5 min, and 72°C for 2 min, for total of 35 cycles. Each
PCR product was purified and subcloned into a pGEM-T
Easy vector (Promega), followed by sequencing using an
ABI PRISM 310 automated DNA sequencer (Applied
Biosystems).

5' rapid amplification of cDNA ends (5'-RACE) assay

The 5" ends of the ICAD transcript were cloned by
5'-RACE using a Gene Racer RACE-Ready cDNA Kit in
accordance with the manufacturer’s instructions (Invitro-
gen). Double-stranded ¢DNA molecules prepared from
human liver poly(A)* RNAs ligated by exposure to the
adaptor were amplified in a primary PCR reaction using the
adaptor primer 1 and the /CAD gene-specific antisense
primer ICA1AS (5-GTGCTGTTCGCGGCT! GTAGTT-3',
nt —147 1o —173), followed by a secondary PCR reaction
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using nested oligonucleotides, the adaptor primer 2, and the
antisense JCAD specific primer ICA2AS (5-CACGG
TGACTGGTGTCAGGGACTTATC-3', nt —228 to —254).
PCR products were purified and cloned, followed by
nucleotide sequencing as described above.

Plasmid constructions

The 1-kb sequence containing the human /CAD promoter
was excised by digestion of the above-mentioned pGEM-T
vector with Sacl and Hindlll, and then cloned into the
firefly-luciferase-expressing reporter plasmid pGL3-Basic
(Promega), resulting in pLUC1005. A series of constructs
with 5' end-deletions of the /CAD promoter were created
by PCR amplification using the reverse primer (5'-CAA
GCTTGCCTCCACAAGGTGGGACCTG-3') and the fol-
lowing forward primers: 5'-GGCTAGCCAGTACCCATTT
CTGAAGAAG-3" (nt —936 10 +71), 5'-GGCTAGCCCTCA
TTTGGGTCCATTTTCC-3' (nt —622 to +71), 5'-GGCTAG
CCAGCTTTTTCAGACAGAATGG-3" (nt =272 to +71),
5'-GGCTAGCCAGCTTTTTCAGACAGAATGG-3' (nt —205
o +71), 5'-GGCTAGCCAGCTTTTTCAGACAGAATGG-3'
(nt —145 1o +71). 5-GGCTAGCCAGCTTTTTCAGACA
GAATGG-3' (nt —106 to +71), 5-GGCTAGCCTATTTA
GTTTGGTTAGTAAT-3' (nt —90 to +71), and 5'-GGCTAG
CCCAGATGGTAAATATACACAA-3 (mt —43 10 +71).
Each Sacl/Hindlll fragment was inserted into the pGL3-basic
vector to yield pLUC(-936/471), pLUC(—622/471),
pLUC(-272/4+71), pLUC(—205/+71), pLUC(~145/+71),
pLUC(-106/4-71), pLUC(—90/+71) and pLUC(—43/4-71).

Transfection and reporter assay

Huh-7 cells were seeded at 5 x 10* cells/well in 24-well
plates and maintained at 37°C in a 5% CO./95%
atmosphere. DNA transfection of cells with each /CAD-
promoter-luciferase construct (1 pg) with an intenal con-
trol vector pRL-TK (0.1 pg) (Promega) was performed
with Trans IT LT-1 (Mirus) during 6-h of incubation. Cells
were then rinsed with phosphate-buffered saline (PBS)
48 h after transfection, and luciferase activity was mea-
sured in the cell lysate using dual luciferase assay reagents
(Promega) [17]. Firefly luciferase activity was standardized
according to Renilla luciferase activity.

Chromatin immunoprecipitation

Chromatin immunoprecipitation assays were performed using
the ChIP assay kit (Upstate). Briefly, cells in 100-mm dishes
were grown to 70% confluency over 48 h, The chromatin from
formaldehyde-fixed cells was sonicated and immunoprecipi-
tated using mouse monoclonal anti-c-Myc or anti-N-Myc
antibodies (Santa Cruz). The chromatin immunoprecipitate
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was analysed by PCR with the following primer pairs: F1
(5-CGAGCTCGGTATACATGCGTGTGCATCG-3') and
Rl (5-CAAGCTTGCCTCCACAAGGTGGGACCTG-3')
for amplifying the region from nt —272 to —71 containing
potential Myc-binding sites; and F2 (5-GAGATCAAAAC
TGCAGTGAG-3') and R2 (5-CACTGTTGGAGATTGTT
CAG-3') for amplifying the region from nt —789 to —451 that
does not contain Myc-binding sites.

Western blotting

Cells were washed with PBS and lysed in SDS sample buffer.
Cell lysate samples were separated by 10% SDS-polyacryl-
amide gel electrophoresis and electrotransferred w0 a
polyvinylidene  difluoride  membrane  (Immobilion;
Millipore). After blocking in nonfat milk solution (Blocking
One; Nakaraitesk), the membranes were probed with mono-
clonal antibody against the ICAD protein (Santa Cruz),
¢-Myc (Sigma), or N-Myc (Santa Cruz), as the primary
antibody for 1 h. After being washed, the membranes were
incubated with horseradish peroxidase-conjugated anti-
mouse immunoglobulin as the secondary antibody, followed
by visualization with SuperSignal West Pico Chemilumi-
nescent Substrate (Pierce Biotechnology).

siRNA experiments

siRNAs for human e-Mye, N-Myc and the negative control
were purchased from B-Bridge International. Each siRNA
consisied of three different target sequences as follows:
5'-GAGGAGACAUGGUGAACCA-3' 5-GAGAAUGUCA
AGAGGCGAA-3, and 5-GAGAAUGUCAAGAGGCGAA
-3’ for e-Myc siRNA; 5'-CGGAGAUGCUGCUUGAGAA-3',
5'-CGGAGUUGGUAAAGAAUGA-3, and 5-CAGCAGU
UGCUAAAGAAAA-3' for N-Myc siRNA; and 5-ATCC
GCGCGATAGTACGTA-3, 5-TTACGCGTAGCGTAAT
ACG-¥, and 5-TATTCGCGCGTATAGCGGT-3' for the
negative control. Huh-7 cells were transfected with 100 pmol/ml
siRNA using FuGENE6 (Roche) in Opti-MEM 1 (Invitro-
gen), after which the medium was replaced by standard
DMEM afier 6 h of transfection.

RNA preparation and real-time quantitative RT-PCR

Total RNA was extracted using Trizol reagent (Invitrogen)
according to the manufacturer’s protocol. First-strand
¢DNAs were synthesized using the SuperScriptlll First-
Strand Synthesis kit (Invitrogen) and then used as templates
for real-time PCR. Quantitative PCR was performed using
the ABI Prism 7700 sequence detection system using
Tag-Man Gene Expression assays (Applied Biosystems). The
standard curve was created using serially diluted total RNA
obtained from Huh-7 cultures and f-actin was chosen as the

internal standard to control for variability in amplification.
Amplification was performed at 95°C for 10 min, followed
by 40 cycles of amplification at 95°C for 15 s and 60°C for
60 s.

Results and discussion

Localization of transcription start sites of the human
ICAD gene

Precise localization of transcription start sites of the ICAD gene
was examined in human hepatoma Huh-7 cells by 5-RACE
analysis. A fragment of approximately 100 bp was obtained
(Fig. 1a) and cloned, after which sequencing analysis of sev-
eral cDNA clones identified two of 5 termini (Fig. 1b). These
were located 71 and 68 nucleotides upstream from the trans-
lation start codon of the /CAD gene. From a database search of
the DBTSS [18], we found that these are two of multiple sites
for putative transcription initiation for the human /CAD gene.
Although transcription may be initiated at both sites, the upper
site was designated position +1 in this study.

Characterization of the JCAD gene promoter

To examine potential regulatory sequences involved in
ICAD gene expression, a 1 kb 5'-upstream region of the
ICAD gene was sequenced and analyzed. The overall GC
content of the I-kb genomic DNA fragment was 46%,
while GC content among the 200 bp proximal to the ATG
start codon was approximately 62%. A search of tran-
scription consensus motifs using the TRANSFAC database
[19] demonstrated that none of the major eukaryotic pro-
moter elements, TATA-, CCAAT-, or GC box, were
located within 200 bp upstream of the transcription start
site, although a TATA-like element was found more than
400 bp upstream from the start sites, indicating that the
human /CAD gene has a TATA-less promoter. No CpG
island, which is frequently observed in the TATA-less
promoter, was found by screening with the CpG island
searcher (htip://cpgislands.usc.edw/). Absence of a TATA-
like sequence upstream of the transcription start site has
also been reported for the mouse ICAD gene, suggesting
that TATA-less promoters might be a common feature in
transcriptional regulation of the ICAD gene.

As shown in Fig. 1b, the 1-kb sequence contains potential
binding sites for several transcription factors. The ability of
the 5'-upstream region of the /CAD gene to function as a
promoter was assessed by its capacity to drive the expression
of a luciferase reporter gene. A series of constructs in which
genomic DNA fragments were fused to a promoterless firefly
luciferase gene of the pGL3-basic vector were generated
with the 3’ end always terminating +71 bp from the
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Fig. 1 (a) Mapping of the A B
transcription start sites by 5§
RACE analysis. Following
nested PCR reaction, a PCR
product of 100-bp was detected
by 1.5% agarose gel
electrophoresis (lane 2). Lane 1:
no template control; lane M:
100-bp DNA ladder marker,
(b) The 5’ flanking region of the
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transcription start site. The 5’ ends began at bases —936,
—-662, —272, —205, —145, —106, =90, and —43 (Fig. 2).
Promoter activity was assessed by measuring luciferase
activity in transiently transfected Huh-7 cells. Luciferase
activity was normalized to Renilla luciferase activity. As
shown in Fig. 2 on the right, the region extending from —936
to +71 had promoter activity since luciferase activity of the
reporter gene was 45-fold that of the empty vector. A 5’
deletion of the promoter sequence to —662(pLuc(—662/
+71)) enhanced promoter activity, and successive removal
of nucleotides from —272 to —106 also enhanced promoter
activity, suggesting the possibility of negative regulatory
elements within the —936/—622 and —272/—106 regions.

pGL3basic

pLuc(-936/+71)

=i

]
{10c]

When the sequence from —106 to —90 was removed
(pLuc(—90/4-71)), promoter activity fell to parallel that of
the pGL3 basic vector. This suggests the presence of a cril-
ical element in the region extending from —106 to —90, thus,
we have identified the region 106 bp upstream of the tran-
scription start site as the basal promoter of the human /CAD
gene.

Myc and USF enhance ICAD promoter activity
As indicated in Fig. 1b, a computer-based sequence analysis

revealed that the 106 bp region contains potential binding sites
for GATA-1, delaE, Myc, and various upstream stimulatory

PLUC(-862/471) - 622 =] | TUC

pLluc(-272/+71)
pLuc(-205/+71)
pLuc(-145/+71)
pluc(-106/+71)
pLluc(-80/+71)
pLuc(-43/+71)

e —"

-208 {iuc]
- 145 s TTIC] }—
=106 e—— LUC | e
-43 —-1 tuc]
e 0 1;30
RLU (%)

Fig. 2 Human /CAD promoter drives reporter gene expression in

transiently transfected Huh-7 cells.

Deletion constructs of the

upstream region of the /CAD gene linked to the firefly luciferase
reporter gene (LUC) are illustrated in the left. Huh-7 cells were
cotransfected with a firefly luciferase reporter and a Renilla luciferase
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internal control (pRL-TK). The relative luciferase activity (RLU) was
obtained by normalizing the firefly luciferase activity to the Renilla
luciferase activity, and is exp 1 as a perc of RLU of

pLuc(—936/+71). The average values are shown gwilh standard
deviation (SD) (n = 4 per construct)
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factors (USF). Within this region, there is a canonical E-box
sequence (5'-CACGTG-3') located between —103 and —98,
E box motifs are known to bind to transcription factors of the
basic helix-loop-helix/leucine zipper (bHLH LZ) family,
including Myc and USF [20-23]. We examined the potential
role of E-box-binding proteins, Myc and USF, in potentiating
ICAD gene transcription. Myc is bound to a partner protein
Max via a bHLH LZ domain and the Myc-Max heterodimer
activates transcription by binding 1o an E-box sequence
[24, 25]. Max is present in greater amounts than Myc since the
Myc transcript and protein have shorter half-lives compared to
Max [26, 27]. Therefore, it is highly likely that Myc is the
limiting, regulated component of the heterodimer. To examine
the potential role of E box binding proteins, Huh-7 cells were
co-transfected with luciferase reporter plasmids and expres-
sion vectors for c-Mye, N-Mye, USF1, and USF2 (Fig. 3a).
Luciferase activity of the —145/4+71 promoter construct
increased 2- to 5-fold, and 1.5- to 2-fold, when co-expressed
with Mye or USF, respectively. The effect of ¢-Myc and
N-Myec on activity of the —90/+71 construct was less than for
the —145/4+71 construct. USF expression did not enhance
activity of the —90/4-71 construct.

To further investigate involvement of the E box
sequence in [CAD promoter activity, a reporter construct
with an E box mutation (CCCGCG) was constructed and
luciferase activity was examined in transfected cells
(Fig. 3b). The E box mutation resulted in marked down-
regulation of reporter gene expression and the reporter
activity expressed from the E-box mutant was little
increased when co-expressed with Mye, suggesting a
functionally important role of the —106/—90 region E box
motif with regard to basal transcriptional activation of the
ICAD promoter. These data indicates that E-box-binding
proteins, especially Myc, actively participate in positive
regulation of the human /CAD promoter.

Myc binds to the /CAD promoter in vivo

To obtain direct evidence of an interaction between Myc and
the ICAD promoter in vivo, we next examined binding of
c-Myc and N-Myc to the 5"-upstream region of the /CAD gene
within the context of native chromatin in living cells by
chromatin immunoprecipitation. An alignment of the
sequence around putative Myc binding site of human /CAD
promoter and the corresponding part of mouse ICAD
sequence demonstrated conservation of Myc binding
sequence in human and mouse (Fig. 4a) [16]. Proteins were
cross-linked to genomic DNA isolated not only from human
(Huh-7) but mouse (IMR-32 and GOTO) cells, followed by
immunoprecipitation with normal rabbit IgG or polyclonal
antibodies to either c-Myc or N-Myc. IMR-32 and GOTO are
neuroblastoma cells with N-Mye gene amplification [28]. The
precipitated DNA was then subjected to PCR utilizing
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Fig. 3 (a) ICAD promoter activity after transient expression of
c-Myc, N-Mye, USF1 and USF2. Huh-T7 cells were cotransfected with
either expression vector for c-Mye, N-Myc, USF1 or USF2 driven by
the CMV promoter and pLuc(—145/4-71), pLuc(—=90/471) or pGL3
basic. Each firefly luciferase reponer plasmid (n = 4) was cotrans-
fected in cells with pRL-TK for normalization of the reporter activity,
RLU is expressed as a percentage of that of pLuc(—145/4T71) in the
absence of expressing plasmids for Myc and USF, (b) Effect of
substitution mutation in the E-box element on the JCAD promoter
activity, Cells were cotransfected with pLuc(~106/£71) or an E-box-
mutant, pLuc({—106/£71)mt and cither expression vector for c-Myc
or N-Myc. pRL-TK was also used for normalization of the activity.
RLU is expressed as a percentage of that of pLuc(—106/£71) without
over-expression of Myc

primers designed to amplify a 343-bp fragment (=272/+-71)
or a 338 bp fragment (—789/-451) of the ICAD 5' flanking
region. As shown in Fig. 4b, the 343-bp DNA fragment was
observed in the immunoprecipitate from Huh-7 cells fol-
lowing exposure to anti-c-Myc or anti-N-Myc, while
amplification of the /CAD promoter fragment was not
detected in the negative control immunoprecipitate. Under
similar experimental conditions, we did not detect binding of
c-Myc and N-Myec to the —789/—451 region, which is not
thought to contain a Myc-binding site. Similar results were
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human  -101 CGCCACACGTGATTAGCGGCAACTAGAACT -72
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Fig. 4 (a) An alignment of the sequence around putative Myc
binding site of human /CAD promoter and the corresponding part of
mouse [CAD sequence. (b) Binding of Myc proteins in the
endogenous /CAD promoter. Crosslinked chromatins isolated from
Huh-7. IMR-32 and GOTO cells were immunoprecipitated with
indicated antibodies (c-Myc, N-Myc) or an equivalent amount of
mouse IgG. Recovered DNAs were purified and PCR-amplified with
primers for nt —272/+71 region or for nt —789/—451 region. Input
represents 1% of chromatin sample applied for i
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Input  N-Myc IgG
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Fig. 5 Myc-dependent expression of human ICAD. (a) Suppression
of Myc expression decreases expression of ICAD protein. Huh-7 cells
were transiently transfected with Myc siRNA (¢c-Myc, N-Myc) or the
control siRNA (cont). Three days later, the cells were harvested and
subjected to Western blotting. (b) Ectopic expression of Myc
increases expression of ICAD protein. Cells (Huh-7 and mouse
3T3) were transfected with the expression vector for c-Myc or
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obtained from IMR-32 and GOTO cells, which were immu-
noprecipitated with anti-N-Myc antibody. These results
demonstrate that Myc forms a complex with the human /CAD
promoter in cells, presumably through binding to the E-box
sequence.

Myc-dependent expression of the ICAD protein

The above data suggests that the JCAD promoter is regulated
by endogenous Myc proteins. This assumption is supported
by the loss-of-function studies shown in Fig. 5a. We
employed siRNA (small interference RNA) transfection to
knock-down the expression of c-Myc or N-Myc in cells, after
which we analyzed the effect of reduced Myc expression on
steady state levels of the ICAD protein by Western blotting.
Treatment with siRNA specific for either c-Myc or N-Myc
markedly reduced ICAD expression without affecting the
expression of f-actin. In contrast, control siRNA did not
reduce ICAD levels. We further investigated the effect of
over-expression of Myc on ICAD protein levels (Fig. 5b).
Transfection of Huh-7 and mouse 3T3 cells with a c-Myc
or N-Myc expression vector enhanced ICAD protein
levels with an effect that was less pronounced than in the
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N-Myc, and after 3 days the cells were harvested for Western
blotting. (¢) Comparison of the mRNA expression of ¢-Myc and ICAD
in Huh-7 cells and human oral squamous carcinoma cells (Ca22-9,
HSC-2, and HSC-3). Levels of mRNA expression of ICAD and
c-Myc were measured by quantitative real-time RT-PCR based on
Taq Man chemistry. Results, relative to fl-actin mRNA, are depicted
as averages with SD (n = 3)
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