humanized SCID mice profoundly reduced or abrogated para-
siternia. These inhibitory effects were related to the antibody
reactivity with the parasite native protein, which was seen in
60% of the volunteers, and remained in samples taken one year
postimmunization.?

The blood-stage antigen SERA5 (for a review see ref. 4) is a
promising blood-stage vaccine candidare against P. falciparum.
SERAS5 is largely produced during the late trophozoite and schiz-
ont stages.”” Recombinant SE47’ antigen, based on the SERAS
molecule, conferred protective immunity against parasite chal-
lenge in both Aotus and squirrel monkeys.*"! Mouse and rat anti-
bodies against the SE47’, likewise, inhibited parasite growth in
vitro.!*'¥ However, SE47” is highly hydrophobic, making large-
scale manufacturing under good manufacturing practice (GMP)
conditions a major challenge. Therefore, we constructed a new
recombinant antigen, SE36, lacking the serine repeats. SE36
absorbed to the adjuvant aluminum hydroxide gel (SE36/AHG)
was prepared under GMP conditions. SE36/AHG was highly
immunogenic and anti-SE36 IgG titers lasted more than 1y in
chimpanzees.” Squirrel monkeys vaccinated with SE36/AHG
were protected against high parasitemia, and serum anti-SE36
IgG titers were boosted after malaria parasite challenge. A human
phase la clinical trial in Japan demonstrated that SE36/AHG
(100 pg/1,000 pug) was safe, well-tolerated and immunogenic.”
However, the mean titer of induced anti-SE36 antibody in the
phase la trial was lower than that in African high responders.

Synthetic  oligodeoxyribonucleotides (ODNs) containing
immunostimulatory unmethylated cytosine-guanosine dinucle-
otides (CpG motifs) are potentially useful adjuvants and have
been evaluated for veterinary and human vaccines.!® These so-
called CpG ODNs are categorized into two major classes, K- and
D-type. K-type ODNs trigger the maturation of dendritic cells
and stimulate the production of IgM and interleukin (IL)-6.17*
The D-type ODNs trigger antigen-presenting cell (APC) matu-
ration and preferentially induce interferon (IFN)-o and -y secre-
tion.'®" It has been reported that K3 ODN effectively induces
IL-6 production and cell proliferation, and that D35 ODN effec-
tively secretes IFN-« in rhesus macaques.?

Another TLRY ligand, synthetic hemozoin (sHZ, also known
as B-hematin), is also a potent adjuvant for malarial antigens.”!
Hemozoin, a malaria pigment, is a detoxified product of heme
molecules found in food vacuoles of the malaria parasites.*»?> In
previous studies, it was shown that purified HZ activates mac-
rophages, thereby producing pro-inflammatory cytokines, che-
mokines and nitric oxide. HZ has also been shown to enhance
human myeloid dendritic cell maturation.**** Furthermore, the
adjuvant function of sHZ was validated in a canine antialler-
genic vaccine model.” Thus, HZ can influence adaptive immune
responses to malaria infection and may have therapeutic value in
vaccine adjuvant development.

We recently determined that a formulation of K3 and D35
ODN:s, or sHZ with SE36/AHG was effective for the induc-
tion of anti-SE36 IgG in a rodent malaria model (Tougan et al.,
unpublished data). The purpose of this study was to increase
the levels of induced antibody using a vaccine formulation con-
taining TLRY ligands as adjuvants. Here, we report the safety,

284

Human Vaccines & immunotherapeutics

immunogenicity and protective efficacy of the SE36/AHG for-
mulation containing either K3 ODN, D35 ODN or sHZ as an

adjuvant in non-human primate models.
Results

Adjuvant efficacy of TLRY ligands to SE36/AHG. The adju-
vant efficacy of K3 and D35 ODNs, and sHZ with SE36/AHG
was examined. Twelve cynomolgus monkeys were randomly
assigned to four groups. SE36/AHG, with or withour each adju-
vant, was administered four times and SE36-specific IgG titer
was measured. Two weeks after the second immunization (Day
36), mean anti-SE36 antibody titers were 34.5, 432.9 (p < 0.05),
68.8 and 270.1 in the SE36/AHG, SE36/AHG with K3 ODN,
SE36/AHG with D35 ODN and SE36/AHG with sHZ groups,
respectively (Fig. 1A and B). Two weeks after the third immu-
nization (Day 112}, mean antibody titers were 182.2, 22589 (p
< 0.03), 704.3 and 1276.1, respectively (Fig. 1A and B). Two
weeks after the fourth immunization (Day 379), mean anti-
body titers were 237.8, 1960.8 (p < 0.05), 548.2 and 791.3 in
the respective groups (Fig. 1A and B). At the three time points
post-administration (Fig. 1A and B), the formulations includ-
ing K3 ODN and sHZ elicited significantly higher anti-SE36
antibody titers. In particular, K3 ODN remarkably enhanced the
antibody response after each administration. Furthermore, titers
in individual monkeys from each group were compared immedi-
ately before each immunization to observe sustainability of the
antibody titers. After the second immunization, mean antibody
titers were 13.9, 176.0, 17.3 and 43.0 in the SE36/AHG, SE36/
AHG with K3 ODN, SE36/AHG with D35 ODN, and SE36/
AHG with sHZ groups, respectively (Fig. 1A and B). After the
third immunization, mean antibody titers were 17.6, 157.7, 26.6
and 21.3, respectively (Fig. 1A and B). After the fourth immu-
nization, mean antibody titers were 24.6, 164.5, 94.1 and 24.9 in
the respective groups (Fig. 1A and B). These results indicate that
the formulation with K3 ODN, but not sHZ, was able to sustain
antibody titers although both were able to elicit statistically sig-
nificant titers at each immunization time point.

Overall, the formulation of K3 ODN with SE36/AHG most
effectively induced and maintained SE36-specific IgG titers.
Additionally, there was no statistically significant difference
between titers after the third or fourth immunization, with means
of 1960.8 and 2258.9, respectively. This result suggests that an
initial immunization with two boosters should be sufficient to
confer the maximum levels of antibody titer (Fig. 1A and B).

Cytokine responses to SE36 stimulation. To examine the
involvement of SE36-specific helper T cell responses, we mea-
sured cytokine secretion from peripheral blood mononuclear cells
(PBMCs) 2 weeks after the second and fourth immunizations.
IFN-y was used as a marker of the Th1 response, IL-5 and IL-13
as markers of the Th2 response, and IL-17 as a marker of the Th17
response {Day 36 (i) and Day 379 (v) in Fig. 1]. On Day 36, [FN-y
was significantly induced in the SE36/AHG with K3 ODN group.
IL-5 and IL-13 were significantly induced in each group where K3
ODN or sHZ was employed. These results suggest thart a formula-
tion containing K3 ODN promotes both Th1 and Th2 responses.
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Irappears that sSHZ promotes the Th2
response only (Fig. 2A). On Day 379,
IEN-vy, IL-5 and IL-13 were induced
in groups containing K3 ODN in the
formulation, along with the SE36/
AHG and sHZ groups. These results
indicate that four immunizations pro-
mote both Thl and Th2 responses.
[L-17 was induced in all four groups
on Day 36, with cytokines signifi-
cantly induced in SE36/AHG and
sHZ groups, but only slightly induced
in groups where K3 ODN and D35
ODN was included in the formula-
von (Fig. 2B). Of interest to us, the
production of all cytokines was not
prominent in the SE36/AHG with
D35 ODN group at both time points
despite the clear antibody titer induc-
tion in this group.
Immunostimulation using crude
extracts of P. falciparum. To exam-
ine whether SE36-specific IgGs can
be boosted by natural SERAS anti-
gen exposute after natural infection,
we injected a crude extract of 2. fal-
ciparum strain 3D7 into cynomolgus
monkeys to mimic the complex mix-
ture of Plasmodium antigens encoun-
tered during natural infection. The
crude extract was administered at
Day 583 (Fig. 1) and SE36-specific
IgG titers were measured at 0 (Day
583), 1 and 2 weeks after injection.
Although there was no statistical
difference between week 1 and 2, in
all groups, SE36-specific IgG titers

were enhanced after injection (Fig,

3). We, thus, speculate that SE36-
specific IgG antibodies could be
boosted by malaria infection.
Vaccine trial in squirrel mon-
keys. To examine whether the formu-
lation containing K3 ODN provided
protective immunity against P. fal-
ciparum or not, a challenge experi-
ment using squirrel monkeys was
performed. At nine weeks after the
first adminiscration of the vaccine,
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Figure 1. Formulation with K3 ODN effectively enhances SE36-specific IgG titers. (A) Time-course of
SE36-specific IgG antibody titer. Cynomolgus monkeys were administered the same dose on days 0,
22,101 and 365 (arrows). Sera were collected on days 0,7, 14, 22, 28, 36,42, 56,73, 86, 101, 112,140, 175
205,238, 268,365, 372,379,384, 393, 440, 464, 491, 518, 547 and 583. Closed circles, triangles, squares
and diamonds show the median titers (n = 3/group) of SE36/AHG, SE36/AHG with K3 ODN, SE36/AHG
with D35 ODN and SE36/AHG with sHZ, respectively. Ranges are shown by bars. (B} Titers for individual
monkeys subjected to different treatments on days 36 (i), 101 (i), 112 (m), 365 (iv), 379 (v) and 583 vi} are
compared. Statistical analysis for four groups was performed using non- parametnc ANOVA (Kruskal-
WEI”IS) wuth Dunn’s post-hoc test; * indicates s;gmﬁcant dsf'ference, p <0.05.

alone developed less than 30% parasiternia (maximum parasit-

blood-stage malaria challenge was done by intravenous injection
of 5 x 10® infected red blood cells. It is worth mentioning that
the formulation conraining K3 ODN did not result in signifi-
cantly higher antibody titers, which differed from the resules we
observed in cynomolgus monkeys (Fig. 4A).

All three monkeys immunized with SE36/AHG combined
with K3 ODN, and one monkey immunized with SE36/AHG

www.landesbioscience.com

emia: 22.6%, 26.8% and 13.3% in the SE36/AHG with K3
ODN group; and 22.0% in the SE36/AHG group). One mon-
key immunized with SE36/AHG, and two monkeys immunized
with AHG combined with K3 ODN experienced fulminant
infections of 40-50% parasitemia (maximum parasitemia:
42.3% in the SE36/AHG group and 47.6% and 47.8% in the
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Figure 2. Cytokine response of PBMCs after stimulation with SE36 antigen in vitro. Levels in an individual cynomolgus monkey’s cytokine (IFN-y, IL-5,
IL13 and {L-17) responses on days 36 (i) and 379 (v) are shown. “N" and “36” refer to non-stimulated {opensymbols), and stimulated with SE36 (closed -

: symbols), respectively. Closed circles, triangles, squares and diamonds indicate SE36/AHG, SE36/AHG with K3 ODN, SE36/AHG with D35 ODN arid SE36/
AHG with sHZ, respectively. Statistical analysis between pre- and post- |mmunizatxon serum was performed using a Mann-Whitney U test. * mdrcates

AHG with K3 ODN group) and were euthanized by Day 9 after
challenge infection (Fig. 4B). These results indicate that the com-
bined SE36/AHG with K3 ODN formulation afforded a level of
protection that could substantially inhibit parasite growth. In the
absence of robust statistical power, additional characterization of
the induced anti-SE36 antibodies by the different treatments
would be useful and could provide support for the observed cor-
relation in the boosting of SE36-specific IgG titers after chal-
lenge infection and inhibition of parasite growth. Further in vitro
assays would need to be incorporated in future studies.

To observe the importance of the anti-SE36 IgG antibody
response, IgG titers against whole malaria parasite antigens were
measured. For this purpose IgG titers against crude extract were
measured after challenge infection. The IgG titers were imme-
diately enhanced in all monkeys after challenge infection in
contrast to responses of the anti-SE36 IgG titers (Tougan et al,,
unpublished data).

No serious adverse events during the studies were observed in
both cynomolgus and squirrel monkeys. Common adverse reac-
tions related to K3 ODN, such as erythema, swelling, induration
or pruritus, were rarely detected at administration sites.

Discussion

Immunostimulatory CpG ODNs and sHZ that effect human
immune cells in vitro often have limited immune-activating
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properties in mice. Relevant animal models such as non-human
primates allow us the opportunity to demonstrate the safety and
adjuvant activity of CpG ODNs and sHZ in vivo. In this study,
we used cynomolgus and squirrel monkeys to evaluate the adju-
vant efficacy of three TLRY ligand adjuvants. In cynomolgus
monkeys, all combined formulations of adjuvants with SE36/
AHG enhanced SE36-specific IgG responses. In particular,
the formulation with K3 ODN elicited over a 10-fold differ-
ence compared with SE36/AHG alone (Fig. 1). In Figure 2, it
appears that formulations with K3 ODN enhanced the func-
tions of helper T cells compared with those observed for SE36/
AHG alone.

To date, many studies have demonstrated that various cyto-
kines modulate an immune response during malaria infection.
An increase in pro-inflammatory Thl cytokines, such as IFN-y
and IL-12, during the acute phase of uncomplicated falciparum
malaria has been inferred to play roles that contribute to an early
and effective immune response, limiting progression toward a
more severe course of malaria in humans.* Vaccine formulations
containing CpG ODNs predominantly enhance Thl-associated
cytokines, but Th2 responses involving IL-4 and IL-13 are often
associated with AHG in mice!>¥ 3 However, the influence of
CpG ODNs on cytokine responses in non-human primates has
not been well characterized. In the current study, it was observed
that the SE36/AHG formulation containing K3 ODN induced
mixed Thl/Th2 responses in cynomolgus monkeys (Fig. 2).
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The possibility of fluctuating T cell responses during this vac-
cination period is not clear as we did not perform cytokine assays
on Days 112 (iii), 101 (ii), 365 (iv) or 583 (vi). Although this
limitation would need to be addressed in future studies, this
phenomenon has also been reported in several malaria vaccine
candidates in mice, including AMAI-C1/AHG formulated with
CPG 7909.% and SPf66-loaded PLGA microparticles. A vacci-
nation boost with recombinant SERA protein was also shown to
markedly increase serum antibody titers in mice that were previ-
ously immunized with SERA plasmid DNA by gene gun vac-
cination.” In a murine malaria vaccine model, administration
of P. yoelii MSP1,/AHG formulated with CPG 7909, which is
K-type CpG, induced a mixed Th1/Th2 response that resulted
in enhanced vaccine efficacy, suggesting that the mixed Thil/
Th2 response confers protective immunity against blood-stage
infection.**

SE36-specific IgG titers were generally enhanced in all indi-
vidual monkeys after injection of crude extract (Fig. 3). SE36
recombinant protein is derived from the N-terminal region
of SERA5 based on the Honduras-1 strain corresponding to
amino acids 17-382 where the serine repeats were removed
(deletion of amino acids 193-225)."* Although increased anti-
SE36 IgG titers among all groups were not statistically differ-
ent (Fig. 3), from squirrel monkey trials the formulation of K3
ODN appears effective for growth inhibition in various strains
(Fig. 4).

In squirrel monkeys, the formuladon with K3 ODN did
not result in a higher antibody titer compared with the origi-
nal SE36/AHG formulation, although protection that correlates
with decreased parasite density in 2. falciparum challenge was
observed (Fig. 4A and B). The measurement of various cyto-
kines in squirrel monkeys is not a sufficient measure of efficacy
because they exhibit low levels of cross-reactivity with human
cytokines.”” Therefore, the interpretation of protective efficacy
against malaria growth in terms of immunological responses is
currently limited. Because the squirrel monkey is a valuable ani-
mal model for malaria vaccine development, the establishment
of immunological analysis systems must provide more robust
information for understanding the correlation berween protec-
tive immunity and malaria infection.

No serious adverse events during the studies were observed in
both cynomolgus and squirrel monkeys. Common adverse reac-
tions related to K3 ODN were rarely detected at administration
sites. Although empirical, the K3 ODN adjuvant formulation
exhibited an adequate safety profile, justifying further studies to
evaluate humoral and cellular responses in humans. A number of
clinical trials looking at CpG ODN formulations have been ini-
tiated in the field of malaria vaccine development. Formulations
of K-type ODN, CpG 7909, with MSP1 and AMALI effectively
boost antigen-specific IgG levels and demonstrate an adequate
safety profile.? In clinical trials for hepatitis B (Engerix-B) and
flu (Fluarix) vaccines, enhanced safety and immunogenicity of
CpG 7909 formulations have been reported.***

In conclusion, our study demonstrates that the formulation
of K3 ODN with SE36/AHG can result in the improvement of

immune response.
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Figure 3. Trends in SE36-specific IgG antibody titers from cynomol-
gus monkeys after the mimic challenge infection. Crude extract was -
administered on day 583, and sera from each monkey were collected
on day 583 {week 0), weeks 1 and 2. Median titers are represented by
closed circles (SE36/AHG), triangles (SE36/AHG with K3 ODN), squares
(SE36/AHG with D35 ODN) and diamonds (SE36/AHG with sHZ). Ranges
are shown by bars, Statistical analysis at each timepoints {week 1 and
2) was performed using non-parametric ANOVA (Kruskal-Wallis) with
Dunn's post-hoc test. i

Materials and Methods

Animals, immunization and infection. A total of 12 cyno-
molgus monkeys (Macaca fascicularis) were obtained from
Tsukuba Primate Research Center (TPRC), National Institute of
Biomedical Innovation (NIBIO) and randomly assigned to four
groups (n = 3/group). Animals were immunized subcutaneously
on days 0, 22, 101 and 365 of our study with a mixture of 10
g of SE36 and 125 pg of AHG with and without 500 pg of
K3 ODN or D35 ODN in a total volume of 1 ml, or with 1.5
mM sHZ in a total volume of 1 ml. The SE36 antigen and AHG
adjuvant were GMP-quality”® and K3 and D35 ODNs and sHZ
adjuvants were prepared specifically for this study. K3 and D35
were prepared as GMP quality by Gene Design Inc. and sHZ was
prepared under sterile conditions with non-detectable endotoxin
levels determined by LAL assay.

A total of seven squirrel monkeys (Saimiri sciurens) were pur-
chased from PETSUN Co., Ltd. and randomly assigned to three
groups: SE36/AHG (n = 2); SE36/AHG with K3 ODN (a =
3); and AHG with K3 ODN group (n = 2). These animals were
subcutaneously immunized twice at a 3-week interval with a
combination of 10 pg of SE36, 125 g of AHG with or without
500 pg of K3 ODN in a total volume of 0.5 ml. The monkeys
were splenectomized before inoculation. Nine weeks after the
first immunization, parasite chaﬂenge experiments were done
using the live [PC/Ray strain® (5 x 10% infected red blood cells)
introduced intravenously in the saphenous vein, Parasitemia was
monitored daily by counting 5,000 RBCs in Giemsa-stained thin
blood smears. Drug rrearment was commenced at Day 14, and in
cases where parasitemia surpassed the set threshold parasitemia
(40%) during the experimental period, the animal was eutha-
nized to avoid sequelae, such as severe malaria, in accordance
with the guidelines for animal welfare and care (Guidelines
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Figure 4. Vaccine trial in squirrel monkeys. (&) Time-course analysis of SE36-specific IgG antibody titer. Animals were administered 10 g of SE36, 100
‘jug of AHG and/or 500 p.g of K3 ODN at'6 and 9 weeks (thin arrows) before the challenge infection (bold arrow). (B) Time-course analysis of parasit-
emia, Parasite densities were measured up to 14 d after infection. Left Y-axis shows parasitemia and right Y-axis shows SE36-specificlgG antibody, -
titers. Bold arrow shows the challenge infection. Dotted lines show the SE36-specific 1gG antibody titers as in (A). In (R) and (B), light gray area shows
duration of parasitemia measurement. The term "dt” denotes a monkey that was euthanized, or died owing to acute conditions. Groups are repre- -
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for the Animal Care and Management of TPRC, NIBIO). All
experimental protocols were approved by the Animal Welfare
and Animal Care Commirttee at TPRC, NIBIO where animals
were housed and handled. The vaccination schedule was identi-
cal to GLP studies and clinical trials for SE36 malaria vaccine.”

All experimental protocols were approved by the Animal
Welfare and Animal Care Committee at TPRC, NIBIO. All ani-
mals were housed and handled in accordance with the Guidelines
for Laboratory Animals at TPRC, NIBIO.

Adjuvants. The following human-type CpG ODNs were
used: K3 ODN (ATCGACTCTCGAGCGTTCTC) and D35
ODN (GGrgcatcgatgcaggggGG). Bases shown in uppercase are
phosphorothioate, and those in lowercase are phosphodiester,
with CpG dinucleotides underlined.”® These ODNs were pur-
chased from GeneDesign Inc. The sHZ was purified from hemin
chloride using the acid-catalyzed method to produce smaller and
homogenous crystals as previously described.2>4344

Antibody detection by indirect enzyme-linked immuno-
sorbent assay (ELISA). An optimized concentration (1 pg/ml)
of the recombinant SE36 antigen in carbonate/bi-carbonate
buffer (pH 9.6) was used to coat wells of a 96-well MaxiSorp
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NUNC-Immuno plate (Nunc, Catalog number: 442404) over-
night at 4°C. Plates were washed and blocked with 5% skim milk
in phosphate-buffered saline (PBS) containing 0.05% Tween
20 for 2 b at room temperature. Cynomolgus monkey IgG was
detected using horseradish peroxidase (HRP)-conjugated anti-
monkey IgG (whole molecule) antibody produced in rabbit
(Sigma-Aldrich, Catalog number: A2054). Squirrel monkey IgG
was detected using anti-squirre] monkey IgG polyclonal antibody
produced in rat (a kind gift from Dr. T. Tachibana) and HRP-
conjugated anti-rat IgG (whole molecule) antibody produced
in rabbit (Sigma-Aldrich, Catalog number: A5795). Color was
developed using a TMB microwell peroxidase substrate (KPL,
Catalog number: 50-76—00). The reaction was stopped with 1
M H,SO,. Absorbance was measured at 450/540 nm within 30
min using a SpectraMax 340PC** Microplate Reader (Molecular
Devices).

Detection of Cytokines. PBMCs of cynomolgus monkeys
were purified by Ficoll-Hypaque (GE Healthcare, Catalog num-
ber: 17-1440-02) gradient centrifugation from blood samples
obtained at days 36 and 378. Isolated cells were stimulated with
GMP-quality SE36 antigen or PBS at 37°C for 24 h. Cytokine

Volume 9 Issue 2

—159—



concentrations in the culture supernatant were determined using
a Milliplex Non-Human Primate Cytokine Panel - Premixed 23
Plex (Millipore, Catalog number: MPXPRCYTO40KPX23).

Immunostimulation using crude extracts of P. falciparum.
All cynomolgus monkeys were subcutaneously injected on Day
583 with 100 p.l of crude 3D7 parasite lysate (21.5 mg/ml). Blood
samples were drawn at 0 (Day 583), 1 and 2 weeks later and the
amount of SE36-specific IgG antibodies measured by ELISA.

Statistical analysis. Comparisons of IgG titer data among
groups of monkeys were performed by non-parametric ANOVA
(Kruskal-Wallis) with Dunn’s post-hoc test. Comparisons of
cytokine levels between two groups were performed by non-
parametric Mann-Whitney U test. Statistical analyses were per-
formed using the Graphpad Prism 5 software package.
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BACKGROUND & AIMS: Host cell lipid rafts form a
scaffold required for replication of hepatitis C virus
(HCV). Serine palmiroyltransferases (SPTs) produce
sphingolipids, which are essential components of the
lipid rafts that associate with HCV nonstructural
proteins. Prevention of the de novo synthesis of sphin-
golipids by an SPT inhibitor disrupts the HCV replication
complex and thereby inhibits HCV replication. We
investigated the ability of the SPT inhibitor NASOS
to prevent HCV replication in cells and mice. METHODS:
We tested the ability of NA808 to inhibit SPT’s
enzymatic activity in FLR3-1 replicon cells. We used a
replicon system to select for HCV variants that became
resistant to NA808 at concentrations 4- to 6-fold the
50% inhibitory concentration, after 14 rounds of cell
passage. We assessed the ability of NA8O8 or telaprevir
to inhibit replication of HCV genotypes la, 1b, 2a, 3a,
and 4a in mice with humanized livers (transplanted
with human heparocytes). NA808 was injected intrave-
nously, with or without pegylated interferon alfa-2a and
HCV polymerase and/or protease inhibitors. RESULTS:
NAB08 prevented HCV replication via noncompetitive
inhibition of SPT; no resistance mutations developed.
NA808 prevented replication of all HCV genotypes
tested in mice with humanized livers. Intravenous
NAS808 significantly reduced viral load in the mice
and had synergistic effects with pegylated interferon
alfa-2a and HCV polymerase and protease inhibitors.
CONCLUSIONS: The SPT inhibitor NA808 prevents
replication of HCV genotypes 1a, 1b, 2a, 3a, and 4a in
cultured hepatocytes and in mice with humanized
livers. It might be developed for treatment of HCV
infection or used in combination with pegylated
interferon alfa-2a or HCV polymerase or protease

inhibitors.

Keywords: Direct-Acting Antiviral Agents; DAAs; HCV
Lifecycle; Drug,.

H epatitis C virus (HCV) is a major cause of morbidity,
affecting approximately 170 million people world-
wide.! In many cases, HCV results in a persistent infection
that evades the host immune response, leading to chronic
liver disease, chronic hepatitis, cirrhosis, and hepatocel-
lular carcinoma.”

The current therapy for chronic hepatitis C is a com-
bination of weekly injections of pegylated interferon alfa-
2a (PEG-IFN) and twice-daily oral doses of ribavirin (RBV).
Unfortunarely, this combination therapy has limited effi-
cacy and significant side effects.>® Although the HCV
NS3/4A protease inhibitors telaprevir and SCHS503034
(boceprevir) are approved for the treatment of chronic
HCV infection, these compounds must be combined with
the current standard of care to be efficacious, and they
cannot cure all infected individuals, including IFN-
intolerant patients.s""7 Therefore, antiviral combinations
that can achieve superior sustained virologic response
without the use of IFN or RBV are needed.

IFN-free combinations of direct-acting antiviral agents
(DAAs) have been tested for clinical use as novel anti-HCV
therapies.” ' Emerging data suggest that DAAs, including
NS3/4 serine protease inhibitors, NSSB RNA-dependent
RNA polymerase inhibitors, and NS5A inhibitors, when
used in combination, can achieve significant antiviral ac-
tivity, but might select for resistance, which can become a
primary cause of treatment failure in clinical studies,
especially in difficule-to-treat HCV genotypes.®” Addition-
ally, differences in HCV genotypes can result in reduced
antiviral activities of certain DAAs and DAA combina-
tions."! Therefore, development of additional antiviral
agents with diverse resistance profiles and efficacy against a
wide spectrum of HCV genotypes is necessary. Major

*Authors share co-first authorship.

Abbreviations used in this paper: cDNA, complementary DNA; DAA,
direct-acting antiviral agent; HCV, hepatitis C virus; 1C5, 50% inhibitory
concentration; PCR, polymerase chain reaction; PEG-IFN, pegylated
interferon alfa-2a; RBV, ribavirin; SPT, serine palmitoyltransferase.
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efforts are underway to identify novel inhibitors and DAA
combinations with a high barrier to resistance for the
treatment of HCV infection.

We identified a novel class of serine palmitoyltransferase
(SPT) inhibitors derived from fungal metabolites that
exhibited HCV replication-inhibiting activity.'> HCV
replication occurs on host cell lipid rafts that form a
scaffold for the HCV replication complex. Sphingolipids,
the downstream products of SPT action, are essential
components of lipid rafts associated with HCV non-
structural proteins on this microdomain. Prevention of
the de novo synthesis of sphingolipids by an SPT inhibitor
disrupts the HCV replicarion complex and thereby inhibits
HCV replicarion. This unique mechanism of host enzy-
me—targeted viral inhibition was hypothesized to have
potential for a high barrier to resistance and for antiviral
activity across different HCV genotypes. We identified a
novel compound, NA808, which is a derivative of the
previously described compound NA255 with further
improved properties, including improved replicon potency
from a 50% effective concentration of 2 nM for NA255 to a
50% effective concentration of 0.84 nM for NA808."?

Here, we report the effectiveness of NA808 alone and in
combination with DAAs. We used chimeric mice with
humanized liver infected with HCV genotype 1a, 1b, 2a,
3a, and 4a to evaluate the potential of NA808 as a novel
host-targeted HCV inhibitor.

Materials and Methods
Compounds

NAS08 and telaprevir were synthesized by Chugai Phar-
maceutical Co., Ltd. (Tokyo, Japan). PEG-IFN was purchased
from Chugai Pharmaceutical Co., Ltd. Non-nucleoside poly-
merase inhibitor, HCV-796, and nucleoside polymerase inhibitor,
RO-9187,"° were synthesized by F. Hoffmann-La Roche Ltd.
(Basel, Switzerland).

Development of Drug-Resistance Mutations in
HuH?7 Cells Harboring Subgenomic Replicon

The HCV subgenomic replicon cell line R6 FLR-N'
(genotype 1b, HCV-N) was cultured with GlutaMax-I (DMEM-
GlutaMax-I; Invitrogen, Carlsbad, CA) containing 10% fetal bovine
serum in the presence of 0.5 mg/mL G418 and 48—72 nM NA808
or 1.8—2.7 uM telaprevir at a concentration of 4—6 times the 50%
inhibitory concentration (ICsq) value for 14 passages. For the
replicon assay, cells were seeded in 96-well tissue culture plates, and
a 3-fold gradual dilution of NA8OS or telaprevir in 5% fetal bovine
serum supplemented GlutaMax-I was added. Serial dilutions of
both compounds were prepared from the stock solutions dissolved
in dimethyl sulfoxide at a concentration of 1 mM for NA808 and
50 mM for telaprevir. Luciferase activity was determined with a
Steady-Glo luciferase assay kit (Promega, Madison, WT).

Deep Sequencing of HCV Genomes From
Genotype 1b Replicon Cells and Genotype
la— Infected Chimeric Mice

Deep sequencing of the HCV coding sequences was
performed by using the GS Junior System (Roche Diagnostics,

GASTROENTEROLOGY Vol. 145, No. 4

Mannheim, Germany), according to manufacturer’s instructions.
First, the acid guanidinium thiocyanate-phenol-chloroform
extraction method was used to extract total RNA from the R6
FLR-N replicon cells after 14 passages with telaprevir or NA808
at a concentration of 6 times the ICs, value, or from the liver
tissue of HCV-infected chimeric mice that were treated with or
without NA808 for 14 days. Complementary DNA (cDNA) was
then synthesized from the total RNA with random primers by
using Superscript III Reverse Transcriptase (Invitrogen, Life
Technologies, Carlsbad, CA). The sequence of nucleotides
3429—9727 of the HCV genotype 1b replicon (R6NRz) genome
or nucleotides 325-9381 of the HCV genotype la (HCGY)
genome, including all of the HCV protein coding sequence, was
divided into several segments of 1.5—3 kb with overlapping re-
gions. Four segments of the genotype 1b replicon genome were
amplified from the ¢cDNA by polymerase chain reaction (PCR)
with specific primers (Supplementary Table 2), and 7 segments of
the genotype la (HCGY) genome were amplified from the cDNA
by nested PCR with the indicated primers (Supplementary
Table 3) by using PrimeSTAR GXL DNA Polymerase (TaKaRa
Bio, Shiga, Japan). The amplified segments of HCV ¢cDNA were
purified from 1% agarose gels by using a MinElute Gel Extraction
Kit (Qiagen, Valencia, CA) and quantified by measuring absor-
bance at 260 nm with a NanoDrop 1000 Spectrophotometer
(Thermo Scientific, Wilmington, DE).

The cDNA segments covering the coding sequence of HCV
were then pooled together at approximately equimolar ratios.
The Covaris S220 system (Covaris, Woburn, MA) was used to
shear 500 ng of the pooled cDNA into 700- to 800-bp fragments.
The sheared cDNA fragments were purified with the MinElute
PCR Purification Kit (Qiagen), ligated with RL MID adaptors
(Roche Diagnostics) to prepare the multiple cDNA libraries, and
further purified with Agencourt AMPure XP beads (Beckman
Coulter, Brea, CA). The quality and quantity of the libraries were
assessed by using an Agilent 2100 Bioanalyzer (Agilent Tech-
nologies, Santa Clara, CA) and the KAPA Library Quantification
Kit (Nippon Genetics, Tokyo, Japan), respectively. The libraries
were then subjected to emulsion PCR, and enriched DNA beads
(approximately 10% recovery) were loaded onto a picotiter plate
and pyrosequenced with a GS Junior sequencer by using tita-
nium chemistry (Roche Diagnostics). Several libraries derived
from the HCV genomes generated by different treatments were
sequenced in a single GS Junior run. The data obtained were
analyzed by the GS Reference Mapper software (Roche Di-
agnostics) to identify resistant mutations.

SPT Assay

Crude extracts of the HCV subgenomic replicon cell line
FLR3-1'? (genotype 1b, Con-1) were used as a source of SPT in
this assay. Briefly, FLR3-1 cells were suspended in HSS buffer
(10 mM HEPES-KOH, 25 mM sucrose, and 0.1% sucrose mon-
olaurate) containing 1/100 volume of protease inhibitor cockrtail
(Sigma, St Louis, MO) and sonicated 10 times with short pulses.
After centrifugation at 10,000 rpm for 10 minutes, the super-
natant was stored at —80°C until use. Crude extract of FLR3-1
cells was added to 0.015 mL of a reaction mixture containing
200 mM HEPES buffer (pH 8.0), S mM EDTA, 10 mM dithio-
threitol, 0.05 mM pyridoxal 5-phosphate, 0.05 mM palmitoyl-
CoA, and 0.06 mM L-[**CJserine in the presence of NA80S.
After a 15-minute incubation at 37°C, 0.3 mL chloroform/
methanol (1:2, v/v), 0.1 mL phosphate-buffered saline, and
0.1 mL chloroform were added and mixed well. The extracts were
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spotted on TLC plates and chromatographed. Radioactive spots
were evaluated by using a Bio-imager.

Infection of HCV Genotype 1a, 1b, 2a, 3a, and
4a in Chimeric Mice With Humanized Liver

Chimeric mice were purchased from PhoenixBio Co., Ltd.
(Hiroshima, Japan). The mice were generated by transplanting
human primary hepatocytes into severe combined immunodefi-
cient mice carrying the urokinase plasminogen activator trans-
gene controlled by an albumin promoter (Alb-#PA). HCG9
(genotype la, GenBank accession number AB520610), HCR6
(genotype 1b, AY045702), HCR24 (genotype 2a, AY746460),
HCV-TYMM (genotype 3a, AB792683), and HCVgenotype4a/KM
(genotype 4a, AB795432) were intravenously injected into the
chimeric mice with humanized liver at 10* (for HCR6, HCR24,
HCV-TYMM, and HCVgenotypeda/KM) or 10° (for HCR6 and
HCGY) copies/mouse. After 4 weeks, the HCV RNA levels in the
mice sera had reached approximately 10° copies/mL for HCG9
and HCV-TYMM and approximately 107 copies/mL for HCRS6,
HCR24, and HCVgenotype4a/KM. The protocols for animal ex-
periments were approved by our institutional ethics committee.
The animals received humane care according to National In-
stitutes of Health guidelines. Patients gave written informed
consent before collection of blood or tissue samples.

Administration of NA808 and/or PEG-IFN,
Telaprevir, HCV-796, RO-9187 into HCV-
Infected Chimeric Mice With Humanized Liver

Treatment was started 12 weeks after HCV inoculation
and continued for 14 days. Each treatment group contained at
least 3 animals. NA808, PEG-IFN, R0-9187, HCV-796, and
telaprevir were administered alone or in combination to chimeric
mice infecred with HCV genotype la (HCGY), genotype 1b
(HCR®), genotype 2a (HCR24), genotype 3a (HCV-TYMM), or
genotype 4a (HCVgenotyped4a/KM). Blood samples and liver
samples were collected according to the protocols shown in
Supplementary Table 1. All DAAs were used at suboptimal doses
to allow the demonstration of synergy when administered in
combination therapy.

Quantification of HCV RNA by Real-Time
Reverse Transcription PCR

Total RNA was purified from 1 pL chimeric mouse
serum by using SepaGene RV-R (Sanko Junyaku Co., Ltd.,
Tokyo, Japan) and total RNA was prepared from liver tissue by
the acid guanidinium thiocyanate-phenol-chloroform extraction
method. HCV RNA was quantified by quantitative real-time PCR
using techniques reported previously.'® This technique has a
lower limit of detection of approximately 4000 copies/mL for
serum. Therefore, all samples in which HCV RNA was unde-
tectable were assigned this minimum value.

Statistical Analysis

Statistical analysis was performed using the Student
t test. A P value <.05 was considered statistically significant.

Results
In Vitro Characteristics of NA80S

NAB808 (Figure 14), a derivative of NA2SS isolated
from fungal metabolites of Fusarium incarnatum F1476

ANTI-HCV ACTIVITY OF SPT INHIBITOR WITH DAAS 867

demonstrated potent antiviral activity in HCV genotype
1b replicon cells with no apparent cellular toxicity under
the assay conditions (Supplementary Figure 1A) and
decreased HCV propagation in genotype 2a HCVce-
producing cells (Supplementary Figure 1C). NA255 is a
selective inhibitor of SPT that inhibits HCV replication by
suppressing the biosynthesis of sphingolipids that are
required for HCV replication in replicon cells.'* NA808
also inhibited the de novo synthesis of sphingolipids
(Supplementary Figure 1B). According to the resulting
Lineweaver-Burk plot of SPT inhibition in a replicon cell
lysate, NA808 exhibited a noncompetitive inhibition
pattern (Figure 1B). These findings suggest that NA808
inhibits HCV replication activities through the prevention
of sphingolipid biosynthesis by a noncompetitive inhibi-
tion mechanism of SPT.

NAB08 Shows a High Barrier to Resistance

In Vitro

To evaluate the potential development of resistance
to NAS8OS, replicon cells (R6 FLR-N) were cultured in the
presence of both G418 and NA80S at a concentration of 4
to 6 times the ICsy for 14 passages. Obvious changes in
drug sensitivities to NA808 were not observed in these
continuously treated replicon cells (Figure 24), and the
ICsp values were 18.9 nM (no treatment), 14.3 nM (treat-
ment with 4 times the ICs), and 19.8 nM (treatment with
6 times the ICsp). In contrast, there was a 5- to 17-fold
increase of the ICsq values for telaprevir, an NS3/4 serine
protease inhibitor, in replicon cells treated with 4 to 6
times the ICso of telaprevir for the same duration
(Table 1). The coding sequences of NS3 to NSSB from
the replicon system after 14 passages with telaprevir or
NAB808 were determined by using deep sequencing. The
sequences obtained at the 14th passage with telaprevir
contained 3 known protease inhibitor resistance muta-
tions (V36A, T54V, and A156T)'® and NS5 region
(Q181H, P223S, and S417P) (Table 2), suggesting that the
increase in ICsq with telaprevir was accompanied by a shift
in viral sequence. In contrast, no significant mutations
were found in the 147 passage with NA808. Continuously
treated replicon cells developed resistance to telaprevir,
but not to NA8S0S.

Anti-HCV Activities of NA808 in Chimeric

Mice With Humanized Liver Infected With

HCV

To evaluate the anti-HCV effect of NA80S in vivo,
we used chimeric mice with humanized liver infected with
HCV genotype la (HCGY) or 1b (HCR6). The chimeric
mice with humanized liver were immunodeficient trans-
genic uPA/severe combined immunodeficient mice with
reconstituted human liver; this mouse model supports
long-term HCV infections at clinically relevant titers.

We administered NA808 via intravenous injection ac-
cording to the schedule shown in Supplementary Table 1. In
mice infected with HCV genotype la, NA808 (5 mg/kg/d)
led to a rapid decrease in serum HCV-RNA (approximately a
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2-log decrease within 14 days) (Figure 2B). A similar decrease
in serum HCV-RNA occurred in mice infected with HCV
genotype 1b that were treated with NA808 (5 mg/kg/d)
(Figure 2D). NA80S also reduced hepatic HCV-RNA at the
end of the treatment period in a dose-dependent manner
(Figure 2C and E). These results indicate that NA808 has a
robust antiviral effect in chimeric mice with humanized liver
infected with HCV genotype la or 1b. The most effective
dose was 5 mg/kg/d in both genotype la— and genotype
1b—infected mice; therefore, we used this dose for further
experiments. To address whether NA808 had antiviral ac-
tivity across HCV genotypes, chimeric mice infected with
various strains of HCV were treated with 5 mg/kg of NA808
for 14 days, and then the HCV-RNA levels in the sera were
evaluated. Inoculation with several HCV strains, HCG9

control marker.

(genotype 1a), HCR6 (1b), HCR24 (2a), HCV-TYMM (3a),
and HCVgenotypeda/KM (4a), resulted in HCV titers in the
sera of mice of approximately 10° (HCGY9 and HCV-
TYMM) and 107 (HCR6, HCR24 and HCVgenotypeda/
KM) copies/mL, respectively (Supplementary Figure 2, and
as described previously'”). At 14 days after administration,
NABO08 treatment resulted in approximately 1- to 3-log re-
ductions of serum HCV-RNA in each genotype-infected
group (Figure 2F). Human serum albumin levels were not
changed during the administration period (data not
shown), suggesting that the anti-HCV activity of NA808
against several genotypes occurred without any overt
toxicity. NA808 was effective and well tolerated in chimeric
mice with humanized liver infected with several genotypes
of HCV.
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Deep Sequencing of HCV Genotype 1a From

Chimeric Mice With Humanized Liver

Full-genome sequence analysis of HCV in the
humanized-liver mouse model after 14 days of NA808
administration was performed. The viral RNA was extracted
from liver tissues of humanized-liver mice, amplified
by using the primer sets shown in Supplementary Table 3

Table 1. Changes in Drug Sensitivities of HCV Replicon Cells
After the 14™ Passage in the Presence of NASOS or

1,8 moikg} {3 myikg) {8 molkg)

Telaprevir
Drug No treatment 1Cso x4 1C50%6
NA8OS8 (nM) 18.9 £+ 2.82 14.3 + 5.52 19.8 + 7.86
Telaprevir (uM) 0.39 + 0.022 2.14 + 0.019 6.48 + 1.30

Data are indicated as mean + SD.

Oiays after administeation

and sequenced with the Roche/454 GS Junior sequencer
by using titanium chemistry. We obtained 43,911 and
68,272 sequence reads for HCV genomes from untreated
mice and from NA808-treated mice, respectively. The
sequences were determined by comparing with the
HCGY reference sequence (GenBank accession number
AB520610). As a result, the viral sequences from NA808-
treated mice were identical to those from untreated mice.

Synergistic Effects of NA808 With PEG-IFN or

DAAs in Chimeric Mice Infected With HCV

The in vivo synergistic effects of NA808 combined
with PEG-IFN on HCV replication were investigated by
using chimeric mice with humanized liver infected with
HCV genotypes 1la, 2a, and 4a. NA808 was administered
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Table 2. Summary of Mutation Frequencies Detected by Using
Deep Sequencing for NA8OS- or Telaprevir-Treated
Replicon Cells

Drug Treatment Mutation  Region Frequency (%)
Telaprevir 1C50x6, 14 passages V36A NS3 18.1
154V NS3 26.9
A156T NS3 129
Q181H NS5A 25.2
P223S NS5A 23.3
S417P NSSA 15.8

NAB08

Nucleotide sequences based on deep sequencing of NS3 to NS5B region
from NABOS8- or telaprevirtreated replicon cells are compared with un-
treated controls, and amino acid mutations are shown.

IC50x 8, 14 passages Not detected

intravenously with or without subcutaneous injection of
PEG-IFN for 14 days. In mice infected with HCV genotype
la, the combination therapy of NA808 with PEG-IFN led
to a rapid decrease in serum HCV-RNA of about 4-log
within 10 days (Figure 3A), and monotherapy with
NA808 and PEG-IFN achieved about a 2-log and 1-log
decrease, respectively (Figure 4A). The levels of serum
HCV-RNA were also significantly reduced in genotype 2a-
and 4a—infected chimeric mice that received the combi-
nation treatment (Figure 3A). Although sensirivities to the
combination treatment varied according to HCV genotype
(1a, 2a, or 4a), the serum HCV-RNA level eventually fell
below the level of detection in all mice treated with the
combination of NA808 and PEG-IFN (Figure 3A); this
result was consistent with the significant reductions in
hepatic HCV-RNA levels at day 14 (Figure 3B).

To determine if NA808 has a synergic effect with
DAAs, we examined combination treatment with NS5B
nucleoside inhibitor, RO-9187,'* NS5B polymerase non-
nucleoside inhibitor, HCV-796, or NS3/4A protease in-
hibitor, telaprevir, in HCV genotype la- or lb-infected
chimeric mice. Oral administration of once-daily 1000
mg/kg RO-9187, 100 mg/kg HCV-796, or 400 mg/kg
telaprevir had only very limited effects or no apparent
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effects on serum HCV-RNA levels during the 14 days of
treatment (Figure 4B, C, and D). However, the combi-
nation therapy of NA808 with RO-9187, HCV-796, or
telaprevir led to decreases in serum HCV-RNA levels of
about 2.6-log, 3.5-log, and 2.5-log, respectively, within
14 days (Figure 4B, C, and D); these reductions were all
in excess of viral load reductions achieved by treatment
with NA808 (5 mg/kg) alone. After 28 days of combi-
nation treatment with NA808 and telaprevir, serum
HCV-RNA levels were reduced by 10*fold (data not
shown). These data suggest that NA808 has synergistic
antiviral effects with HCV enzyme-targeted drugs in vivo,
regardless of the targeted enzyme. The combination
therapy of NA80S with telaprevir and HCV-796 resulted
in up to a 4.7-log reduction of serum HCV-RNA within
14 days (Figure 4D). At the end of the treatment, hepatic
HCV-RNA levels were also reduced, correlating with the
reduction of serum HCV-RNA (Figure 4E).

Pharmacokinetics Data of Chimeric Mice

Treated With NASOS

We measured the plasma concentration of NA808
in humanized-liver mice at 24 hours after 14 days of treat-
ment. The plasma concentrations of NA808 at trough level
were 0.510 £ 0.517 nmol/L (1.5 mg/kg), 0.446 + 0.163
nmol/L (3 mg/kg), and 1.44 £ 1.07 nmol/L (5 mg/kg),
respectively (Table 3). Obvious toxicological findings in gen-
eral conditions were not observed at any doses. We selected
1.4 nmol/L as an effective trough level of NA808 in vivo.

Discussion

The current treatment regimen for HCV infection
is combination therapy with PEG-IFN and RBV; however,
this combination therapy has limited efficacy and is not
well tolerated in many patients due to its systemic side-
effect profile.>* Although the HCV NS3/4A protease in-
hibitors telaprevir and SCHS503034 (boceprevir) have been
recently approved for the treatment of chronic HCV

R
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Figure 3. Antiviral effect of combination treatment of NA808 with PEG-IFN on HCV-infected chimeric mice. {A) Time course of serum HCV-RNA
levels in chimeric mice infected with genotype 1a, 2a, or 4a and treated with a combination of NA808 (5 mg/kg/d, intravenously) and PEG-IFN
(80 ng/kg/twice weekly, subcutaneously). HCV-RNA levels one day before administration are shown in black bars. (B) HCV-RNA levels in the
liver 14 days after the initiation of combination therapy with NA808 and PEG-IFN. Error bars = SD. *P < .05; *P < .01.
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infection, these compounds need to be combined with the
current standard of care.” Therefore, the ultimate goal of
developing a therapy for chronic hepatitis C is likely to
combine HCV enzyme-targeting agents without the use of
IFN or RBV. Currently, combination therapies of DAAs,
such as NS3/4 serine protease inhibitors, NSSB RINA-

Table 3. Plasma Concentration of NA808 in Humanized-Liver
Mice at 24 Hours After Last Dosing

Dose Concentration (nmol/L)*
1.5 mg/kg 0.510 £ 0.517
3.0 mg/kg 0.446 + 0.163
5.0 mg/kg 1.44 + 1.07

?Data are indicated as mean % SD.

dependent RNA polymerase inhibitors, and NS5A in-
hibitors, are being tested in clinical trials; however, the
emergence of resistance mutations limits the efficacy of
these therapies.®” In addition, the antiviral activities of
DAAs are reduced for certain HCV genotypes.'' Additional
antiviral agents with high barriers to resistance and potent
antiviral activities against a wide variety of HCV genotypes
are necessary to establish robust and effective antiviral
combination therapies without the use of IFN or RBV.
The infection and replication process of HCV can use not
only NS3, NS4, and NSS proteins, but also several known
and unknown host protein factors. Drugs thart rarget host
protein factors could provide therapies against HCV with
a high barrier to resistance.
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In the present study, we evaluated the anti-HCV activity
of NA808, a novel host SPT inhibitor in vitro and in vivo.
The inhibitory activity of NA808 is attributed to the in-
hibition of the cellular enzyme SPT, which is necessary for
viral replication. The mode of action of NA255, a lead
compound of NA808, is the disruption of the scaffold
where the HCV replication complex forms on host cellular
lipid rafts.’> NA808 potently inhibits the de novo
biosynthesis of cellular sphingolipids, such as ceramide
and sphingomyelin, in a dose-dependent manner
(Supplementary Figure 1B). We have recently reported that
NA808 influences sphingolipid metabolism in host cells
along with its biosynthesis and that sphingomyelin, a
type of sphingolipid, plays a multifaceted role in the HCV
life cycle.'® Additionally, the alteration of sphingolipid
metabolism contributes to virion maturation and infec-
tivity in the JFH-1 culture system.w These results suggest
that NA80S affects many phases of the life cycle, including
entry, replication, and maturation. It seems that these
diverse working points in the HCV life cycle along with the
differentials of the target site could be a reason for the
enhanced anti-HCV activity of combination treatment
with NA808 and DAAs.

Mpyriocin, another SPT inhibitor, strongly reduces the
exptression of hemagglutinin and neuraminidase of influ-
enza virus glycoproteins and inhibits the release of virus
particles from infected cells.”” The mechanism of inhibi-
tion involves the sphingomyelin biosynthetic pathway,
which plays a critical role in the generation of influenza
virus particles. In another report, Miller et al found that
ebola virus particles strongly associate with the
sphingomyelin-rich regions of the cell membrane and that
depletion of sphingomyelin reduces ebola virus infec-
tion®! Lipid rafts, sphingolipid-enriched membrane
microdomains, are involved in the entry, assembly, and
budding of various types of viruses other than HCV,
including several viruses with a serious public health
concern. SPT inhibitors, such as NA808, have the potential
to affect the life cycle of the other families of viruses and
provide therapeutic options for these difficult-to-treat viral
infections via the inhibition of sphingolipid biosynthesis
and modification of its metabolism, as described here.

Based on the mechanism of action, NA808 could be
anticipated to have antiviral activity against a wide variety
of HCV genotypes as compared with DAAs. To estimate
the effects of NA808 in DAA combination therapy without
the use of IFN or RBV, a combinatorial treatment with
NAS808 and NSSB polymerase inhibitors and/or NS3/4A
protease inhibitors was evaluated in chimeric mice with
humanized liver infected with HCV. Both non-nucleoside
inhibitors and nucleoside inhibitors of NS5B are currently
being tested in clinical trials, and the most advanced
protease inhibitors, such as telaprevir, are linear com-
pounds and are currently on the marker; several macro-
cyclic compounds are being tested in clinical trials.'"**72°
Monotherapy with the non-nucleoside polymerase inhib-
itor, HCV-796, showed less than a 0.5 log;o reduction of
serum HCV RNA levels, while a combined treatment with

GASTROENTEROLOGY Vol. 145, No. 4

NAB808 reduced the HCV titer by 1000-fold from the initial
serum levels. This effect was higher than the effect of
NAS808 alone and higher than the sum of NA808 and
HCV-796 monotherapy effects, suggesting synergistic
antiviral efficacy. A similar effect was observed by combi-
nation of NA808 with nucleoside polymerase inhibitor,
RO-9187, as shown in Figure 4B. The maximum re-
ductions in HCV RNA are mediated by triple combina-
torial treatment and the significant in vivo anti-HCV
activity with combination treatment is also observed
when NAS808 is combined with PEG-IFN. These observa-
tions suggest that NA808 may have synergistic antiviral
activity with various classes of anti-HCV agents, regardless
of their inhibition mechanism, due to the unique host
enzyme-targeted mechanism of action. In addition, NA808
could be expected to show a higher barrier to the devel-
opment of resistant clones. Deep-sequencing analysis
showed no evidence for the development of NA808 resis-
tance after 14 passages in HCV replicon cells, while
telaprevir treatment resulted in the selection of known
protease resistance mutations (V36A, T54V, and A156T)
(Table 2). The full-genome sequence of HCV obtained at
day 14 from HCV-infected humanized-liver mice treated
with NA808 for 14 days also showed no evidence for the
selection of resistance mutations, consistent with the viral
load kinetics (Figure 2B).

Host enzyme inhibition might be associated with
mechanism-related toxicities or side effects. Although more
thorough analyses of toxicity with NA808 are warranted,
NAS808 did not affect host cell viability in vitro under the
assay conditions used (Supplementary Figure 14), and it
was well-tolerated in vivo at the efficacious dose used. The
effective plasma concentration of NA808 at trough level
was approximately 1.4 nmol/L (Table 3), around 100 times
lower than rats that received 40 mg/kg NA80S at 24 hours
after injection (data not shown). No NA808-related
changes, including abnormalities of general conditions,
body weight decreases, and macroscopic or microscopic
changes were observed at this high dose in rats. Homozy-
gous knockout mice for sptlcl and sptlc2, subunits of SPT,
were embryonic lethal, and heterozygous mice showed no
phenotype.”® Mice with conditional sptlc2 knockout
showed necrotic lesions in gastrointestinal cells.”” The
highly selective distribution of NA808 to the liver can
contribute to limit potential systemic toxicities associated
with SPT inhibition by NA808.>®

In conclusion, NA808 mediates potent anti-HCV ac-
tivities in a variety of genotypes with an apparent high
barrier to resistance. Synergistic effects with PEG-IFN,
HCV protease, and/or polymerase inhibitors are ob-
served in chimeric mice with humanized liver infected
with HCV. These findings suggest that NA808 has po-
tential as a novel host-targeted drug in the treatment of
HCV infection. NA808 is considered a promising
candidate for DAA combination treatment without the
use of IFN or RBV to prevent the development of drug
resistance and effectively inhibit a wide spectrum of
HCV genotypes.
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4E-BP1 regulates the differentiation of white adipose tissue
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4E Binding protein 1 (4E-BP1) suppresses translation initiation. The absence of 4E-BP1 drasti-
cally reduces the amount of adipose tissue in mice. To address the role of 4E-BP1 in adipocyte
differentiation, we characterized 4E-BP1™/" mice in this study. The lack of 4E-BP1 decreased
the amount of white adipose tissue and increased the amount of brown adipose tissue. In 4E-
BP1™/~ MEF cells, PPARY coactivator 1 alpha (PGC-1t) expression increased and exogenous
4E-BP1 expression suppressed PGC-1a expression. The level of 4E-BP1 expression was higher
in white adipocytes than in brown adipocytes and showed significantly greater up-regulation
in white adipocytes than in brown adipocytes during preadipocyte differentiation into mature
adipocytes. The amount of PGC-1a was consistently higher in HB cells (a brown preadipocyte
cell line) than in HW cells (a white preadipocyte cell line) during differentiation. Moreover,
the ectopic over-expression of 4E-BP1 suppressed PGC-1la expression in white adipocytes, but
not in brown adipocytes. Thus, the results of our study indicate that 4E-BP1 may suppress
brown adipocyte differentiation and PGC-1a expression in white adipose tissues.

Introduction Signaling from growth factors, hormones, mito-

The translation of ecukaryotic messenger RINA gens and cytokines can cause hyp éirp.hosphorylation
(mRINA) requires a 7-methyl guanosine residue cap of 4E-BPs through the activation of either phospho-

i) : inocride 3. nase (P . .
structure at the 5’ end of the mRNA to which lvl:)ofuIl\C/}znts u(ﬁ)"e}l{ jﬂ;}asz 9871_312 (f\/iadzr ;” :;légé‘;()_S,
cukaryotic initiation factors (cIFs) can bind. In partic- ! e c o Lo 111?31:15 oA or
ular, the ribosomal subunits associated with eIF4G the serine/threonine kinase Akt/protein kinase B

and cap-bound eukaryotic initiation factor 4E (elF4E)
are required for cap-dependent translation. The
eIF4E inhibitory proteins (Pause ef al. 1994; Poulin
et al. 1998) and the eIF4E-binding proteins [4E bind-
ing proteins (4E-BPs)| prevent eIF complex forma-
tion by sequestering the available ¢IF4E (Haghighat
et al. 1995; Mader ef al. 1995).

Communicated by: Yo-ichi Nabeshima
*Correspondence: kkohara@agri.kagoshima-u.ac.jp
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(PKB) (Gingras ef al. 1998; Kohn et al. 1998; Dufner
et al. 1999; Takata et al. 1999). The phosphorylation
of 4E-BP1 is also dependent on the FKBP12-rapa-
mycin-associated protein/mammalian target of rapa-
mycin (FRAP/mTOR) kinase (Mendez ef al. 1996;
Brunn et al. 1997a,b; Hara ef al. 1997; Bumett el al.
1998; Gingras et al. 1998), which can be activated by
hormones such as insulin and amino acids such as
leucine (Proud 2004). Hyperphosphorylated 4E-BP1
subsequently abrogates interaction with e¢IF4E and
increases the rate of cap-dependent translation (Lin
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et al. 1994; Pause et al. 1994; Fadden ef al. 1997).
4E-BP1 is involved in endoplasmic reticulum (ER)
stress-induced apoptosis in pancreatic B cells through
transcription factor ARF4 (Yamaguchi et al. 2008).

We previously described a major role of 4E-BP1
in vivo, whereby an increase in the metabolic rate and
decrease in the amount of white adipose tissue
(WAT) were observed in male 4E-BP17™'" mice
(Tsukiyama-Kohara er al. 2001). Here, we have char-
acterized the role of 4E-BP1 in the regulation of adi-
pocyte differentiation and showed that its differential
effects in white and brown adipocytes occur through
the regulation of PGC-1a expression.

Results
Effects of 4E-BP1 on adipose tissues

The disruption of 4E-BP1 decreased the body
weight of 10- to 12-month-old mice (Fig. 1A,B),
whereby male 4B-BP17'7 mice were particularly
affected and had less WAT than wild-type (*'") mice
(Fig. 1C).

The histological characterization indicated previ-
ously that the amount of multilocular adipocytes that
were characteristic of brown adipose tissue (BAT)
was significantly increased in the inguinal WAT of
4E-BP177 mice (Tsukiyama-Kohara et al. 2001).

Effects of 4E-BP1 on PGC-1a expression

Expression of PGC-1a was previously shown to be
increased in BAT (Gomez-Ambrosi ef al. 2001); there-
fore, in the present study, PGC-la expression was
examined in WT (+/+) and knockout (7/7)
mouse embryonic fibroblasts (MEF, Fig. 2A.B), as

(A) Male Female (B)

Effect of 4E-BP1 on PGC-1a expression

well as in cells transfected with a 4E-BP1 expression
vector. The lack of 4E-BP1 significantly increased
PGC-1a levels, and exogenous over-expression of 4E~
BP1 significantly decreased PGC-1a levels in knock-
out cells.

Effects of 4E-BP1 on adipocyte differentiation

We further examined the role of 4E-BP1 in adipo-
cyte differentiation. A white preadipocyte cell line
(HW cells) and a brown preadipocyte cell line (HB
cells) (Irie et al. 1999) were differentiated into mature
adipocytes (Fig. 3A), and the induction profiles of
PGC-1a and 4E-BP1 were characterized during this
differentiation (Fig. 3B). The levels of 4E-BP! and
PGC-1a increased from day 0 to day 2; 4E-BP1
expression was consistently higher in HW cells than
in HB cells, and PGC-1a expression was higher in
HB cells than in HW cells during the 4 days of dif-
ferentiation. Treatment with norepinephrine (NE)
can induce the expression of uncoupling protein
(UCP) 1 (Irie et al. 1999), which is a BAT-specific
protein. We treated HW and HB cells with NE, but
it did not significantly influence the expression of
4E-BP1 or PGC-1o.

To examine the effect of 4E-BP1 over-expression,
transgene expression in HW and HB cells was char-
acterized (Fig. 4). In particular, the expression of
PGC-1a and 4E-BP1 was characterized in these cells
(Fig. 4A). Over-expression of 4E-BP1 significantly
suppressed the expression of PGC-1a in HW cells,
but not in HB cells (Fig. 4B). Ectopic over-expres-
sion of 4E-BP1 suppressed the differentiation of HW
preadipocytes (Fig. 4C) but did not significantly
influence the differentiation of HB preadipocytes
(data not shown). Thus, 4E-BP1 may decrease the

Male (C)

4+ -

[+

Figure 1 Decrease in adipose tissue in 4E-BP17/" mice. (A) Male and female wild-type (*’*y and 4B-BP17/ (/7 mice (age,
10-12 months). (B) Intraperitoneal view of wild-type (*'*) and 4E-BP17"(7") male mice. White adipose tissue (WAT) is indi-
cated by an arrow. (C) Inguinal (Ing.), retroperitoneal (Retro.) and epididymal (Epi.) fat pads of wild-type (+/+) and 4E-BP1™/~

(7"7) male mice.

© 2013 The Authors
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Figure 2 Expression of PGC-1a in wild-type (') and 4E-BP1™"" (""") MEF cells. (A) The 4E-BP1 expression vector and
control vector were transfected in cells, and expression was measured 2 days after transtection. (B) Quantification of PGCla pro-
tein expression in (*"*y or (7'7) MEF cells transfected with the control vector or 4E-BP1 expression vector. The average and
S.D. values of 3 samples are indicated. **P < 0.01 (two-tailed Student’s r-test).
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Figure 3 (A) Differential role of 4E-BP1 in adipocyte differentiation and the modulation of PGC-1a expression. Timeline of
preadipocyte (HB and HW cells) differentiation into mature adipocytes. (B) Expression of PGC-1a and 4E-BP1 in HW and HB
cells after differentiation for 0, 2 and 4 days. NE, norepinephrine (1 pm).

expression of PGC-1a and suppress adipocyte differ-
entiation in WAT but not in BAT (Fig. 4D).

Discussion

As reported in our previous study (Tsukiyama-Koha-
ra et al. 2001), the amount of WAT is significantly
decreased in male 4E-BP17"" mice. In the present
study, we have further showed that disruption of
4E-BP1 induces the over-expression of PGC-la.
Because previous studies have indicated that PGC-
1ot over-expression in white adipose cells induces

604 Genes to Cells (2013) 18, 602607

mitochondrial biogenesis and UCP-1  expression
(Puigserver et al. 1998; Wu ef al. 1999; Tiraby ef al.
2003), greater amounts of BAT might be present in
these male mice (Tsukiyama-Kohara ef al. 2001).
Moreover, we found that over-expression of 4E-
BP1 decreased the expression of PGC-la in a WAT
cell line but not in a BAT cell line. Our results also
showed that 4E-BP1 was more abundantly expressed
in the WAT cell line during differentiation, whereas
PGC-1at was more abundantly expressed in the
BAT cell line. Ectopic over-expression of 4E-BP1
suppressed PGC-1a expression in white adipocytes

© 2013 The Authors
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Figure 4 Role of 4E-BP1 in PGC-1a expression and adipocyte differentiation. (A) Expression of PGC-1a in HW and HB cells
that were transfected with the control vector or with the 4E-BP1 expression plasmid. Expression levels were measured 2 days after
transfection. (B) Quantification of PGCla protein expression in HW or HB cells transfected with the control vector or 4E-BP1
expression vector. The average and S.ID. values for 3 samples are indicated. **P < (.05 (two-tailed Student’s t-test). (C) Morpho-
logical featares of differentiated HW cells transfected with the control vector or the 4E-BP1 expression vector at 2 days after dif-
ferentiation (x40). Red circles indicate differentiating adipocytes, as reported previously (Irie et al. 1999). (ID) Role of 4E-BP1 in
adipocyte differentiation. 4E-BP1 may suppress the expression of PGC-1a and differentiation in white adipose tissue. However,
4E-BP1 does not influence the expression of PGC-1a and differentiation in brown adipose tssue.

but not in brown adipocytes. This differential
regulation of PGC-lo expression by 4E-BP1 in
white and brown adipocytes might be due to
differences in the expression profiles of the host
factor in HW and HB cells. Using microarray analy-

© 2013 The Authors

sis in a complementary study, we observed such
differences in at least 20 factors (Table S1 in
Supporting Information).

PGC-1a is highly expressed in brown adipocytes
and plays a significant role in adaptive thermogenesis.

Genes to Cells (2013) 18, 602-607
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