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half volume of FCS followed by two additional washes.
Five million cells carrying each peptide were mixed and
injected intravenously into immunized mice. At 12h after
injection, the spleens were harvested and single cell sus-
pensions were prepared. CFSE-positive cells were analyzed
by a flow cytometer with exclusion of dead cells with
propidium iodide. For example, NP-specific killing was
calculated as follows: %killing=[1 — {(number of cells car-
rying NP3g6-374 in immunized mice (CFSE high))/(number
of cells carrying OVAjs7_264 in immunized mice (CFSE
low)) }/{(number of cells carrying NP3gg 374 in normal mice
(CFSE high))/(number of cells carrying OVA257_2¢4 in nor-
mal mice (CFSE low))}] x 100.

2.4. Influenza viruses

Influenza virus, A/Aichi/2/68 (H3N2), was propagated in
the allantoic cavities of 10-day-old embryonated hen’s eggs
at 35°C for 48 h. Then the viruses were purified by ultra-
centrifugation of allantoic fluid passed through a 10-50%
sucrose density gradient. The viruses were suspended in
PBS. The viruses were prepared from culture supernatant of
Madin-Darby canine kidney (MDCK) cells for experimental
infection [16].

2.5. Virus challenge and protection tests

B6 mice were challenged intranasally with 15 ul of 10*
plaque-forming units (PFU) of A/Aichi/2/68 (H3N2) under
anesthesia. Since A/Aichi/2/68 (H3N2) did not kill mice
without systemic infection, it was adequate for assessing
virus growth in mouse lungs at 5 days after challenge. Lungs
were collected from three mice of each group and used for
the measurement of virus titers. In the measurement of virus
titers, 10% suspensions of the tissue homogenates were pre-
pared.

2.6. Titration of virus

MDCK cells were grown in minimal essential medium
(MEM) supplemented with 10% bovine calf serum. Suspen-
sions of the lungs serially diluted from 1:10 were inoculated
into confluent MDCK cell monolayers on 6-well plates and
incubated at room temperature for 1 h for adsorption. After
1h, the inoculum was removed and cells were overlaid with
MEM containing 1% bacto agar (BD Diagnostic Systems,
Sparks, MD) and 5 pg/ml of trypsin (BD Diagnostic Sys-
tems). After incubation at 35 °C for 2 days in 5% CO,, the
plaques were counted. The limit of detection in this assay
was 0.5 x 103 PFU/g [16].

2.7. ELISA
Enzyme-linked immunosorbent assay (ELISA). 96-Well

plates were coated with 50 ul of purified A/Aichi/2/68
(H3N2) (20 p.g/ml) disrupted with 0.05 M Tris—HCI1 (pH 7.8)

containing 0.5% Triton X-100 and 0.6 M KCl. After wash-
ing three times with PBS containing 0.05% Tween20, PBS
with 3% BSA was added for blocking. Sera were collected
5 days after infection following subcutaneous immunization
twice with NP-liposome and CpG. Serially diluted sera were
incubated overnight. For measuring total IgG, horseradish
peroxidase-conjugated rabbit anti-mouse IgG (Bio-Rad Lab-
oratories, Hercules, CA) (1/2000x 50 ul) was added after
washing 5 times. For measuring IgE, biotinylated anti-
mouse IgE (clone 23G3) (eBioscience) (0.5 pg/ml x 50 ul)
was added. Horseradish peroxidase-conjugated Extravidin
(Sigma—Aldrich) (1/3000x 100 pl) was incubated for 3 h.
Horseradish peroxidase activity was assessed by 3,3',5,5"-
tetramethyl benzidine substrate (100 pl). The reaction was
stopped by 1 N HCI (100 ul). Optical density was measured
at 450 nm.

2.8. Statistical analyses

Statistical analyses were carried out using Student’s ¢-test.
p values <0.05 were considered significant.

3. Results

3.1. Comparison of CTL activation capacities of
surface-linked liposomal OVA peptide and OVA peptide
entrapped within the aqueous lumen of liposomes

In a previous study, we intranasally inoculated anti-CD40
antibody and multilamellar liposome containing NP3 374
peptide, resulting in induction of protective CTL responses
against influenza A virus in mouse lungs [18]. Thus, firstly
we compared the capacity for activating CTL in vivo of
liposome with chemically bound peptides on the surface
(peptide-Oleoyl liposome) and that of the multilamellar lipo-
some containing peptides inside. B6 mice were injected
subcutaneously with either liposome with chemically bound
OVA57_264 on the surface or multilamellar liposome contain-
ing OVA3s57_264 inside in the presence of CpG and anti-CD40
antibody, and then 7 days later CFSE-labeled target cells
pulsed with OVAjs7_264 were injected intravenously. Via-
bility of the target cells in the spleen was examined at
12 h after injection. Injection of liposome with chemically
bound OVAjs7.264 on the surface induced CTL activity
more effectively than did multilamellar liposome containing
OVA3s57-264 inside (p =0.049) (Fig. 1A).

3.2. Comparison of CTL activation capacities of
liposomes consisting of different components of
surface-linked liposomal OVA peptide

Some scavenger receptors recognize phosphatidyl serine
and support phagocytosis. Thus, we altered phosphatidyl
choline to phosphatidyl serine of Oleoy! liposome this lipo-
some was termed PS—Oleoyl liposome. However, we could
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Fig. 1. Comparison of CTL activation capacities of various liposomes carry-
ing peptides. (A) B6 mice were injected subcutaneously with either liposome
with chemically bound OVAj57-264 on the surface or multilamellar lipo-
some containing OVA257-264 inside in the presence of CpG and anti-CD40
antibody. Composition of each liposome is described in Section 2. Seven
days later, high CFSE-labeled target cells pulsed with OVA2s7_264 and low
_ CFSE-labeled target cells pulsed with NP3ss 374 were injected intravenously
as an in vivo CTL assay. Viability of the target cells in the spleen was
examined at 12h after injection. OVA specific killing was calculated as
follows: %killing =[1 — {(number of cells carrying OVA257_2¢4 in immu-
nized mice (CFSE high))/(number of cells carrying NP366_374 in immunized
mice (CFSE low))}/{(number of cells carrying OVA357_264 in normal mice
(CFSE high))/(number of cells carrying NP3gs-374 in normal mice (CFSE
low))}] x 100. Injection of liposome with chemically bound OVAjs7_264
on the surface induced CTL activity more effectively than did multilamellar
liposome containing OVA2s7_264 inside (p = 0.049). (B) PS-Oleoyl liposome
was generated by alteration of phosphatidyl choline to phosphatidy! serine
of Oleoyl liposome. OVAjs7_264—PS—Oleoyl liposome, OVA257_364—Oleoyl

liposome or OVA 57364 unbound to liposome was inoculated with CpG and -

anti-CD40 antibody. Significant difference between CTL-activating capaci-
ties of OVA257_264—PS—Oleoyl liposome and OVA257_264—Oleoyl liposome
was not observed (p =0.167).

not detect a significant difference between CTL-activating
capacities of between OVAjs7_264—PS—Oleoyl liposome
and OVAj57764—Oleoyl liposome (p=0.167), although
OVA57_264—Oleoyl liposome and OVAjs7_364—PS-Oleoyl
liposome induced significant CTL activity compared to
that induced by peptide without liposome (p=0.013 and
p<0.001, respectively) (Fig. 1B). On the other hand, Oleoyl
liposome is preserved more easily than PS—Oleoyl liposome,

because Oleoyl liposome is more stable than PS—Oleoyl lipo-
some. Therefore, we used Oleoyl liposome in this study.

3.3. CTL activation by simultaneous inoculation of CpG
and OVA 357_264 bound to Oleoyl liposome

We tested which combination among OVA257-264—Oleoyl
liposome, CpG and anti-CD40 antibody was critical for
induction of CTL activity. Subcutaneous inoculation of
a combination of CpG and OVAjs7_764—Oleoyl liposome
elicited CTL responses in vivo, while simultaneous inoc-
ulation of anti-CD40 and OVA;s57_364-Oleoyl liposome,
or OVAjs57264—Oleoyl liposome alone did not (Fig. 2).
On the other hand, CTL activity elicited by CpG and
OVA3s7-264—Oleoyl liposome was not different from that
elicited by CpG, anti-CD40 and OVA;57-264—Oleoyl lipo-
some (p=0.12). Therefore, inoculation of a combination of
CpG and OVA;s7_264—Oleoyl liposome was sufficient to elicit
CTL responses in vivo.

3.4. Detection of immunoenhancers for eliciting CTL
activity with peptide-Oleoyl liposome

In order to find effective immune enhancers elicit-
ing CTL responses with peptide-Oleoyl liposome, we
inoculated peptide-Oleoyl liposome simultaneously with
various TLR ligands. OVA257-264—0Oleoyl liposome alone
did not elicit CTL responses as shown in Fig. 2. CpG
(10 pg/mouse) (TLRY ligand) and Poly(1:C) (TLR3 lig-
and) (10 pg/mouse) showed sufficient adjuvant activity
in combination with OVA;57.264—Oleoyl liposome com-
pared with LPS (10 pg/mouse) (TLR4 ligand) (p=0.003
and 0.012, respectively) (Fig. 3A). Administration of LPS
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Fig. 2. CTL activation by simultaneous inoculation of CpG and
OVAjs57.264—Oleoyl liposome. Various combinations of CpG, anti-CD40
and OVAjs7.264—Oleoyl liposome were inoculated subcutaneously into
B6 mice for an in vivo CTL assay. Subcutaneous inoculation with
CpG and OVAz57-264—Oleoyl liposome elicited CTL responses in vivo,
but that with anti-CD40 and OVAjs7-264—Oleoyl liposome (p <0.001) or
OVAjs7-264~Oleoyl liposome alone (p <0.001) did not. CTL activity elicited
by CpG and OVA;5s7.264—Oleoy! liposome was not different from that elicited
by CpG, anti-CD40 and OVA257-264—Oleoyl liposome (p =0.12).
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Fig. 3. Comparison of TLR ligands as adjuvants. We inoculated simulta-
neously with various TLR ligands and OVA257_264— or NP3g6_374—Oleoy!
liposome. Seven days later, high CFSE-labeled target cells pulsed with
OVA3s7-264 or NP3g6 374, and low CFSE-labeled target cells pulsed with
VSV-NPs; 50 (RGYVFQGL) or LCMV-NP3g6 404 (FQPQNGQFI) were
injected intravenously as an in vivo CTL assay. Viability of the target
cells in the spleen was examined at 12h after injection. Killing activ-
ity specific for OVAz57-264 or NP3gs 374 was calculated as described in
the legend of Fig. I. (A) Inoculation dose of CpG, LPS or Poly(I:C)
was 10 pg, respectively. CpG showed sufficient adjuvant activity in com-
bination with OVAjs7.264—Oleoyl liposome comparing with LPS (TLR4
ligand) (p =0.003). Poly(I:C) (TLR3-ligand) worked as an enhancer sim-
ilar to CpG (p=0.82). (B) Flagellin (TLRS-ligand) (10 pg/mouse) or LPS
(10 pg/mouse) was inoculated into mice with NP3g6_374—Oleoyl liposome. In
combination with the peptide—Oleoyl liposome, Flagellin showed significant
adjuvant activity comparing with LPS (p =0.0027).

(10 pg/mouse) and OVA protein induced in vivo CTL
responses (around 40%killing) but that of OVA protein alone
did not (data not shown). Thus, it seems that administration of
10 pg/mouse of LPS is quantitatively sufficient for working
as adjuvant. Next, combination of another peptide—Oleoyl
liposome and adjuvants was also tested. NP3gg 374—Oleoyl
liposome alone and with LPS did not elicit CTL responses,
but Flagellin (TLRS ligand) worked as an enhancer, although
killing was less than that by CpG or Poly(I:C) in combina-
tion with OVA3s57-264—Oleoyl liposome (Fig. 3B).

3.5. Vaccination of NP366-374 bound to Oleoyl
liposome in combination with CpG

In order to test whether peptide conjugated to Oleoyl
liposome in combination with CpG works as a vaccine, we
subcutaneously injected twice B6 mice with NP3g6_374 con-
jugated to Oleoyl liposome in combination with CpG and
measured virus titers in the lungs after intranasal challenge
of influenza viruses. We detected CTL activity in spleens
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Fig. 4. Vaccination of NP3¢s 374 bound to Oleoyl liposome in combina-
tion with CpG. (A) B6 mice were injected twice subcutaneously with
Oleoyl liposome with chemically bound NP3s6374 on the surface with CpG.
Seven days later, high CFSE-labeled target cells pulsed with NP3 374 and
low CFSE-labeled target cells pulsed with OVAs7_264 were injected intra-
venously as an in vivo CTL assay. NP-specific killing was calculated as
follows: %killing =[1 — {(number of cells carrying NP3¢¢-374 in immunized
mice (CFSE high))/(number of cells carrying OVAjs7_264 in immunized
mice (CFSE low))}/{(number of cells carrying NP3g6 374 in normal mice
(CFSE high))/(number of cells carrying OVA257-264 in normal mice (CFSE
low))}] x 100. Injection of NP3g6-374—Oleoyl liposome with CpG induced
CTL activity more effectively than that of saline (p <0.01). (B) B6 mice
were injected twice subcutaneously with Oleoyl liposome with chemically
bound NP3s6-374 on the surface with CpG. Seven days later, the immunized
mice were challenged with Influenza virus, A/Aichi/2/68 (H3N2). At 5 days
after challenge, lungs of the immunized mice were homogenized for use in a
plaque-forming assay using MDCK cells as described in Section 2. Injection
of NP3¢6_374—Oleoy! liposome with CpG reduced virus growth in the lungs
more effectively than that of saline (p =0.047).

of mice inoculated with a mixture of .NP3gg 374—Oleoyl
liposome and CpG but not in spleens of mice inoculated
with saline (Fig. 4A). Similarly, inoculation of a mixture of
NP366_374—Oleoyl liposome and CpG inhibited virus growth
in mouse lungs, but saline did not (Fig. 4B).

‘We have demonstrated that surface-linked liposomal anti-
gens induce antigen-specific IgG antibody production but
not antigen-specific IgE antibody production [10]. Herein,
we evaluated again whether NP3¢6 374—Oleoyl liposome
and CpG induce IgE production, because IgE shows detri-
mental effects, such as allergy. NP3gg 374—Oleoyl liposome
and CpG induced IgG production specific for NP protein,
although antibody titer was marginal (Fig. 5A). In con-
trast, NP3¢6-374—Oleoyl liposome and CpG did not elicit any
IgE production against NP protein (Fig. 5B). In conclusion,
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Fig. 5. Antibody production by simultaneous inoculation of CpG and
NP346-374—Oleoyl liposome. Sera were collected 5 days after infection fol-
lowing subcutaneous immunization twice with NP-liposome and CpG. (A)
Total IgG against disrupted A/Aichi/2/68 (H3N2) in the serially diluted sera
was measure with ELISA as described in the Section 2. IgG in the immu-
nized sera () was subtle but significantly increased comparing control (@)
(* indicates p <0.05). (B) IgE against disrupted A/Aichi/2/68 (H3N2) in the
immunized sera (O) or control (M) were measured with ELISA. Optical
density was measured at 450 nm.

peptide-Oleoyl liposome is an effective vaccine candidate in
the presence of CpG without detrimental effects in mice.

4. Discussion

It has been shown that liposomes work as carriers of
vaccines and supported immune responses by vaccines
[19-26). Furthermore, alteration of lipid composition has
been reported to modulate immune responses [27-33].
Indeed, the inducibility of antigen-specific IgG antibody
production by antigen-liposome has been shown to vary
among the liposome preparations used for the production
of antigen-liposome; the greater the membrane mobility in
liposomes is, the: greater is antibody production induced
by antigen-liposome [11]. In this study we searched for a
composition of liposome eliciting CTL activity more effec-
tively by using an in vivo CTL assay, in which CTL activity
was detected timely in immunized animals. Subcutaneous

inoculation of CpG and OVA peptide, OVA257_264, coupled
on the surface of Oleoyl liposome, consisting of dioleoyl
phosphatidyl choline, dioleoyl phosphatidyl ethanolamine,
cholesterol, and dioleoyl phosphatidyl glycerol acid in a
4:3:7:2 molar ratio, elicited CTL responses more vigor-
ously than did other liposomes in the presence of CpG.
Furthermore, subcutaneous inoculation of a mixture of
NP366-374—Oleoyl liposome in combination with CpG pro-
tected against infection of influenza A virus.

In a previous study, we intranasally inoculated anti-CD40
antibody and multilamellar liposome containing NP3gg 374
peptide, resulting in induction of protective CTL responses
against influenza A virus in mouse lungs [18]. Indeed,
in MHC class I deficient mice intranasal inoculation with
anti-CD40 antibody and multilamellar liposome containing
NP3¢6-374 peptide did not protect viral growth in lungs, there-
fore CTL responses were presumably involved in protective
responses in lungs. Herein, however, subcutaneous inocu-
lation of anti-CD40 antibody and multilamellar liposome
containing OVA3s7_264 peptide did not induce CTL responses
in spleen. These data suggest that simultaneous inoculation of
anti-CD40 antibody and multilamellar liposome containing
OVAs57-264 peptide does not elicits systemic CTL responses,
but when anti-CD40 antibody and multilamellar liposome
containing OVAjs7_264 peptide are locally inoculated, even
subtle CTL responses are able to protect infection in the areas,
such as lungs.

At present, a few adjuvants, such as aluminum hydrox-
ide and MFS59, are clinically in use, although a number of
candidate adjuvants have been examined in preclinical stud-
ies. However, aluminum adjuvants and MF59 are known to
be effective only for the induction of humoral immunity,
not for the induction of cell-mediated immunity [34]. In
addition, aluminum adjuvants are also known to induce the
production of IgE antibodies, which is a cause of allergic
response against the vaccine [35-37]. On the other hand,
some candidate adjuvants activating’ innate immunity via
TLR support cellular immunity. CpG oligonucleotides are
known to enhance maturation and antigen-presenting capac-
ity of dendritic cells via TLR9, resulting in activation of
CTL responses. In this study, support of CpG was neces-
sary for the induction of CTL response and protection against
influenza infection by peptide-Oleoyl liposome. However,
CpG are reported to possess toxicity against hepatocytes and
induce immune suppression after daily high-dose adminis-
trations [38). Similarly, Poly(I:C) supported the induction of
CTL responses by peptide-Oleoyl liposome. In mice CpG
and Poly(I:C) worked most effectively as adjuvant in com-
bination with peptide—Oleoyl liposome, but in human usage
CpG and Poly(I:C) will be converted to inhibit induction of
detrimental effects, such as toxicity.

In previous studies, inoculation of CpG and antigens
elicited CTL responses independent CD4* T cells [39,40].
Indeed, CTL responses were elicited by simultaneous inoc-
ulation of CpG and OVAjs7_264—Oleoyl liposome in MHC
class II-deficient mice in which CD4* T cells were deleted
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(data not shown). Thus, this combination could be used as a
vaccine in immunocompromised hosts, suchas AIDS patients
or aged people who have declined antibody production due to
defective CD4* T cell help. Furthermore, it has been shown
that pretreatment with OVA-liposomes suppressed IgE anti-
body responses to CT-combined OVA, withsignificantly high
levels of production of both nasal IgA and serum IgG antibod-
ies. Moreover, treatment with OVA-liposomes 1 and 3 weeks
after CT-combined OVA administration also suppressed IgE
antibody responses [12]. Taken together, the results in the
present study suggest that peptide—Oleoyl liposome conju-
gates in combination of some sort of immuno-potentiators
without toxicity, might serve as a vaccine candidate with-
out detrimental effects, such as allergic responses, even in
immunocompromised hosts.
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SESSION 1. IMMUNE DISORDER IN VIRAL HEPATITIS AND ITS REGULATION

Roles of the novel interleukin-12-associated cytokine,
interleukin-23, in the regulation of T-cell-mediated immunity

Masanori Matsui

Department of Microbiology, Facuity of Medicine, Saitama Medical University, Saitama, Japan

interleukin (IL)-12 is a heterodimeric proinflammatory cytok-
ine formed by a 35-kDa light chain {p35) and a 40-kDa heavy
chain (p40). This cytokine is a key regulator of cell-mediated
immunity, and therefore should have therapeutic potential in
infectious diseases and tumors. Recently, a novel IL-12-
associated cytokine, 1L-23 has been discovered. [L-23 is also a
heterodimer that consists of the p40 subunit of IL-12 and a
novel subunit, p19. Several studies have shown that iL-23
possesses immunoadjuvant activity against tumor and infec-
tious diseases as well as IL-12. On the other hand, there is
increasing evidence that IL-12 and iL-23 have discrete roles
in the regulation of T-cell-mediated immunity despite their
structural similarities. 1L-12 leads to the development of

interferon-y-producing T-helper type 1 (Th1) cells, whereas
1-23 amplifies and stabilizes a new CD4* T-cell subset, Th17
producing IL-17. The 1L-23/Th17 axis rather than the IL-12/Th1
axis contributes to several immune-mediated inflammatory
autoimmune diseases. Furthermore, IL-23/IL-17 promotes
tumor incidence and growth. Therefore, IL-23 and Th17 are
attracting considerable attention at present. Taken together,
these findings suggest that 1L.-23 may be an immunoadjuvant
against infectious diseases and tumors, and a viable target for
the treatment of inflammatory diseases.

Key words: IFN-y, IL-12, IL-17, IL-23, Th1, Th17

INTRODUCTION

NTERLEUKIN (IL)-12 is a heterodimeric proinflam-

matory cytokine formed by a 35-kDa light chain
(p35) and a 40-kDa heavy chain (p40) (Fig. 1). This
cytokine is a dominant factor in the differentiation of
T-helper type 1 (Th1) cells which direct cellular immu-
nity.! Therefore, IL-12 is considered to be a key regulator
of cell-mediated immunity and to have therapeutic
potential in infectious diseases and tumors. However,
the first clinical trial of IL-12 for tumor therapy resulted
in the death of two persons and caused severe toxic
effects in 15 individuals.? Recently, a novel polypeptide,
p19, has been discovered by searching the databases
with a computationally-derived profile of IL-6.* The p19
polypeptide itself shows no biological activity; instead,
the p19 subunit associates with the p40 of IL-12 to form
a biologically active, new heterodimeric cytokine, IL-23
(Fig. 1). This cytokine is secreted primarily from acti-
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vated dendritic cells.* Furthermore, the heterodimeric
receptor for [L-23 shares one subunit, [L-12RB1 with the
[L-12 receptor, and the other subunit is a novel IL-23R
(Fig. 1). As a consequence of these structural similari-
ties, it was originally considered that IL-23, similar to
[L-12, would play a critical role in the regulation of
Th1-mediated immune responses. In fact, early studies
pointed out that IL-23 stimulated the production of
interferon (IFN}-y and enhanced activities of cytotoxic T
lymphocytes (CIL).** However, it is now apparent
that IL-12 and IL-23 have discrete roles in the regulation
of T-cell-mediated immunity during infection and
autoimmunity.

ADJUVANT ACTIVITY OF IL-23

HE BIOLOGICAL ACTIVITY of IL-23 was initially

characterized in comparison with that of IL-12.* Like
IL-12, [L-23 enhanced proliferation of T cells and IFN-y
production produced by human blast T cells. However,
the maximum levels of IFN-y production induced by
[L-23 were always lower than those induced by IL-12. It
was also demonstrated that 1L-23 possessed antitumor
activity as well as IL-12.¢ Several groups indicated that

© 2007 The Japan Society of Hepatology
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Figure 1 Schematic representation of the interleukin (IL)-12-
associated cytokines and their receptors. (A) IL-12 is a
covalently linked heterodimeric molecule composed of a light
chain (p35) and a heavy chain (p40). The p40 subunit of IL-12
also associates with the p19 subunit to form IL-23. [L-27 is also
a heterodimeric cytokine composed of Epstein-Barr virus-
induced gene 3 (EBI3) and p28. (B) The IL-12 receptor consists
of IL-12RB1 and IL-12RB2 which have homology to gp130.
The receptor of IL-23 is formed by the association of IL-12R81
and IL-23R. The IL-27 receptor is composed of gp130 and
WSX-1.

IL-23 efficiently promoted the induction of CD8" CTL
specific for tumors*’ and hepatitis C virus (HCV).”* We
have shown that co-administration of an IL-23 expres-
sion plasmid in a prime-boost immunization enhanced
the induction of HCV-specific CTL and led to dramatic
increases in numbers of IFN-y-producing, HCV-specific
CD8" T cells in human leukocyte antigen (HLA)-A*0201
transgenic mice (Fig. 2).® These data suggest that 1L-23
might be a potent adjuvant for CTL-based vaccine
against infectious pathogens such as HCV.

Vaccinia virus {VV) is a large DNA virus and a member
of the Orthopoxvirus genus in the Poxviridae family. VV
has been used as an effective vaccine against variola
virus, which is the cause of smallpox. VV has also been
used as an expression vector for foreign genes in a great
number of experimental systems. Recently, the threat of
bioterrorism has raised concerns over the reemergence
of smallpox. It has been thought that both cellular
immunity and humoral immunity play a significant role
in protection against VV infection. We have previously
shown that the central transcriptional factor for the Th1
subset, T-bet, was required for protection against VV
infection using T-bet-deficient mice, indicating that the
IL-12/Th1 pathway plays a crucial role in the host
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defense against VV.'"” To investigate the role of IL-23 in
the defense against VV, we have engineered recombi-
nant VV expressing IL-23 (VV-IL-23). Inoculation of
VV-IL-23 into mice resulted in a rapid clearance of the
virus compared to wild-type VV, suggesting that IL-23 as
well as IL-12 would be a potent adjuvant for viral infec-
tion (Matsui M et al., 2006, unpublished data).

INTERLEUKIN-23 AND AUTOIMMUNITY

LTHOUGH IL-12 promotes the production of

IFN-y and thereby generates resistance to intracel-
lular infections, it was known that the IL-12-induced
Th1 responses also contribute to autoimmunity. Using
[L-12p40-deficient mice and anti-p40 antibodies, it
was found that p40 was required for the development
of T-cell-mediated autoimmune diseases such as
experimental allergic encephalomyelitis (EAE; a murine
model for multiple sclerosis), collagen-induced arthri-
tis (CIA; a murine model for rheumatoid arthritis) and
inflammatory bowel disease (IBD; a murine model for
Crohn’s disease and ulcerative colitis). However, IFN-
v-deficient mice still remained susceptible to these dis-
eases, suggesting that IFN-y is not essential for these
autoimmune diseases. This discrepancy between the
roles of IL-12 and IFN-y in the development of autoim-
munity was dissolved by the studies of Cua et al.'""”
They found that mice deficient in either the pl19
subunit (lacking IL-23 alone) or the p40 subunit
(lacking both IL-12 and IL-23) were resistant to EAE
and CIA, whereas p35-deficient mice (lacking IL-12
only) remained susceptible to these diseases. The data
indicate that IL-23, not IL-12, is essential for the devel-
opment of these autoimmune diseases. The resistance
to CIA was found to correlate with an absence of IL-17-
producing CD4* T cells despite normal induction of
collagen-specific, IFN-y-producing Th1 cells."? Further-
more, it was shown that the systemic inflammatory
response of IBD was driven by IL-12 and not IL-23,
whereas local intestinal inflammation required the
presence of 1L-23 and was independent of IL-12."* This
result demonstrates a striking dichotomy in the regula-
tion of inflammation; that is, IL-12 promotes innate
systemic responses and IL-23 directs local inflamma-
tion. Taken together, these data indicate that IL-23
rather than IL-12 contribute to several T-cell-mediated
inflammatory autoimmune diseases. Therefore, specific
therapeutic blockade of IL-23 may provide a promis-
ing approach for various inflammatory autoimmune
diseases.

©® 2007 The Japan Society of Hepatology
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Figure 2 Enhancement of hepatitis C virus (HCV)-specific cytotoxic T lymphocytes (CTL) induction of either an IL-12 expression
plasmid or an IL-23 expression plasmid in the prime-boost immunization. human leukocyte antigen (HLA)-A*0201 transgenic
mice were immunized as follows: priming and the first boosting with 100 ug of either a plasmid expressing HCV-derived proteins
together with 100 ug of an IL-12 expression plasmid (circles), an IL-23 expression plasmid (triangles), or an empty plasmid
(diamonds), followed by the second boosting with 5 x 107 plaque forming units (PFU) of replication-defective recombinant
adenovirus expressing HCV-derived proteins. The interval between immunizations was 2 weeks. After 2-3 weeks following the Jast
immunization, spleen cells were prepared and stimulated in vitro with syngeneic spleen cells pulsed with 10 uM of HLA-A*0201-
restricted, HCV-derived peptides: (A) core-132 (DLMGYIPLV), (B) N$3-1073 (CINGVCWTV), (C) N$4-1666 (VLVGGVLAA) and
(D) NS4-1769 (HMWNFISGI). After 1 week, *'Cr-release assays were performed at various E : T ratios, using mouse lymphoma,
RMA cells expressing HLA-A*0201 molecule pulsed with (white symbols) or without (black symbols) 10 uM of each peptide as

targets.

INTERLEUKIN-23 AND A NEW CD4* T-CELL
SUBSET, TH17

NTERLEUKIN-17 IS a potent proinflammatory cytok-

ine produced by CD4* T cells, and has pleiotropic
activities including the induction of a variety of proin-
flammatory cytokines, chemokines and adhesion mol-
ecules on various cell types. [L-17 is detected in serum of
patients with rheumatoid arthritis, multiple sclerosis,
systemic lupus erythematosus and asthma, suggesting
that it is involved in the development of various human
autoimmune diseases.' In addition, it was reported that
IL-17-deficient mice were resistant to the developmeént
of CIA” and EAE,' suggesting a pathogenic role of
IL-17 in these autoimmune diseases. Thus, CD4* T
cells producing IL-17 were likely to be associated

© 2007 The Japan Society of Hepatology

with autoimmunity. However, the precise mechanism
of their development was undefined. Naive CD4*
T-helper precursor was originally thought to differenti-
ate into either classical Th1 or Th2 cells (Fig. 3). Thl
cells mainly produce IFN-y and direct cell-mediated pro-
tective immunity, whereas Th2 cells secrete IL-4 and
promote humoral immune responses. Th1 cells and the
IL-17-producing CD4* T cells were initially believed
to arise from a common Th precursor. However,
Harrington et al.'’ have found that IL-23 stimulates
naive precursor cells to differentiate into a new CD4*
T-cell subset, termed Th17 (Fig. 3). Th17 cells produce
IL-17, IL-17F, IL-6 and tumor necrosis factor (TNF)-c,
but not IFN-y or IL-4, and therefore this subset is distinct
from the classical Thl or Th2 subset.'”'" Because the
IL-23-dependent Th17 subset is critical in driving tissue
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Figure 3 Differentiation of CD4"* T-cell lineages. [L-12 and IL-4 prompt to differentiate naive T cells into the T-helper (Th)1 and
Th2 lineages, respectively. transforming growth factor (TGF)- in the presence of IL-6 initiates the development of Th17 cells, and
IL-23 amplifies and stabilizes Th17. On the other hand, interferon (IFN)-y, IL-4 and IL-27 inhibit the differentiation of Th17 cells.
TGF-B also promotes the development of some type of regulatory T (Treg) cells. T-bet, GATA-3, RORyt and Foxp5 are central
transcription factors that regulate the differentiation of Th1, Th2, Th17 and Treg, respectively.

inflammatory responses, the IL-23/IL-17 pathway is
attracting considerable attention at present.

Recently, three reports'”?' have demonstrated that
IL-23 is not necessary for development of Th17 cells, but
transforming growth factor (TGF)-B and IL-6 are
required for the differentiation of Th17 cells. However,
when naive T cells were cultured with TGF-§ and IL-6 to
induce Th17 cells, restimulation with IL-23 was needed
to maintain the Th17 phenotype.?’ It is known that
IL-17 is essential for host defense against Citrobacter
rodentium. However, even with the presence of Th17
cells, 1L-23-deficient mice succumbed to the infection
with C. rodentiumn." Taken together, these data indicate
that although TGF-f and IL-6 are required for the
lineage commitment of Th17 cells, IL-23 is essential for
Th17 cells to acquire full effector function (Fig. 3). It has
recently been shown that Th17 cells express IL-22 which
is involved as an IL-10 family member.? Similar to
IL-17, 1L-22 production is initiated by TGF-p in the

presence of 1L-6, and expanded by IL-23. IL-22 syner-
gizes with [L-17 to regulate genes associated with skin
innate immunity. Interestingly, I1L-6 is capable of inhib-
iting TGF-B-dependent Foxp3* regulatory T (Treg) cells
(Fig. 3), suggesting that Th17 cells are closely related
with Treg cells.?’ Because TGF-f is also known as a cytok-
ine that promotes the differentiation of Treg cells, there
should be a reciprocal development pathway for the
generation of pathogenic Th17 cells and suppressive
Treg cells (Fig. 3). Therefore, Th17 cells and Treg cells
may work together in the inflammation. These findings
should offer promising novel approaches for the treat-
ment of T-cell-mediated inflammatory diseases.

In addition to TGF-p and IL-6, Sutton et al.® have
shown a crucial role for [L-1 in the induction of Th17
cells. It was observed that IL-1 receptor type I-deficient
(IL-1RI7") mice did not develop EAE following immu-
nization with myelin oligodendrocyte glycoprotein
(MOG) and adjuvant. In addition, stimulation of spleen

© 2007 The Japan Society of Hepatology
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cells of IL-1RI7~ mice with the MOG peptide resulted in
reduced IL-17 production. These data indicate a crucial
role for IL-1 in the differentiation of Th17 cells.
However, the relative roles of IL-23, IL-6, TGF-B and IL-1
in the differentiation and survival of Th17 cells require
further investigation.

T-bet, GATA-3 and Foxp3 are known to be central
transcription factors that regulate the differentiation of
Th1, Th2 and Treg, respectively (Fig. 3). Until recently,
however, the lineage-specific transcription factor for
Th17 cells was not identified. Most recently, Ivanov
et al.** have demonstrated that the orphan nuclear
receptor, RORYt is the key transcription factor orches-
trating the differentiation of Th17 cells (Fig. 3) and has
a potential to be a therapeutic target in inflammatory
diseases.

INTERLEUKIN-27 SUPPRESSES
THE DEVELOPMENT OF TH17

N ADDITION TO IL-23, another IL-12-associated

cytokine, IL-27 has recently been discovered.* Like
1L-12 and IL-23, IL-27 is a heterodimeric cytokine com-
posed of the Epstein—Barr virus-induced gene 3 (EBI3)
subunit and a new subunit, p28 (Fig. 1). The EBI3 and
p28 subunits are IL-12p40 and IL-23p35 homologs,
respectively. The IL-27 receptor consists of WSX-1 and
gp130, and is closely related to the IL-12 and IL-23
receptors (Fig. 1). Although early studies demonstrated
that IL-27 promotes the differentiation of Thl cells, it
has become apparent that [L-27 has both proinflamma-
tory and anti-inflammatory properties.”® Recently, wo
independent studies have evaluated the possible role of
IL-27 signaling in autoimmune inflammation by using
mice lacking the WSX-1 subunit of the IL-27 recep-
tor.”® To assess T-cell-dependent immune responses
in the IL-27R-deficient mice, the two groups induced
neuroinflammation by different methods. Battern et al.
immunized I1-27R-deficient mice and wild-type mice
with MOG peptide for induction of EAE.* In the other
study by Stumhofer et al.,”® 1L-27R-deficient mice were
chronically infected with Toxoplasma gondii to develop
severe Th1l7-dependent neuroinflammation. Both of
the groups have concluded that the absence of IL-27-
mediated signaling exacerbates neuroinflammation due
to an increased number of Th17 cells in inflamed tissue.
They found that in vitro treatment of naive primary T
cells with IL-27 suppresses the development of Th17
cells induced by TGF-B and IL-6 (Fig. 3), and STAT1 is
required for the suppressive effect of IL-27. These data
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suggest that IL-27 may be a useful tool for treating
inflammatory diseases mediated by Th17 cells.

INTERLEUKIN-23 PROMOTES INCIDENCE
OF TUMORS

ECAUSE IL-23 induces inflammation, which is

closely associated with incidence of malignancy,
it was thought that 1L-23 might promote the growth
of tumors. To test this hypothesis, Langowski et al.*
employed a comprehensive examination of mRNA
expression within various human tumors. Surprisingly,
P19 mRNA was significantly upregulated in the majority
of carcinoma samples derived from various human
organs when compared with their adjacent normal
tissues. In contrast, p35 mRNA was not upregulated in
tumors. These data indicate that the expression of IL-23,
but not IL-12, is increased in various human tumors. It
was also found that the expression of IL-17 was signifi-
cantly elevated in human tumors, consistent with the
activation of IL-23-induced processes. Furthermore,
p35-deficient mice developed significanty increased
numbers of papillomas compared to control mice,
whereas pl9-deficient mice were resistant to tumor
induction. In addition, genetic deletion of pl9 or
antibody-mediated elimination of IL-23 led to increased
infiltration of CTL, rendering a protective effect against
cancer. Growth of transplanted tumors was limited in
p19-deficient mice or IL-23 receptor-deficient mice.
These data show a link between cancer and inflamma-
tion, and suggest that anti-IL-23 therapy may prove
efficient for tumor treatment.

ROLES OF IL-23 IN INFECTIOUS DiSEASES

LTHOUGH THE IL-23/IL-17 axis is associated

with the development of autoimmunity, it seems
unlikely that the main physiological function of IL-23 is
to promote autoimmunity. Several studies have shown
a certain role for I1-23 in resistance to infection
with several extracellular pathogens. However, thus far,
[L-23 seems to be required for host protection
against only two pathogens, Klebsiella pneumoniae® and
C. rodentium."

Klebsiella pneumoniae and C. rodentium

It was shown that p40-deficient mice were exquisitely
sensitive to K. pneumoniae, and that p19-, p35- and
[L-17R-deficient mice were also susceptible to this infec-
tion.* These data indicate that both of the IL-12/IFN-y
and IL-23/IL-17 pathways are critical for host defense
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against K. pneumoniae. Time course of p19, p40 and p35
gene expression in bronchoalveolar lavage cells follow-
ing K. pneumoniae infection indicated that IL-23 was
induced rapidly and sooner than IL-12. In addition,
p19-deficient mice dramatically reduced IL-17 produc-
tion and showed substantial mortality from a normally
sublethal dose of bacteria, despite normal IFN-y produc-
tion. Administration of recombinant IL-17 restored
bacterial control in p19-deficient mice, suggesting that
IL-17 plays a significant role in the host defense. Thus,
the 1L-23/11-17 axis plays a critical role in early host
resistance to K. pneumoniae independently of IL-12,
indicating divergent roles of IL-12 and IL-23 in this host
defense.* 1L-23 is also required for host protection
against C. rodentium. " It was shown that even with the
presence of Th17 cells, IL-23-deficient mice succumb to
infection with C. rodentium. These findings indicate that
1L-23 is needed for the full differentiation of Th17 cells.

Toxoplasma gondii

Toxoplasma gondii is an important opportunistic patho-
gen in patients with primary or acquired T-cell deficien-
cies. Because p40 is required for the development of the
Th1-type response, which is necessary for resistance to
T. gondii, Lieberman et al.*' assessed the role of IL-23 in
comparison with IL-12 for the host defense against this
pathogen. When gene-targeted mice lacking either p40
or p35 were infected with T. gondii, p40-deficient mice
and p35-deficient mice succumbed to the infection.
Administration of recombinant 1L-23 to p40-deficient
mice resulted in a decreased parasite burden. However,
when p19-deficient mice were infected with T. gondii,
these mice controlled parasite replication to the same
extent as wild-type mice. Taken together, these findings
indicate that IL-12, not IL-23, plays a dominant role in
resistance to this parasite, but, in the absence of 1L-12,
11.-23 can provide a limited mechanism of resistance to
this infection.

Mycobacterium tuberculosis

Tuberculosis is the most prevalent infectious disease
worldwide. It is known that IL-12-induced IFN-y is
required to control the growth of M. tuberculosis. p40-
deficient mice were very sensitive to M. tuberculosis. In
contrast, mice lacking the p35 subunit were less suscep-
tible to this infection, suggesting that IL-23 may play a
crucial role in resistance to M. tuberculosis. However,
Khader et al.** have shown that p19-deficient mice con-
trolled mycobacterial growth and there was no diminu-
tion in the number of antigen-induced, IFN-y-producing
CD4* T cells or local IFN-y mRNA expression. Con-
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versely, there was an almost total loss of both 1L-17-
producing antigen-specific CD4* T cells and local IL-17
mRNA expression in these mice. These data indicate that
IL-23 is dispensable for the protection against M. tuber-
culosis although IL-23 is required to provide a moderate
level of protection in the absence of IL-12. This result
is quite similar to the case of T. gondii infection. This
protection by IL-23 is associated with the IL-12-
independent induction of IFN-y-producing CD4* T celis.

Cryptococcus neoformans

Cryptococcus neoformans is an encapsulated yeast-like,
facultative intracellular organism and causes menin-
goencephalitis in immunodeficient hosts. 1L-12 and
IFN-y play a central role in protective immunity to this
pathogen. To investigate the role of IL-23 in host resis-
tance during chronic fungal infection, p40-, p35- and
p19-deficient mice were infected with C. neoformans.* It
was shown that p40-deficient mice demonstrated higher
mortality than p35-deficient mice. Reconstitution of
p40-deficient mice with recombinant 1L-23 prolonged
their survival to levels similar to p35-deficient mice,

. suggesting a certain role of IL-23 in the host defense

against C. neoformans. pl9-deficient mice showed a
moderately reduced survival time and delayed fungal
clearance in the liver. Although IFN-y production was
similar in wild-type and p19-deficient mice, IL-17 pro-
duction was strongly impaired in p19-deficient mice.
These results indicate that IL-23 complements the more
dominant role of [L-12 in protection against a chronic
fungal infection by an enhanced inflammatory cell
response and distinct cytokine regulation, although
IL-23 is not sufficient for complete protection in the
absence of IL-12.

CONCLUSIONS

LTHOUGH 1L-23 was initially supposed to be an

analog of IL-12 due to the structural similarities,
several studies have shown that 11-23 is functionally
distinct from IL-12; that is, 1L-12 leads to the develop-
ment of [FN-y producing Th1 cells, whereas 1L-23 ampli-
fies and stabilizes a new CD4* T-cell subset, Th17, which
produces a proinflammatory cytokine, IL-17 (Fig. 3).
Importantly, the [L-23/Th17 axis rather than the IL-12/
Th1 axis is likely to contribute to a number of T-cell-
mediated inflammatory autoimmune diseases. In fact,
levels of IL-23 and IL-17 are increased in human
diseases such as multiple sclerosis, Crohn’s disease,
psoriasis, ulcerative colitis, cystic fibrosis, asthma and
rheumatoid arthritis. Furthermore, the 1L-23/Th17 axis

© 2007 The Japan Society of Hepatology
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Figure 4 The balance between regulatory Treg and Th17 cells during infection. In homeostasis, TGF-f promotes the differentiation
of Treg cells. Therefore, a large number of Treg cells suppress Th1 and Th2 cells. During the early phase of mucosal infection,
dendritic cells activated via toll-like receptors produce large amounts of IL-6 and IL-23. TGF-B and IL-6 enhance the differentiation
of Th17, whereas 1L-6 inhibits the differentiation and function of Treg cells. IL-23 then amplifies and stabilizes Th17 cells. IL-17
released by Th17 cells recruits neutrophils to protect the host from pathogens. During the late phase of infection, Th1 and Th2 cells
perform final clearance of infection. IL-4 and IFN-y produced by them inhibit Th17 differentiation and function. After infection and
inflammation, TGF-$-dependent Treg cells bring homeostasis again.

promotes tumor incidence and growth, demonstrating a
link between inflammation and tumor. These findings
suggest that IL-23 might be a viable target for the treat-
ment of T-cell-mediated autoimmune diseases and
tumors. For example, antagonist of p19 might be able to
repress such inflammatory diseases while leaving the
IL-12/1FN-yaxis intact. However, the main physiological
function of IL-23 seems unlikely to promote autoimmu-
nity or tumor. Several groups have indicated that IL-23
plays a crucial role in resistance to infection with certain
extracellular bacteria. Thus far, however, the involve-
ment of 1L-23 is likely to be required for the host pro-
tection against only two pathogens, K. pneutnoniae® and
C. rodentium." It is not obvious why it is so difficult to
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find a function for IL-23 in protection against specific
pathogens. Cue et al. suggested in their review*! that the
IL-23/Th17 axis has not been evolved to provide host
protection against specific classes of pathogens but has
been designed for the induction of immediate inflam-
matory response against catastrophic breaches of
pathogens in the mucosal barrier of the lung and gut.
They have proposed a model whereby Th17 cells and
Treg cells may work together to elicit or restrain
tissue inflammation (Fig. 4). During homeostasis,
TGF-B induces a local large population of Treg cells
which maintain the homeostasis by suppressing Thl
and Th2 cells. During the initial phase of mucosal infec-
tion, dendritic cells are triggered via toll-like receptors to
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secrete large amounts of IL-6 and IL-23. As a conse-
quence, a number of Th17 cells produce IL-17 which
recruits neutrophils to protect the host from pathogens.
During the late phase of infection, microbe-specific Th1
and Th2 cells enter the inflamed mucosa, and clear the
infection.

Whatever the physiological role of IL-23 turns out to
be, the adjuvant activity of IL-23 might be useful for
the prophylactic and therapeutic strategies against infec-
tious pathogens. Especially, a combination of IL-12 and
IL-23 should lead to a synergistic adjuvant effect even at
a low dose, and thereby might avoid side-effects such as
the IL-12-associated toxicity. However, it is essential to
take into consideration that cytokines are pleiotropic,
and therefore, influence many elements of the immune
system for better or worse. It is important to understand
more details concerning the molecular mechanisms of
the IL-23-mediated immune responses for the develop-
ment of new therapies for infectious diseases.

ACKNOWLEDGMENTS

AM GRATEFUL to all my collaborators: S. Ohno, S.

Kohyama, A. Isoda, H. Hayashi (Josai University); T.
Yoshimoto (Tokyo Medical University); and O. Moriya,
T. Akatsuka (Saitama Medical University).

CONFLICT OF INTEREST

O CONFLICT OF interest has been declared by M.
Matsui.

REFERENCES

1 Trinchieri G. Interleukin-12 and the regulation of innate
resistance and adaptive immunity. Nat Rev Immunol 2003;
3: 133-46.

2 Leonard JP, Sherman ML, Fisher GL et al. Effects of single-
dose interleukin-12 exposure on interleukin-12-associated
toxicity and interferon-gamma production. Bleod 1997; 90:
2541-8.

3 Oppmann B, Lesley R, Blom B ez al. Novel p19 protein
engages IL-12p40 to form a cytokine, IL-23, with biological
activities similar as well as distinct from IL-12. Immunity
2000; 13: 715-25.

4 Parham C, Chirica M, Timans ] et al. A receptor for the
heterodimeric cytokine IL-23 is composed of IL-12RB1 and
a novel cytokine receptor subunit, IL-23R. J Immunol 2002;
168: 5699-708.

5 Belladonna ML, Renauld J-C, Bianchi R etal. IL-23 and
IL-12 have overlapping but distinct, effects on murine
dendritic cells. J Immunol 2002; 168: 5448-54.

10

11

12

13

14

15

16

17

18

19

20

21

22

Roles of IL-23 in T-cell-mediated immunity $317

Lo C-H, Lee S-C, Wu P-Y et al. Antitumor and antimeta-
static activity of IL-23. J Immunol 2003; 171: 600-7.

Ha S-J, Kim D-], Baek K-H et al. IL-23 induces stronger
sustained CTL and Th1 immune responses than IL-12 in
hepatitis C virus envelope protein 2 DNA immunization.
J Immunol 2004; 172: 525-31.

Matsui M, Moriya O, Belladonna ML et al. Adjuvant activi-
ties of novel cytokines, interleukin-23 (IL-23) and IL-27,
for induction of hepatitis C virus-specific cytotoxic T lym-
phocytes in HLA-A*0201 transgenic mice. J Virol 2004; 78:
9093-104.

Overwijk WW, de Visser KE, Tirion FH et al. Immunologi-
cal and antitumor effects of IL-23 as a cancer vaccine adju-
vant. J Immunol 2006; 176: 5213-22.

Matsui M, Moriya O, Yoshimoto T et al. T-bet is required
for protection against vaccinia virus infection. J Virol 2005;
79: 12798-806.

Cua DJ, Sherlock ], Chen Y et al. Interleukin-23 rather than
interleukin-12 is the critical cytokine for autoimmune
inflammation of the brain. Nature 2003; 421: 744-8.
Murphy CA, Langrish CL, Chen Y et al. Divergent pro-
and antiinflammatory roles for IL-23 and IL-12 in joint
autoimmune inflammation. J Exp Med 2003; 198: 1951~
7.

Uhlig HH, McKenzie BS, Hue S et al. Differential activity of
IL-12 and IL-23 in mucosal and systemic innate immune
pathology. Immunity 2006; 25: 309-18.

Kolls JK, Linden A. Interleukin-17 family members and
inflammation. Immunity 2004; 21: 467-76.

Nakae S, Nambu A, Sudo K et al. Suppression of immune
induction of collagen-induced arthritis in 1L-17-deficient
mice. | Immunol 2003; 171: 6173-7.

Komiyama Y, Nakae S, Matsuki T etal. IL-17 plays an
important role in the development of experimental
autoimmune encephalomyelitis. ] Immunol 2004; 177:
566-73.

Harrington LE, Hatton RD, Mangan PR et al. Interleukin
17-producing CD4" effector T cells develop via a lineage
distinct from the T helper type 1 and 2 lineages. Nat
Immunol 2005; 6: 1123-32.

Park H, Li Z, Yang XO, Chang SH et al. A distinct lineage of
CD4 T cells regulates tissue inflammation by producing
interleukin 17. Nat Immunol 2005; 6: 1133-41.

Mangan PR, Harrington LE, O’Quinn DB et al. Transform-
ing growth factor-f induces development of the TH17
lineage. Nature 2006; 441: 231-4.

Bettelli B, Carrier Y, Gao W et al. Reciprocal developmental
pathways for the generation of pathogenic effector TH17
and regulatory T cells. Nature 2006; 441: 235-8.
Veldhoen M, Hocking RJ, Atkins CJ et al. TGFB in the
context of an inflammatory cytokine milieu supports de
novo differentiation of IL-17-producing T cells. Immunity
2006; 24: 179-89.

Liang SC, Tan X-Y, Luxenberg DP et al. Interleukin (IL)-22
and IL-17 are coexpressed by Th17 cells and cooperatively

© 2007 The Japan Society of Hepatology



S318 M. Matsui

23

24

25

26

27

28

enhance expression of antimicrobial peptides. J Exp Med
2006; 203: 2271-9.

Sutton C, Brereton C, Keogh B etal. A crucial role for
interleukin (IL) -1 in the induction of IL-17-producing T
cells that mediate autoimmune encephalomyelitis. J Exp
Med 2006; 203: 1685-91.

Ivanov 11, McKenzie BS, Zhou L et al. The orphan nuclear
receptor RORyt directs the differentiation program of
proinflammatory IL-17* T helper cells. Cell 2006; 126:
1121-33.

Pflanz S, Timans JC, Cheung ] et al. 1L-27, a heterodimeric
cytokine composed of EBI3 and p28 protein, induces pro-
liferation of naive CD4 (+) T cells. Immunity 2002; 16:
779-90.

Hunter CA. New IL-12 family members. I1L-23 and IL-27,
cytokines with divergent functions. Nat Rev Immunol 2005;
5: 521-31.

Batten M, Li J, Yi S et al. Interleukin 27 limits autoimmune
encephalomyelitis by suppressing the development of
interleukin 17-producing T cells. Nat fmmunol 2006; 7:
929-36.

Stumhofer JS, Laurence A, Wilson EH et al. Interleukin
27 negatively regulates the development of interleukin

© 2007 The Japan Society of Hepatology

29

30

31

32

33

34

Hepatology Research 2007; 37: $310-S318

17-producing T helper cells during chronic inflammation
of the central nervous system. Nat Immunol 2006; 7: 937~
45.

Langowski JL, Zhang X, Wu L et al. IL-23 promotes tumor
incidence and growth. Nature 2006; 442: 461-5.

Happel Ki, Dubin PJ, Zheng M et al. Divergent roles of
IL-23 and IL-12 in host defense against Klebsiella pneumo-
niae. | Exp Med 2005; 202: 761-9.

Lieberman LA, Cardillo F, Owyang AM et al. IL-23 provides
a limited mechanism of resistance to acute Toxoplasmosis
in the absence of IL-12. ] Immunol 2004; 173: 1887-
93.

Khader SA, Pearl JE, Sakamoto K et al. IL-23 compensates
for the absence of IL-12p70 and is essential for the IL-17
response during Tuberculosis but is dispensable for protec-
tion and antigen-specific IFN-y Responses if 11.-12p70 is
available. J Immunol 2005; 175: 788-95.

Kleinschek MA, Muller U, Brodie S et al. 1L-23 enhances
the inflammatory cell response in Cryptococcus neoformans
infection and induces a cytokine pattern distinct from
11-12. J Immunol 2006; 176: 1098-106.

Cua DJ, Kastelein RA. TGF-B, a “double agent” in the
immune pathology war. Nat Immunol 2006; 7: 557-9.



& X -4

The Journal of Immunology

IL-23 Enhances Host Defense against Vaccinia Virus Infection
Via a Mechanism Partly Involving IL-17!

Shunsuke Kohyama,*' Satoshi Ohno,*" Akihiro Isoda,** Osamu Moriya,*
Maria Laura Belladonna,* Hidenori Hayashi,” Yoichiro Iwakura,® Takayuki Yoshimoto,”
Toshitaka Akatsuka,* and Masanori Matsui>*

To investigate roles of IL-23 in viral infection, we have engineered recombinant vaccinia virus (VV) expressing IL-12 (VV-IL-12)
and expressing 1L-23 (VV-IL-23). We found VV-IL-23 was less virulent in BALB/c mice than wild-type VV (VV-WT), indicating
that IL-23 enhances resistance to VV. VV-specific CTL activity in VV-IL-23-infected mice was slightly higher than activity in
VV-WT-inoculated mice, although antiviral Ab production and NK activity were not increased. IL-12/23p40-deficient mice sur-
vived the infection with VV-IL-23, indicating that IL-23 promotes VV resistance independently of IL-12. The mechanism of the
IL-23-mediated resistance was distinct from that of the IL-12-regulated resistance because IFN-y-deficient mice did not eliminate
VV-IL-12, but did eradicate VV-IL-23. These data indicate that IFN-v is essential for the IL-12-mediated resistance, but dis-
pensable for the IL-23-regulated resistance. Because IL-17 is a key in the IL-23-regulated resistance to bacteria, we hypothesized
an involvement of IL-17 in the resistance to VV. Treatment with an anti-IL-17 mAb resulted in a significant increase of viral titers
in VV-IL-23-infected IFN-y-deficient mice. In addition, VV-IL-17 was less virulent than VV-WT in BALB/c mice, and IL-17-
deficient mice were more sensitive to VV-WT than control mice. However, the effect of neutralization with an anti-IL-17 mAb was
limited, and IL-17-deficient mice survived the infection with VV-IL-23. Taken together, these data suggest that the IL-23/IL-17
axis plays a certain but subdominant role in the IL-23-mediated resistance to VV. Unveiling of an alternative pathway in the
IL-23-regulated resistance might provide a novel strategy against infectious pathogens without side effects of autoimmunity. The
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composed of a 35-kDa L chain (p35) and a 40-kDa H chain

(p40). IL-12 leads to the development of IFN-y-producing
Thl cells. and therefore, this cytokine is considered to be a key
regulator of cell-mediated immunity (1). A novel IL-12-asso-
ciated cytokine, IL-23 is also a heterodimer formed by the p40
subunit of IL-12 and a new subunit, p19 (2). Furthermore, the
receptor for IL-23 consists of one subunit of the IL-12 het-
erodimeric receptor, IL-12RB1, and a new receptor subunit. IL-
23R (3). As a consequence of the structural similarity, it was
originally considered that IL-23 would regulate Thl-mediated
immune responses as well as IL-12. In fact. early studies dem-
onstrated that IL-23 stimulated the production of IFN-y and
enhanced the activity of cellular immunity including CTLs (4 -
6). However. there is now increasing evidence that IL-23 is
functionally distinct from IL-12 in the regulation of T cell-
mediated immunity.

I nterleukin-12 is a heterodimeric proinflammatory cytokine
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Although IL-12 promotes the differentiation of IFN-+y-producing
Thl cells and thereby generates resistance to intracellular infec-
tions, it was previously believed that IL-12-induced Th1 cells also
triggered autoimmune diseases such as experimental allergic en-
cephalomyelitis (EAE)® and collagen-induced arthritis. However,
Cua and colleagues (7. 8) have demonstrated that mice deficient in
either the IL-23p19 subunit or the IL-12/23p40 subunit are resis-
tant to EAE and collagen-induced arthritis, whereas IL-12p35-de-
ficient mice remain susceptible to these diseases. These data indi-
cate that IL-23, not IL-12, is essential for the development of these
autoimmune diseases. Furthermore. it was initially shown that
IL-23 stimulated naive precursor cells to differentiate into a new
CD4™ T cell subset termed Th17 in the absence of IFN-y and IL-4
(9). However, recent papers (10-12) have revealed that TGF-8
and IL-6 drive the differentiation of naive T cells into Th17 cells.
Although IL-23 does not induce the Th17 differentiation, this cy-
tokine is essential for Th17 cells to expand and acquire full effector
function (10-12). Because IL-23R is not expressed on naive T
cells, TGF-B and IL-6 act to up-regulate IL-23R expression on
them. and thereby conferring responsiveness to IL-23. Th17 cells
produce IL-17 (IL-17A), IL-17F, IL-6, and TNF-& but not IFN-y
or IL-4 and. therefore, this subset is different from the classical
Th1 or Th2 subset (9, 13). IL-17 has pleiotropic activities includ-
ing the induction of a variety of proinflammatory cytokines. che-
mokines, and adhesion molecules on various cell types. IL-17 is
detected in serum of patients with rheumatoid arthritis, multiple

? Abbreviations used in this paper: EAE, experimental allergic encephalomyelitis;
VV. vaccinia virus: VV-IL-12, VV expressing IL-12: VV-IL-23. VV expressing IL-
23: VV-IL-17, VV expressing IL-17: VV-WT, wild-type VV; sc, single chain: KO,
knockout: MOIL. multiplicity of infection. ’

Copyright © 2007 by The American Association of Immunologists. Inc. 0022-1767/07/$2.00
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sclerosis, systemic lupus erythematosus, and asthma, suggesting
that its involvement in the development of various human auto-
immune diseases (14). In addition. IL-17-deficient mice are resis-
tant to the development of collagen-induced arthritis (15) and EAE
(16), suggesting a pathogenic role of IL-17 in these autoimmune
diseases. Thus, the IL-23/Th17/IL-17 axis rather than the IL-12/
Thi/IFN-vy axis is likely to be associated with T cell-mediated
autoimmune diseases. However, the physiological function of
IL-23 remains largely unknown.

Several groups have investigated a role of IL-23 in resistance to
infection with several pathogens. It was shown that IL-12/23p40-,
IL-23p19-, IL-12p35-, and IL-17R-deficient mice were sensitive to
Klebsiella pneumonia (17), indicating that both of the IL-12/IFN-y
and IL-23/IL-17 axes are critical for the host defense against K.
pneumoniae. However, 1L-23 was induced sooner than IL-12 in
this infection. Furthermore. IL-23pl19-deficient mice dramatically
reduced IL-17 production and showed substantial mortality from a
normally sublethal dose of K. preumoniae, despite normal IFN-y
production. In addition. administration of recombinant IL-17 re-
stored bacterial control in IL-23p19-deficient mice, suggesting that
IL-17 induced by IL-23 plays a significant role in the early host
defense against K. pneumoniae (17). The IL-23/IL-17 axis is also
necessary for host protection against Citrobacter rodentium (11).
Thus, IL-23 seems to be important for host protection against sev-
eral bacteria, and IL-17 plays a critical role in the IL-23-mediated
resistance. However, it is unknown whether the IL-23/IL-17 axis is
required for host defense against viral infection.

In the present study, we have engineered recombinant vaccinia
virus (VV) expressing IL-12 (VV-IL-12) and IL-23 (VV-IL-23),
and investigated a role of the IL-23/IL-17 axis for host defense
against virus in comparison with the IL-12/IFN-v axis.

Materials and Methods
Cell lines

The mouse mastocytoma cell line P§15 (H-2¢), the Moloney murine leu-
kemia virus-induced lymphoma YAC-1. the mouse fibroblast cell line NIH
3T3. and the human embryonic kidney cell line HEK 293T were obtained
from the ATCC. The African green monkey-derived kidney cell lines CV-1
and BS-C-1, and the human osteosarcoma, thymidine kinase-defective ceil
line C143 were provided by Dr. T. Shioda (Osaka University. Osaka, Ja-
pan). These cell lines were cultured in DMEM with 10% FCS.

Construction of recombinant viruses

VV-IL-12, VV-IL-23, and VV expressing murine IL-17 (VV-IL-17) were
generated as described (18). In brief, murine IL-17 ¢DNA without its
leader sequence was generated by RT-PCR from total RNA of Con A-ac-
tivated spleen cells of BALB/c mice (sense) 5'-AAGCTTGCGGCTA
CAGTGAAGGCA-3' (antisense) 5-TCTAGATTAGGCTGCCTGGCG
GACA-3' and was subcloned into the pCR2.1 vector (Invitrogen Life
Technologies). Following digestion with HindIIl and Xbal, murine IL-17
c¢DNA was cloned into the p3xFLAG-CMV-9 (Sigma-Aldrich) vector
(p3xFLAG-IL-17). This expression vector encodes the preprotrypsin signal
peptide and the 3XFLAG-epitope-tag sequence upstream of the multiple
cloning region and. hence. expresses a secreted N-terminal 3XxFLAG fusion
protein in mammalian cells. Conversely, the murine IL-12 (p3xFLAG-IL-
12) and murine IL-23 (p3xFLAG-IL-23) expression plasmids. which in-
clude murine single-chain (sc)IL-12 and murine scIL-23 genes, respec-
tively, had previously been constructed (6). The scIL-12 and scIL-23 genes
are composed of p40 genetically fused with p35 and p19, respectively (6).
The biological activity of each single-chain cytokine was shown to be
almost similar to that of the native heterodimeric cytokine (4, 5).

Murine IL-17, scIL-12, and scIL-23 genes linked to a nucleotide se-
quence comprised of the preprotrypsin signal sequence and the 3xFLAG-
tag sequence were isolated by PCR amplification from p3xFLAG-IL-17.
p3xFLAG-IL-12. and p3xFLAG-IL-23, respectively. Primers used include
the following: murine IL-12, IL-17, and IL-23 (sense) 5'-GGATCCGC
CACCATGTCTGCACTTCTGATCCTAGCT-3' and (antisense for mu-
rine IL-12) 5'-CTCGAGTCAGGCGGAGCTCAGATAGC-3'. (antisense
for murine IL-17) 5'-CCCGGGTTAGGCTGCCTGGCGGACA-3', and

IL-23 ENHANCES HOST DEFENSE TO VV INFECTION

(antisense  for murine IL-23) S'-GAGTCAAGCTGTTGGCACTAA
GGGCTC-3'. The amplified genes were then inserted into the transfer vec-
tor pNZ68K2 (18). VV-IL-12, VV-IL-17. and VV-IL-23 were then gen-
erated by homologous recombination between wild-type VV (VV-WT)
(WR strain) and the transfer vector, purified by three cycles of plaque
cloning with C143 cells in the presence of BrdU, and propagated in CV-1
cells (18).

Expression of scIL-12 and scIL-23 fusion proteins

293T cells were infected with VV at a multiplicity of infection (MOI) of 3
for 1.5 h, and incubated for 2 days at 37°C. Fusion proteins in the culure
supernatants were then immunoprecipitated using the anti-FLAG M2 mAb
(Sigma-Aldrich) and protein G-Sepharose (Amersham Biosciences), as
previously described (6). Following immunoprecipitation, Western blotting
of immunoprecipitated proteins was performed (6). Briefly. the fusion pro-

‘teins were separated by electrophoresis on a 12% SDS-PAGE under re-

ducing conditions, and blotted onto a nitrocellulose membrane. The blot
was stained with 5 pg/ml M2 mAb (Sigma-Aldrich) for 1 h at room tem-
perature. followed by secondary staining with peroxidase-conjugated anti-
mouse IgG Ab. The protein bands were developed by the BCIP/NBT phos-
phatase substrate system (Kirkegaard & Perry Laboratories).

Tyrosine phosphorylation of STAT4 triggered by either murine IL-12 or
murine IL-23 was detected as described before (6). In brief, 293 T cells
expressing either murine IL-12RB1 and murine IL-12RB2, or murine IL-
12RB1 and murine IL-23R, were stimulated for 45 min with the culture
supernatant of 293 T cells infected with VV at various concentrations of
0.2. 2.0, and 20%. Cells were then subjected to Western blotting using
anti-STAT4 (Santa Cruz Biotechnology) and anti-phosphorylation-STAT4
(Zymed Laboratories) Abs.

Preparation of recombinant IL-12 and IL-23 proteins

Recombinant murine scIL-12 and recombinant scIL-23 were prepared as
described (19). In brief. human embryonic kidney 293F cells were tran-
siently transfected with p3xFLAG-IL-12 or p3xFLAG-IL-23 by using 293
fection (Invitrogen Life Technologies). After 3 days, culture supernatants
were harvested and 3xFLAG-tagged recombinant scIL-12 and scIL-23
were purified by affinity chromatography using anti-FLAG affinity gel
(Sigma-Aldrich). The concentration of 3xFLAG-tagged recombinant
scIL-12 was determined using murine recombinant IL-12 as a standard in
ELISA. Protein concentration of 3xFLAG-tagged recombinant scIL-23
was determined by titration in Western blotting with anti-FLAG (M2) mAb
using 3xFLAG-tagged scIL-12 prepared as a standard.

Mice and infection

BALB/c and C57BL/6 mice were purchased trom Japan Charles River
Breeding Laboratory. IL-12/23p40 gene knockout (KO) mice (20) of the
BALB/c background were purchased from The Jackson Laboratory. IFN-y
gene KO mice (21) and IL-17 gene KO mice (22) were previously de-
scribed and were backcrossed eight generations to C57BL/6 and BALB/c,
respectively. Six- to 8-wk-old mice were used for all experiments. Mice
were housed in appropriate animal care facilities at Saitama Medical Uni-
versity (Saitama, Japan). and handled according to international guidelines
for experiments with animals.

Each mouse was infected i.p. with 5 X 10° PFU of VV for the ovary VV
titer assay or 2 X 107 PFU of VV for the cytotoxic assay, the intracellular
cytokine staining assay, and detection of VV-specific Abs. To plot survival
curves, 6~12 mice in each group were infected i.p. with either 2 X 10° or
5 X 10® PFU of VV, and were examined daily for weight loss and
mortality.

Ovary VV titer assay

Mice were sacrificed on certain days after infection with 5 X 10° PFU of
VV, and viral titers in ovaries were measured as described before (23). Six
to twelve mice were used in each group. All titrations were performed in
duplicates, and the average PFU per mouse was calculated. Some mice
were treated in vivo by i.p. injection with 70 ug of neutralizing anti-mouse
IL-17 mAb (clone 50104.11: R&D Systems) or a relevant isotype control
at days 0, 2, and 7 postinfection with VV.

Cytotoxic assay

At the indicated time points following infection with 2 X 107 PFU of VV,
mice were sacrificed. and spleen cells were prepared for effector cells.
Cytotoxic activities of VV-specific CTLs and NK cells were measured in
standard *'Cr release assays. For preparation of virus-infected targets in
CTL assays, P815 cells were infected with VV at an MOI of 3 for 1.5 h at
37°C. washed three times, and incubated in RPMI 1640 containing 10%
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FCS overnight at 37°C. For detection of NK cell-mediated lysis. YAC-1
cells were used for targets. Target cells (1 X 10° cells) were labeled with
100 uCi of Na,>'CrO, for 30 min at 37°C. After washing three times, the
labeled target cells were plated in wells of a round-bottom 96-well plate at
1 X 10° cells/well with or without effector cells at various E:T ratios. After
a 4-h incubation at 37°C. supernatant from each well was harvested and the
radioactivity was counted. The results were calculated as the mean of a
triplicate assay. The percentage of specific lysis was calculated according
10 the formula: Percentage of specific lysis = ((CPMyyppie — CPMypontancous)’
(CPM o immum — CPMypomancous)) X 100. where spontaneous release repre-
sents the radioactivity released by target cells in the absence of effectors,
and maximum release represents the radioactivity released by target cells
lysed with 5% Triton X-100. At least three mice per group were used in
each experiment. The experiment was repeated three times.

Intracellular cytokine staining

Intracellular cytokine staining was performed as previously described (23).
Briefly. spleen cells of three to five mice per group infected with VV were
pooled and resuspended in RPMI 1640 containing 10% FCS. In each well
of a 96-well round-bottom plate, 2 X 10° spleen cells were incubated with
1 X 10° celis of either VV-infected P815 or naive P815 in the presence of
0.2 pliwell brefeldin A (GolgiPlug: BD Biosciences) for 5 h at 37°C. The
cells were then washed once and incubated for 10 min at 4°C with the rat
anti-mouse CD16/CD32 mAb (Fc Block: BD Biosciences) at a concentra-
tion of | ug/well. Following incubation, cells were stained with FITC-
conjugated rat anti-mouse CD8« mAb (clone 53-6.7; BD Biosciences) at a
concentration of 0.5 ug/well for 30 min at 4°C. After washing twice, the
cells were fixed and permeabilized using the Cytofix/Cytoperm kit (BD
Biosciences), and stained with PE-conjugated rat anti-mouse IFN-vy (clone
XMGI1.2: BD Biosciences) mAb. After washing. flow cytometric analyses
were performed. The experiment was repeated three times.

Detection of VV-specific Abs

Titers of VV-specific serum Abs were determined by ELISA as described
before (23). In brief, each well of a 96-well flat-bottom plate (model no.
3590; Costar) was coated with VV-infected cell lysate diluted in 0.05 M
carbonate-bicarbonate buffer (pH 9.6) at 5 X 107 PFU/ml. The plate was
then fixed with 2% paraformaldehyde and washed three times with PBS
containing 0.05% Tween 20 (PBS-Tween 20). After blocking, 100 wl of
diluted mouse serum was added to each well, and the plate was incubated
for | h at 37°C. After washing three times with PBS-Tween 20, HRP-
conjugated goat anti-mouse IgM, IgG1, or IgG2a Ab (Sigma-Aldrich) di-
luted 1/5000 in blocking buffer was added, and the plate was incubated for
1 h at 37°C. After washing five times with PBS-Tween 20. 100 ul of
o-phenylenediamine dihydrochloride substrate (Sigma-Aldrich) was added
to each well. The reaction was stopped with 50 ul/well of 6 N H,SO, per
well and the plate was read at 492 nm. Four to six mice per group were
used in the experiments.

Cvtokine ELISA

Spleen cells of naive mice were infected in vitro with VV at an MOI of 3.
and cultured in wells of a 96-well round-bottom plate at 1 X 10°/well for
2 days at 37°C. In some experiments, naive spleen cells were cultured with
either murine recombinant IL-12 or murine recombinant IL-23 at various
concentrations for 2 days at 37°C. Culture supernatants were then har-
vested and screened for the presence of murine IFN-y and murine IL-17 by
ELISA as described (23). Capture Abs. biotinylated detection Abs, and
recombinant cytokines were purchased from BD Biosciences. Quantitative
ELISA for murine IFN-y and murine IL-17 was performed using paired
mAbs specific for corresponding cytokines according to the manufacturer’s
instruction. Briefly, an ELISA plate was coated with a capture Ab for each
cytokine and incubated overnight at 4°C. The plate was washed with PBS-
Tween 20 and blocked with 10% calf serum in PBS for 2 h at room tem-
perature. After washing. serially diluted samples and a recombinant stan-
dard were added to the plate and incubated at 4°C overnight. The plate was
washed four times followed by the addition of cytokine-specific detection
Abs. After 1 h of incubation at room temperature. HRP-conjugated avidin
(BD Biosciences) was added. The color was developed by adding o-phen-
ylenediamine dihydrochloride substrate. and the reaction was stopped with
H,SO,. The concentration of each cytokine was calculated by reading the
plates at 492 nm. Data represent three to five mice per group and are given
as mean values = SEM.

Detection of IL-17 secreted from VV-IL-17-infected cells

The 293 T cells were infected with either VV-IL-17 or VV-WT at an MOI
of 3 for 1.5 h, and incubated for 2 days at 37°C. Murine IL-17 in the culture
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FIGURE 1. Detection of the murine scIL-12 and scIL-23 fusion pro-
teins secreted from VV-infected cells. A, 293 T celis were infected with
VV-WT (WT), VV-IL-12 (IL-12), or VV-IL-23 (IL-23). Proteins secreted
in the supernatants were immunoprecipitated with the anti-FLAG mAb.
The immunoprecipitated proteins were then subjected to Western blot anal-
ysis with the anti-FLAG mAb. The positions of protein molecular mass
markers in kilodaltons are shown. Arrows indicate the bands of the murine
scIL-12 (76 kDa) and scIL-23 (74 kDa) fusion proteins. B and C. STAT
tyrosine phosphorylation assay. 293T cells expressing either murine IL-
12RB1 and IL-12RB2 (B), or murine IL-12RB1 and IL-23R (C) were stim-
ulated for 45 min with the culture supernatant containing either murine
scIL-12 (IL-12) (B) or scIL-23 (IL-23) (C) at final concentrations of 0. 0.2,
2, and 20%. As negative controls, the cells were stimulated for 45 min with
the culture supernatant containing either murine scIL-23 (IL-23) (B) or
scIL-12 (IL-12) (O) at a final concentration of 20%. The cells were then
subjected to Western blotting using anti-STAT4 (Total STAT4) and anti- -
phosphorylation-STAT4 (pY-STAT4) Abs.

supernatants was then quantitated by ELISA as described. The biological
activity of murine IL-17 was also measured by its ability to induce murine
IL-6 production by NIH 3T3 as also described (24). Briefly, NIH 3T3 cells
(2.5 X 10°%well) were cultured with the culture supernatants of VV-IL-17-
or VV-WT-infected 293T cells in wells of a 24-well plate. After incubation
for 24 h at 37°C. 50 ul of supernatant was removed and assayed for murine
IL-6 using ELISA as described. Capture and biotinylated detection Abs and
recombinant murine IL-6 were purchased from BD Biosciences.

Statistical analyses

Statistical analyses were performed with Student’s 7 test. A value of p <
0.05 was considered statistically significant.

Results
Secretion of scIL-12 and scIL-23 from VV-infected cells

VV-IL-12 and VV-IL-23 were generated by homologous recom-
bination between VV-WT and the transfer vector. The 293T cells
were then infected with VV-WT, VV-IL-12, or VV-IL-23, and
culture supernatants were harvested. Fusion proteins secreted into
the culture supernatants were immunoprecipitated and subjected to
Western blot analysis using the anti-FLAG mAb. As shown in Fig.
14, the scIL-12 and scIL-23 fusion proteins were detected in lanes
as single polypeptide bands of 76 and 74 kDa, respectively. Fur-
thermore. STAT4 in 293T cells expressing the IL-12R composed
of IL-12RB! and IL-12RB2 was phosphorylated on tyrosine in
response to scIL-12, but not by scIL-23 (Fig. 1B). In contrast,
scIL-23 induced STAT4 tyrosine phosphorylation in 293 T cells
expressing the IL-23R consisting of IL-12R81 and IL-23R (Fig.
1C). These data indicate that scIL-12 and scIL-23 proteins secreted
from VV-infected cells are functional.
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FIGURE 2. IL-23 delivered by VV-IL-23 enhances resistance to VV
infection in BALB/c mice. BALB/c mice were infected i.p. with 2 X 10°
PFU (A) or 5 X 10° PFU (B and C) of VV-WT, VV-IL-12, or VV-IL-23,
A, Eight mice per group were monitored daily for mortality. B and C,
BALB/c mice inoculated with VV-WT (WT). VV-IL-12 (IL-12), or VV-
IL-23 (IL-23) were sacrificed at days 7 (B) and 14 (C) postinfection, and
viral titers in ovaries were measured. From 8 to 12 mice were used in each
group, and all titrations were performed in duplicates. Data are represen-
tative of one of three independent experiments, and results are shown as the
mean PFU + SEM. ND. Not detected. *. p < 0.001 compared with
VV-WT.

IL-23 delivered by VV-IL-23 enhances resistance to VV infection
in mice

- To investigate the effect of IL-23 on resistance to VV infection in
comparison with IL-12, BALB/c mice were infected i.p. with a
high dose (2 X 10® PFU) of VV-WT, VV-IL-12, or VV-IL-23 and
were monitored daily for mortality. As shown in Fig. 24, five of
eight VV-WT-injected mice died by day 5 postinfection, whereas
all mice (n = 8) survived the infection with VV-IL-23. These
findings demonstrate that IL-23 enhances host defense against VV
in mice. In contrast, six of eight mice succumbed to the infection
with 2 X 108 PFU of VV-IL-12 by day 2 postinfection (Fig. 24).
presumably due to the IL-12-associated toxicity at a high concen-
tration of IL-12 (25). We next examined viral load in ovaries of
mice at days 7 (Fig. 2B) and 14 (Fig. 20) after inoculation with a
sublethal dose (5 X 10° PFU) of VV. As shown in Fig. 2B, VV-
IL-23-infected mice harbored nearly 100-fold less PFU of virus
than VV-WT-infected mice at day 7 postinfection. Furthermore,
VV-IL-23-injected mice completely cleared VV from ovaries at
day 14 postinfection, although VV-WT-infected mice still held
high virus titers on the same day (Fig. 2C). These data indicate
IL.-23 delivered by VV-IL-23 leads to rapid clearance of the virus
from infected mice. Conversely, no virus was detected in ovaries
of mice inoculated with a sublethal dose (5 X 10° PFU) of VV-

IL-23 ENHANCES HOST DEFENSE TO VV INFECTION

30

25 1

20 1

15 1

10

% Specific Lysis

s 17
E:T Ratio

150

‘FIGURE 3. Activity of VV-specific CTLs in mice infected with VV-

IL-12 and VV-IL-23. Spleen cells were prepared from mice at 2 wk after
infection with 2 X 10" PFU of VV-WT (circles). VV-IL-12 (squares). or
VV-IL-23 (inverted triangles). *'Cr release assays were then performed to
detect VV-specific CTL activity in spleen cells at various E:T ratios, using
P815 cells infected with (open symbols) or without (filled symbols)
VV-WT as targets. Data are representative of three independent and re-
producible experiments. Results are shown as the mean * SEM of tripli-
cate wells. *, p < 0.05 compared with VV-WT: #x, p < 0.05 compared
with VV-IL-23.

IL-12 even at day 7 postinfection (Fig. 2B), indicating the potent
activity of IL-12 in the clearance of VV.

Effect of IL-23 on cellular and humoral immunity to VV

Because CD8™ CTLs play a critical role in the host defense against
VV (26. 27). we tested the cytolytic activity of VV-specific CTLs
in mice infected with 2 X 107 PFU of VV-WT, VV-IL-12, or
VV-IL-23. As expected. the activity of VV-specific CTLs in VV-
IL-12-infected mice was significantly higher than activity in VV-
WT-injected mice (Fig. 34). indicating that IL-12 enhanced the
induction of VV-specific CTLs. In contrast, IL-23 delivery by VV
resulted in a slight increase of VV-specific CTL induction (Fig. 3).
We next examined the number of Ag-induced intracellular IFN-
v-positive CD8™ T cells in spleen cells of mice infected with 2 X
107 PFU of VV (Fig. 4). Because spleen cells were stimulated in
vitro with VV-WT-infected P815 cells for only 5 h. the possibility
of substantial in vitro expansion of responder cells is precluded
(28). At day 7 postinfection, the frequency of IFN-y-positive
CD8" T cells in mice infected with VV-IL-12 (11.94%) was ~2-
fold higher than that in mice infected with-VV-WT (5.69%). In
contrast, percentage of IFN-y-producing CD8* T cells in VV-IL-
23-infected mice (7.69%) was modestly increased when compared
with that in VV-WT-infected mice (5.69%). These data suggest
that IL-12 delivery by VV is likely to be more efficient for the
induction of VV-specific CTLs than IL-23 delivery. However.
these data also suggest that the VV-specific CTL activity slightly
enhanced by IL-23 may be at least partly responsible for the at-
tenuation of virulence of VV-IL-23.

It was indicated that humoral immunity was essential to protect
against VV infection (26, 27). Therefore, antiviral IgM and IgG
Abs were monitored in sera of mice after infection with a sublethal
dose of VV-WT, VV-IL-12, or VV-IL-23 (Fig. 5, A-C). Levels of
VV-specific IgG1 and IgG2a Abs in VV-IL-23-infected mice were
almost equal to those in VV-WT-inoculated mice at days 7 (data
not shown) and 14 (Fig. 5, A and B) postinfection. In contrast.
VV-IL-12-inoculated mice produced much less VV-specific IgG1
Ab than VV-WT-injected mice (Fig. 5A4), whereas there was no
major difference in the production of VV-specific IgG2a Ab be-
tween the two groups (Fig. 5B). These data suggest that the effect
of IL-23 on Ab production is likely to be different from that of
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FIGURE 4. Intracellular IFN-v staining of VV-specific CD8* T cells in
mice infected with VV-WT, VV-IL-12, or VV-IL-23. BALB/c mice were
infected with 2 X 107 PFU of either VV-WT, VV-IL-12. or VV-IL-23, and
spleen cells were prepared at day 7 postinfection. Spleen cells of nonin-
fected mice (Naive) were used as a negative control. Spleen cells were then
stimulated with VV-infected P§15 (+) or noninfected P815 (—) cells for
5 h. After stimulation, cells were stained for their surface expression of
CD8 (v-axis) with FITC-conjugated mAb and for their intracellular expres-
sion of IFN-y (v-axis) with PE-conjugated mAb. All lymphocytes were
gated and analyzed on a FACScan flow cytometer using CellQuest soft-
ware (BD Biosciences). Values shown in upper right quadrant indicate the
percentage of CD8™ cells that are positive for intracellular IFN-y. Each
experiment used 3-5 mice per group. and spleen cells of mice per group
were pooled. Data shown are representative of three independent and re-
producible experiments.

IL-12 (29). Conversely, levels of anti-VV IgM Ab in both
VV-IL-12-infected mice and VV-IL-23-infected mice were
slightly lower than those in VV-WT-inoculated mice (Fig. 5C).
Taken together, these data suggest that the increased resistance to
VV caused by either IL-12 or IL-23 could not be explained by
humoral immunity.

Because NK cells contribute to the recovery from VV infection
(30), NK cell-mediated lysis was examined. The cytolytic capacity
of splenic NK cells in VV-IL-12-inoculated mice was higher than
that in VV-WT-infected mice. However, a significant increase of
splenic NK activity was not observed in VV-IL-23-inoculated
mice when compared with VV-WT-injected mice (Fig. 5D), sug-
gesting that the attenuation of VV-IL-23 is likely to be indepen-
dent of the activity of NK cells.

VV-IL-23-infected cells produce both IFN-y and IL-17

It is well known that IFN-v is a key factor in the IL-12-mediated
antiviral response (1). In contrast, it has been reported that IL-17
plays a critical role in the IL-23-dependent resistance to-some bac-
teria such as K. pneumoniae (17) and C. rodentium (11). There-
fore. we wished to evaluate roles of IFN-vy and IL-17 in resistance
to VV-IL-12 and VV-IL-23. Firstly, we tested whether VV-IL-12
and VV-IL-23 could stimulate lymphocytes to produce IFN-y
and/or IL-17. Naive spleen cells of BALB/c mice were infected in
vitro with VV-WT, VV-IL-12, or VV-IL-23 and culwred for 2
days at 37°C. Culture supernatants were then screened for the pres-
ence of IFN-y and IL-17 by ELISA (Fig. 6, A and B). VV-IL-12-
infected cells secreted large amounts of IFN-y (21.8 ng/ml).
whereas VV-IL-23-infected cells produced much less but signifi-
cant amounts of IFN-vy (1.4 ng/ml) (Fig. 64). In contrast, VV-IL-
12-infected cells did not produce IL-17 at all, but IL-23 delivered
by VV-IL-23 led to a high production of IL-17 (760 pg/ml) (Fig.
6B). Similar patterns were observed when spleen cells were in-
cubated with various concentrations of recombinant scIL-12
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FIGURE 5. VV-specific IgG and IgM Ab production and NK activity in
mice infected with either VV-WT. VV-IL-12 or VV-IL-23. A-C. BALB/c
mice were infected i.p. with 2 X 107 PFU of VV-WT (O), VV-IL-12 (V).
or VV-IL-23 (V), and serum of each mouse was collected at days 7 (C) and
14 (A and B) postinfection. Serum of noninfected mice (@) was used as
negative controls. Titers of anti-VV IgG1 (A4), IgG2a (B), and IgM (C) in
serially diluted sera were determined by a solid-phase ELISA. Data are
shown as the average = SEM of four to six mice per group. The experi-
ment was repeated twice with similar results. *, p < 0.05 compared with
VV-WT. D, NK cell-mediated cytolytic activity. BALB/c mice were in-
fected i.p. with 2 X 107 PFU of either VV-WT (WT). VV-IL-12 (IL-12).
or VV-IL-23 (IL-23). Spleen cells were prepared at day 2 postinfection and
used as effector cells in standard *'Cr YAC-1 celi-killing assays. Spleen
cells of noninfected mice (Naive) were used as a negative control. Data are
shown as the mean + SEM. The experiment was repeated three times with
similar results, and at least three mice per group were used in each exper-
iment. #, p < 0.05 compared with VV-WT.
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and scIL-23 (Fig. 6, C and D). As shown in Fig. 6C, large
amounts of I[FN-y were secreted from cells incubated with re-
combinant scIL-12 even at a low concentration of 10 pg/ml,
whereas recombinant scIL-23 stimulated IFN-y production
much less effectively than recombinant scIL-12. In contrast,
recombinant scIL-23 induced IL-17 production in a dose-de-
pendent manner, whereas recombinant scIL-12 did not stimu-
late secretion of IL-17 at all (Fig. 6D).

Effect of IL-23 on resistance to VV in IL-12/23p40-deficient
mice

We next examined the effect of IL-23 on resistance to VV in IL-
12/23p40-deficient mice. Firstly, BALB/c mice and IL-12/23p40
KO mice of the BALB/c background were infected i.p. with a high -
dose (2 X 10% PFU/mouse) of either VV-WT or VV-IL-23 and
were monitored for mortality. As shown in Fig. 74, all IL-12/
23p40 KO mice (n = 6) succumbed to the infection with VV-WT
by day 7 postinfection, whereas three of seven BALB/c mice sur-
vived the infection with VV-WT, demonstrating that IL-12/23p40
KO mice are more susceptible to the infection with VV-WT than
are BALB/c mice. However, five of six IL-12/23p40 KO mice
survived the infection with VV-IL-23, indicating that IL-23 pro-
motes host defense against VV infection even in the absence of
IL-12. Secondly, viral titers in ovaries of IL-12/23p40-deficient



