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The current observation raises the possibility that the
reduction of HCV load and/or liver inflammation correlates
with the increment of Treg frequency, or vice versa.
Recently, it was reported that liver inflammation caused by
HCYV induces PD-L1 on hepatocytes, which then suppress
Treg proliferation in liver [26]. If such a scenario is
operative as well in PEG-IFNa and ribavirin therapy,
alleviation of liver inflammation may reduce PD-L1
expression on hepatocytes, thereby stimulating Treg pro-
liferation. However, most of the TR patients, who were
categorized as being in the non-SVR group, displayed
normalized serum ALT levels and negative HCV RNA
during treatment, of which conditions are-equivalent with
the SVR patients. Thus, it is still uncertain whether or not
such mechanisms are applicable to the present results.

The other possibility is that phenotypically determined
Tregs in this study partly consist of activated T cells. It
is well known that CD127~ and FOXP3™ are reliable
markers of Tregs [27]. In order to examine whether or not
the increment of Treg frequency in this study is a con-
tamination of activated T cells, we determined Tregs as
CD4*CD25""FOXP3+CD127" cells instead of CD4"
CD25™" cells in some patients. In the comparison of the
ratio of CD4*CD25ME"FOXP3*CD127~ cell frequency
between the SVR and non-SVR groups at T12W, similar
results were obtained with those of CD4TCD25Me" cells

(SVR vs. non-SVR, 10 patients in each group, 2.50 + 1.20 -

vs. 1.54 + 0.53, P < 0.05 by Mann—Whitney U test).
These results suggest that the analytical results of CD4™
CD25"8" T cells reflect those of FOXP3™ Tregs. Further
investigation is needed to show that such Tregs are func-
tionally suppressive and to see if the change of frequency
parallels with suppressor capacity or not.

According to the AASLD practice guidelines for the
treatment of chronic hepatitis C, a combination of PEG/R
for 48 weeks is recommended for patients who attained
c-EVR at week 12 of therapy [17]. However, in some
cohorts with large numbers of patients, approximately 30%
of them eventually relapse after cessation of the therapy
[5]. The factors involved in post-therapeutic relapse have
not been fully explored. We and others have reported that
liver fibrosis, female gender, late virological response, and
dosage of ribavirin (drug adherence) are critically involved
in relapse [19, 28, 29]. It is well known that platelet counts
in patients with chronic liver disease are well correlated
with the degree of fibrosis. In the present study, multivar-
iate analyses revealed that platelet counts but not fibrosis
stage are involved in SVR. The reasons for such discrepant
contributions to SVR are not clear; however, it demon-
strates that the degree of fibrosis is involved in the thera-
peutic response in this cohort. In addition, the current
study showed that the changes of PDC frequency are also
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somewhat involved in virological relapse in patients that
once attained c-EVR.

Plasmacytoid DCs (PDC) play crucial roles in antivirus
immune responses by producing IFN-§ and -« [30]. In the
previous study by us [14], the increment of PDC is
observed in patients with SVR, of which change is more
significant in those with c-EVR. No concrete explanation is
available for the mechanisms of PDC increase in SVR
patients. One of the possibilities is that the PDC increase is
a consequence of better response to exogenous IFN-o in
patients who have a higher chance of attaining SVR. IFN-«
is reported to act as a regulatory factor on CD11¢c™ DCs to
sustain their viability and to inhibit gaining the ability to
stimulate Th2 development [31]. Such a possibility is
supported by the findings that higher induction of IFN-
stimulated genes (ISGs) in hepatocytes after PEG-IFNo
and ribavirin therapy, but not higher ISG levels before
therapy, is critically involved in successful outcome [32].
Thus, patients who respond well to IFN-«, as demonstrated
by better PDC survival during the treatment, are likely to
have better chances to eradicate HCV.

Another possible reason for the PDC increase in the
periphery of SVR patients is that PDC alter their locali-
zation during the treatment. Mengshol et al. [33] reported
that PDC and myeloid DC (MDC) are accumulated in
inflamed liver through the interactions of chemokines and
their receptors. Of particular interest is that the expression
of such chemokine receptors on DCs decreased in SVR
patients, but not in non-SVR ones [33]. Therefore, it
is plausible that PDC may migrate from the liver to
periphery/lymphoid tissue after being unleashed from
chemokines in the liver. In support for this, it is reported
that IFN-o alters the profiles of chemokine receptors on
DC, resulting in changes of the DC migrating ability [34].

Recently, numerous other factors were reported to be
involved in therapeutic response in chronic hepatitis C
patients, such as mutations of HCV genome (core region)
[35] or host genetic variation (single nucleotide polymor-
phisms near the IL28B gene) [36]. In the current study, we
were unable to analyze such factors because of the limited
numbers of patients. A prospective study is warranted to
analyze the involvement of such factors in relation to
immune cell markers, in the outcomes of SOC, or the
treatment with direct-acting antiviral agents.

In summary, we demonstrated that the increase of Treg
frequency is an independent factor involved in SVR in
48 weeks of SOC for chronic hepatitis C patients. In
addition, the increase of PDC gains similar significance in
SVR patients who attained c-EVR. The assessment of the
dynamics of such cells during therapy could offer some
clues to identify potential relapsers and give them a better
chance of attaining SVR by rescheduling the therapy.
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Regulatory T cells (Tregs) play pivotal role in cancer-induced immunoediting. Increment of CD25"E"*FOXP3* natural Tregs has
been reported in patients with hepatocellular carcinoma (HCC); however, the involvement of other type of Tregs remain :
elusive, We aimed to clarify whether FOXP3™ Tregs are increased and functionally suppressive or not in patients with HCC. We
enrolled 184 hepatitis C-infected patients with chronic liver diseases or HCC 57 healthy subjects and 27 HCC patients with
other etiology. Distinct Treg subsets were phenotyplcally identified by the expressmn of CD4, CD25, C0127 and forkhead/
winged helix transcription factor (FOXP3). Their gene profiles, frequency and suppressor functions against T cell proliferation
were compared among the subjects. To examine the molecules involving in Treg d:fferentnatlon, we cultured naive CD4* T

cells in the presence of HCC cells and dendritic cells. We determined two types of CD4*CD127™ T cells with comparable
regulatory ability; one is CD25"8"* cells expressing FOXP3 (CD25"EN+FOXP3+ Tregs) and the other is CD25™ cells without
FOXP3™ expression (CD25~ FOXP3~ cells). The peripheral or intrahepatic frequency of CD25~ FOXP3~ Tregs in HCC patients is
higher than those in other groups, of which significance is more than CD25™S""FOXP3™ cells. Of importance, CD25FOXP3™~
Tregs, but not CD25"E"*FOXP3™ cells, dynamically change in patients accompamed by the ablation or the recurrence of HCC.
CD257FOXP3~ T cells with CD1277IL-10" phenotype are inducible in vitro from naive 4t T cells, in wh:ch programmed cell
death 1 ligand 1, |mmunoglobulm like transcript 4 and human leukocyte antlgen G are involved.. In conclusxon, CD257FOXP3~
Tregs with suppressive capacity are mcreased in patients with HCC, suggestmg the|r distinct roles from CD25+FOXP3+ Tregs

Hepatocellular carcinoma (HCC) is the fifth most common
cancer and the third leading cause of cancer-related deaths in
the world.! One of the most prevalent risk factors for HCC is
hepatotropic viruses, such as hepatitis B (HBV) or C (HCV)
virus.>? In the process of HCC development, the involvement
of tumor-induced immune suppression; i.e., immunoediting,
has been implicated. Regulatory T cells (Tregs) are unique
subset of T cells, playing essential roles in the maintenance

Key words: HCC, regulatory T cells, FOXP3, CD25, CD127

of immune homeostasis or in the protection of hosts from
virulent infections and cancers.* Generally, the existence of
two, types of Tregs has been reported. One is naturally occur-
ring CD4TCD25"8" Tregs, which are derived from the thy-
mus and suppress auto-reactive T cells. The other is inducible
or adaptive Tregs, including interleukin (IL)-10-secreting
type-1 regulatory T cells (Tr1) and transforming growth fac-
tor (TGE)-B-producing Th3. These are inducible in the

Abbreviations: CTLA-4: cytotoxic T-lymphocyte antigen 4; DC: dendritic cell; FOXP3: forkhead/winged helix transcription factor; GITR:
glucocorticoid-induced TNF receptor family-regulated gene; HBV: hepatitis B virus; HCC: hepatocellular carcinoma; HCV: hepatitis C virus;
IL-T4: immunoglobulin-like transcript 4; LAG-3: lymphocyte-activation gene 3; PBMC: peripheral blood mononuclear cell; PD-1:
programmed cell death 1; PD-L1: programmed cell death 1 ligand 1; RFA: radiofrequency ablation; RT-PCR: reverse transcription
polymerase chain reaction; Trl: type-1 regulatory T cells; Tregs: regulatory T cells
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Table 1. Clinical backgrounds of the patients enrolied in the study*

FOXP3-negative regulatory T cells in HCC

HV CH(© Lc© HCC (©) HCC (B) HCC (NBNQ)
N 57 66 39 79 12 15
Gender (M/P) 35/22 4422 23/16 44/35 8/4 9/6
Age (years) 56 = 11 56 * 18 61+9 66 = 11 56 £ 9 62 +13
ALT (1U/D ND 70 £ 15 44 = 13 56 + 17 65+ 7 45 11
Platelets (10%/u) ND 15+ 4 114 124 13 x4 124
Total bilirubin (mg/ml) ND 0.9 * 0.4 1.6 + 0.42 0.9 £ 0.3 0.6 = 0.1 0.7 0.3
Alb (g/d) ND 1 37x05 3.3+ 04 3.1+ 0.6? 3.5 0.2 3.6 = 0.3
AFP (ng/ml)? ND 2-115 (15) 2-347 (16) 4-33357 (43) 7-12 (10) 10-16520 (23)
TNM stage® (I + 1/l + 1V) - - - 55/24 9/3 9/6

IAll values except for AFP are expressed as mean * standard deviation. %p < 0.05 vs. CH (C) group. Values are expressed as range (median).
“Seventh edition of International Union Against Cancer TNM staging system of HCC.

- Abbreviations: HV, healthy volunteers; CH (C), LC (C), HCC (C), HCV-positive chronic hepatitis, liver cirrhosis and hepatocellular carcinoma; HCC (B),
HBV-positive hepatocellular carcinoma; HCC (NBNC), non-B, non-C hepatocellular carcinoma; ALT, alanine aminotransferase; Alb, albumin; AFP, alfa-

fetoprotein; ND, not determined.

periphery and are endowed with the ability to suppress anti-
gen-specific T cells.® Several reports have shown that natural
Tregs are increased in peripheral blood and/or tumor in
patients with various types of cancer.® In HBV-infected HCC
patients, an increase in natural Tregs and their suppressor
functions against antigen-specific CTLs has been reported.” A
correlation has been observed between natural Treg fre-
quency and recurrence-free or overall survival of HCC
patients.® However, it is yet to be determined if a distinct
Treg subset is involved or not in the development of HCC.

The forkhead/winged helix transcription factor, FOXP3, is
acknowledged as a major and specific marker of Tregs, the
cellular expression of which is correlated with suppressive
activities.” However, in the differentiation from naive T cells
to effector/memory T cells, FOXP3 is transiently expressed
but not sustained, suggesting that some proportion of
FOXP3" T cells are not regulatory but activated ones.’
These observations suggest that using FOXP3 as a marker of
functionally regulatory cells would be limited and not suitable
for adaptive Tregs. In recent studies, the expression of IL-7
receptor alpha chain (CD127) was found to be downregu-
lated in Tregs and CDI127 expression to be inversely corre-
lated with FOXP3 expression.’”* Moreover, CD127-negative
T cells are endowed with suppressive ability irrespective of
their CD25 expression.”> Alternatively, several studies have
shown that CD127 is downregulated on FOXP3™ Trl
cells.*** Due to the lack of specific or appropriate markers
for identification of adaptive Tregs, it is yet to be confirmed
that FOXP3™ T cells are adaptive Tregs. Furthermore, little is
known about the precise roles of FOXP3™ regulatory cells in
the development of HCC. :

In this study, we focused on FOXP3™ Tregs and tried to
elucidate whether or not such cells are associated with the
presence of HCC. To assess the feasibility of FOXP3™ cells as
a therapeutic target for immunological control of HCC, we
tried to clarify the molecular mechanisms of its induction. .

Material and Methods

Subjects

Among chronically HCV-infected patients who had been fol-
lowed at Osaka University Hospital, we enrolled 184 patients
who were further categorized into three groups according to
the stages of liver disease: chronic hepatitis (CH), liver cir-
rhosis (LC) and HCC groups. The clinical stage of HCC was
determined according to the TNM classification system of
the International Union against Cancer (seventh edition).
The study protocol was approved by the ethical committee at
the Osaka University Graduate School of Medicine. At enroll-
ment, written informed consent was obtained from all
patients and volunteers. Some of HCC patients in this study
received radiofrequency ablation (RFA) therapy. Indication
for RFA therapy was based on therapeutic guidelines for
HCC promoted by the Japan Society of Hepatology.'® After
the RFA session, the efficacy of tumor ablation or HCC
recurrence thereafter was evaluated by computed tomography
or magnetic resonance imaging scanning. In some of the
HCC patients who underwent surgical resection, cancerous
and adjacent noncancerous tissues were obtained at operation
for further Treg analyses. As controls, 57 healthy subjects
(HS) without history of liver diseases, 27 HCC patients with
HBV infection (HBV-HCC group), those without HBV and
HCV (non-B-, non-C [NBNC]-HCC group). The clinical
backgrounds of the subjects are shown in Table 1.

Frequency analyses of peripheral and

liver-infiltrating Tregs

Peripheral blood mononuclear cells (PBMCs) were stained
with a combination of various fluorescence-labeled anti-
human mouse or rat monoclonal antibodies (mAbs) as
reported previously (17). The mAbs for CD4, CD25, CD127,
FOXP3 and IL-10 were purchased from Becton Dickinson
Biosciences (San Jose, CA). Fresh liver specimens were
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washed twice with phosphate-buffered saline and were diced
into 0.5 mm pieces. After these pieces were passed through a
nylon mesh, liver-infiltrating lymphocytes were isolated by
Ficoll-Hypaque density gradient centrifugation. These cells
were stained with fluorescence-labeled Abs as performed for
PBMC. For the analyses of FOXP3 and IL-10, we performed
intracellular staining using a human FOXP3 staining kit (BD
Biosciences) according to the manufacturer’s instructions.
The stained cells from PBMC or liver were analyzed by
FACS Canto (BD Biosciences) and Cell Quest software.

Functional analysis of regulatory T cell subsets
To obtain live Tregs for functional analyses, we collected four
populations of CD4™ T cells according to the patterns of
CD25 and CD127 expressions by FACS Aria (BD Biosciences).
We cocultured various numbers of sorted cells with 1 x 10°
allogenic naive CD47CD25™ T cells in the presence of agonis-
tic anti-CD3 and anti-CD28 Abs (BD Biosciences Pharmin-
gen) on 96-well flat-bottom plates (Corning, Corning, NY) for
. 5 days. The proliferation of cells was assessed by incorporation
of [3H]-thymidine. To clarify the suppression mechanism by
Tregs, the cells were cultured with or without separation by
transwell inserts (pore size 0.4 pm, Corning). Alternatively in
some experiments, the cells were cultured in the presence or
absence of neutralizing 10 ng/ml anti-IL-10 or anti-TGF-B
Abs (R&D Systems, Mckinley, MN) or isotype IgG.

To examine regulatory cells possess suppressive function
on recall antigen-specific CD4™ T cell responses, we cocul-
tured 1 x 10* each of sorted cells from some HCC patients
with 1 x 10° autologous CD4™" T cells in the presence or ab-
sence of 20 pg/ml of tetanus toxoid (Sigma) for 5 days,
stimulated with 10 [U/ml of recombinant human IL-2 (BD
Pharmingen). The proliferation of cells was assessed using
WST-8  (2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl) -5
-(2,4-disulfophenyl)-2H-tetrazolium, monosodium salt) rea-
gent in the Cell Counting Kit-8 (Dojindo, Japan) according
to the manufacturer’s instructions.

Real-time RT-PCR

To analyze gene profiles of Tregs, we collected
CD4*CD25"8"CD127~ and CD47CD257CD127” T cells
using FACS Aria. Extraction of total RNA and subsequent
real-time reverse transcription polymerase chain reaction
(RT-PCR) was performed as reported previously with some
modifications."” Assays-on-demand primers and probes
(Applied Biosystems, Foster City, CA) were used to quantify
FOXP3, cytotoxic T-lymphocyte antigen 4 (CTLA-4), gluco-
corticoid-induced TNF  receptor family-regulated gene
(GITR), lymphocyte-activation gene 3 (LAGS3), IL-21, pro-
grammed cell death 1 (PD-1) and c¢-masculoaponeurotic fi-
brosarcoma (c-Maf) expression. The expressions of molecules

were given as the relative values to the calibrator samples. To-

standardize the amount of total RNA, we quantified B-actin
mRNA from each sample as a control of internal RNA and
corrected all values with this.
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Induction of CD4*CD257CD127 FOXP3~

T cells from PBMC »
To clarify the molecular mechanisms of Treg induction, we
cultured 1 x 10° naive CD4TCD257T cells with 1 x 10° au-
tologous monocyte-derived dendritic cells (DCs) and mito-
mycin C (Sigma-Aldrich, St. Louis, MO)-treated 1 x 10°
HCC cell lines, Huh7 or HepG2 {AmericanType Culture Col-
lection, Manassas, VA) on 24-well flat-bottom plates for 5
days. Monocyte-derived DCs were generated from CD14"
cells as reported previously.'® On days 2 and 4 of the cocul-
ture, recombinant human IL-2 (10 IU/ml), IL-10 (20 IU/ml)
and IL-15 (20 IU/ml; BD Pharmingen) were added to the
cells. On day 6, they were stimulated with phorbol 12-myris-
tate 13 acetate (PMA; 1 ng/ml) and ionomycin (1 pmol/l) in
the presence of anti-CD3 mAb (1 pg/ml) and breferdin A (1
ug/ml) (BD Pharmingen). In some experiments, we separated
relevant cells by transwell inserts (pore size 0.4 yum) or added
10 pg/ml neutralizing Abs against TGF-B (R&D), HLA-DR
(BD), PD-1 (R&D), programmed cell death 1 ligand 1 (PD-
L1; e-Bioscience) or immunoglobulin-like transcript 4 (IL-T4)
(e-Bioscience) during the culture. Subsequently, the cells were
stained with Abs for CD4, CD25, CD127, FOXP3 and IL-10
and then were subjected to FACS analysis.

Knockdown of PD-L1 and HLA-G genes in HCC

cell lines by siRNA

To confirm the molecules involving Treg induction, we
knocked down PD-L1 and HLA-G genes in Huh7 cells by
means of RNA interference. We used the small interfering
RNA (siRNA) cocktail targeting human CD274 (PD-L1) or
human leukocyte antigen G (HLA-G), provided by COSMO
BIO (Tokyo, Japan). Transfection 'of siRNA to Huh7 or
HepG2 cells was performed using lipofectamine RNAIMAX
(Invitrogen) according to the manufacturer’s instructions. To
assess the efficiency of transfection, we compared the mRNA
expression of target genes before and after the procedure by
real time RT-PCR.

Statistical analyses

The Jonckheere-Terpstra test was used for the analysis of
dose-dependent tendency. The Mann-Whitney nonparametric
U test was used to compare differences in unpaired samples
and Kruskal-Wallis nonparametric tests were used to com-
pare differences among multiple groups, respectively. Fried-
man test with Bonferroni multiple comparison tests was used
to compare differences in paired samples. All tests were two-
tailed, and a p < 0.05 was considered statistically significant.

Results

CD4* T cells with distinct patterns of CD127 and FOXP3
expression were identified

According to the expression of CD25 and CD127 in CD4™ T
cells, we separated them into four groups: CD25M8"+CD127",
CD257CD127~, CD25™¢"*CD127" and CD257CD127" cells,
respectively (Fig. 1a). Most of the CD4TCD25™8"+CD127~
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cirrhosis or hepatocellular carcinoma, respectively.
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cells express FOXP3 (>80%). In contrast, the populations of
CD4*CD257CD1277, CD4*CD25"¢"*CD127* and CD4*
CD25°CD127" lack FOXP3 expression (<10%). These
results show that, except for CD4"CD25™"*CD127™ cells,
the remaining CD1277 cells lack FOXP3 and CD25 expres-
sion (CD4+CD25~CD127 FOXP3™).

CD4*CD25"8"* (D127 cells and CD4¥CD257CD127" T
cells are suppressors against allogeneic T cells with

distinct mechanisms

To examine which cell populations exert a suppressive
capacity, we added each phenotype of cells separated from the
subjects to allogeneic CD4™ T cells. The sorted CD47CD127*

T cells had no regulatory activities regardless of CD25 expres-

sion (data not shown). In contrast, CD127" cells, either
CD25~ or CD25"8™" significantly inhibited allogenic CD4™ T
cell proliferation in a dose-dependent manner, at comparable
levels (Fig. 1b). Of note is that their suppressive capacity did
not differ at the single cell level between patients and donors,
regardless of the stage of liver disease (Fig. 1b). In addition,
CD127" cells are anergic irrespective of CD25 expression (Fig.
1b). The suppressive ability of CD4*CD25"8+CD127™ cells
was significantly abrogated by transwells and anti-TGF- Ab,
suggesting that they work in cell-cell contact-dependent and
TGE-B-dependent manners (Supporting Information Fig. 1).
By contrast, suppression by CD4TCD257CD127 cells was
alleviated by anti-IL-10 Ab but not by transwells, showing that
they are contact-independent but IL-10-dependent (Support-
ing Information Fig. 1). These results show that
CD41tCD257CD127~ cells possess a suppressive capacity with
distinct machinery from CD4*CD25™#"+CD1277 cells. In the
setting of tetanus toxoid-reactive CD4™ T cell response, each
type of cells tended to be comparably suppressive (Supporting
Information Fig. 2).

CD4*CD25""+ (D127~ and CD4¥CD257CD127™ T cells
display distinct gene profiles

CD4*CD25™CD127~ and CD47CD257CDI127~ T cells
were sorted by FACS Aria and were subjected to real-time RT-
PCR analyses. The expressions of FOXP3, CTLA-4 and GITR
in CD4"CD25™8""CD127" cells were higher than those in
CD47CD257CD127~ T cells, while those of LAG-3, IL-21,
PD-1 and ¢-Maf in CD47CD257CD1277 T cells were higher
than those in CD4"CD25™8**CD127~ cells, respectively (Fig.
2). Thus, these two types of regulatory cells have distinct mo-
lecular profiles. As we described in the previous sections,
CD4*CD257CD127” cells with regulatory capacity lack
FOXP3 expression (Figs. 1 and 2). Thus, we tentatively defined
such cells as CD25"FOXP3™ Tregs in the following parts.

CD257FOXP3™ Tregs are increased in HCC patients and
their increments are associated with cancer progression
We compared the frequency of Treg subsets among healthy
donors and HCV-infected patients. In HCC patients,
CD25 FOXP3™ Tregs or CD4* CD127~ CD25"8"+ FOXP3™
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cells (CD25™8**EOXP3™ Tregs) frequency in the periphery
was significantly higher than those in other groups (Fig. 3a).
The frequency of each type of Tregs is not correlated with
HCV quantity (Supporting Information Fig. 3). These results
show that the increase in CD257FOXP3™ or
CD25M8FOXP3* Tregs is correlated with the development
of liver cancer, but not with HCVRNA: titers. Such increment
of peripheral Tregs is also observed in HBV-HCC or NBNC-
HCC patients (Fig. 3a).

Next, we compared the frequency of Tregs between PBMC
and liver-infiltrating lymphocytes in HCC patients. Both
CD25"FOXP3~ and CD25M8+EOXP3" Tregs are detected in
liver-infiltrating lymphocytes, and CD25 " FOXP3™ Tregs are
higher in tumor-infiltrating lymphocytes than those in nontu-
mor-infiltrating and circulating lymphocytes (Fig. 3b). These
results demonstrate that CD25"FOXP3™ Tregs increase both
in the liver and in the periphery in parallel with the develop-
ment of cancer.

We serially examined the frequency of CD25”FOXP3™ Tregs
and CD25"8"*FOXP3* Tregs before and after RFA therapy.
The CD25"FOXP3 ™ Tregs frequency dramatically decreased af-
ter successful HCC ablation and further subsided in patients
without intrahepatic recurrence (Fig. 44). In clear contrast, in
patients with subsequent HCC recurrence, CD25"FOXP3™
Tregs increased before apparent radiological identification of
HCC (Fig. 4a). Such dynamic frequency changes in parallel with
HCC recurrence were not apparent in CD25M8+FOXP3+ Tregs
(Fig. 4b). Therefore, CD25"FOXP3™ Treg frequency is more
closely correlated than CD25"8"*FOXP3* Tregs with the pres-
ence or absence of HCC.

PD-L1, IL-T4 and HLA-G are involved in the induction of
CD4*CD257CD127 FOXP3™ IL-10™ T cells

After the culture of naive CD4" T cells, DC and Huh7 or
HepG2, we found that CD4TCD25"CD127 FOXP3™ cells pro-
duce IL-10 (Fig. 5a), whereas CD47CD257CD127 FOXP3™*
cells do not (Supporting Information Fig. 4). Since
CD4tCD25°CD127" cells use IL-10 as one of suppressor
mechanisms (Supporting Information Fig. 1), such IL-107
CD47CD257CD127 FOXP3™ T cells are functionally compe-
tent CD25"FOXP3~ Tregs (Fig. 5a). In culture, the frequency
of TL10™ CD25 FOXP3™ T cells decrease in the presence of
anti-TGF-f, anti-PD-1, anti-PD-L1 or anti-ILT4 Abs, with the
difference being the most significant with anti-PD-L1 or anti-
ILT4 Abs (Fig. 5b). Next, in the absence of DC or the separation
of T cells from HCC cell lines significantly reduced IL10%
CD257FOXP3™ T cell induction, whereas separation of T cells
from DC did not change it (Fig. 5¢). These results indicate that
the contact between T cells and HCC cell lines is indispensable
for IL-107 CD25 FOXP3™ T cell induction, but the contacts

" between T cells and DC or between DC and HCC cell lines are

not, respectively. Similarly, the addition of anti-PDL1 or anti-
IL-T4 Abs to this culture resulted in suppression of IL-10™
CD257FOXP3™ T cell induction, regardless of the presence of
transwells (Fig. 5¢).
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infiltrating tymphocytes; TIL, tumor-infiltrating lymphocytes. *: p < 0.05; **: p < 0.01, by Friedman test with Bonferroni multiple

comparison test.

IL-T4 is expressed on DC and transmits inhibitory signals
after ligation with HLA-G. To confirm that the HLA-G and
PD-L1 expressed in HCC are responsible for IL10"
CD25"FOXP3™ T cell induction, we knocked down HLA-G
and/or PD-L1 in Huh?7 cells by siRNA and subjected them to
the abovementioned in vitro cultures (Fig. 5d). As a result,
IL10Y CD25"FOXP3~ T cell frequency is significantly
decreased in the presence of siRNA-treated HCC, but not
with mock-transfected HCC (Fig. 5e). These results demon-
strate that DC and HCC cells are actively involved in IL-107

Int. J. Cancer: 131, 2573-2583 (2012) © 2012 UICC

CD257FOXP3™ T cell induction, in which PD-LI, IL-T4 and
HLA-G are indispensible.

Biscussion

In this study, we focused on CD25 FOXP3™~ Tregs in HCC
patients, which are distinct from CD25M#+FOXP3™ natural
Tregs in cellular phenotypes, genetic profiles and functional
aspects. We demonstrated that; (/) CD4TCD1277CD25 cells
(as defined as CD25"FOXP3~ cells in this study) are
endowed with suppressive capacity comparably with
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*: p < 0.05 by Friedman test with Bonferroni multiple comparison test.

CD47CD127~CD25M8* cells (CD25M8"*FOXP3™ cells) and
(i) the frequency of CD25 FOXP3™ Tregs changes more
dynamically than those of CD25™8**EOXP3™ Tregs in corre-
lation with post-therapeutic HCC recurrence.

Extensive studies have been carried out on the role of nat-
ural Tregs in cancer patients, of which are conventionally
defined as CD25%#+FOXP3* T cells. Pharmaceutical depri-
vation of CD25% T cells in vivo were tried to improve
immune reactivity against cancers; however, most of the
study results were unsatisfactory.'®® Such experiences raise
the possibility that the involvement of CD25™ Tregs in the
pathogenesis of certain canicers. In support for this, the exis-
tence of CD257FOXP3™ Tregs has been reported in mice
and human, in relation to viral infection or cancers.**"** The
comparative roles of CD25"8""FOXP3* natural Tregs and
CD25™ Tregs in human diseases are still largely unknown. It
is reported that CD127 expression is inversely correlated with
a FOXP3 and CDI127 negative population broadly encom-
passing regulatory cells.""* Several investigators reported
that CD127 expression on T cells is aberrantly regulated with
regard to their functional relevance.”** Taking these findings
into consideration, we aimed to identify distinct type of Tregs
in CD47CD127 population. Consequently, we found a func-
tional regulatory subset in CD47CD257CD127~ T cells,
which differ from CD4"CD25¢"*CD127~ Tregs in molecu-
lar profiles and inhibitory mechanisms. The profile of
CD4"CD257CDI127~ T cells is quite unique; they express
more LAG-3, IL-21, c-Maf and PD-1 but less FOXP3, CTLA-
4 and GITR than CD4+TCD25™"*CD127™ Tregs do. In sup-

port of our results, Pot et al. reported that IL-27 induces IL-
21 and c-Maf, which are critically involved in the differentia-
tion of IL-10-producing Tr1.*® As for functional aspects, we
showed that CD41CD25"CD127~ cells use IL-10 as suppres-
sive machineries, not completely but in part. Based on these
characteristics, it is likely that CD4TCD25~CD127 FOXP3~
cells, as defined as CD25"FOXP3™ Tregs in this study, are -
presumed to be aforementioned Trl cells. Such phenotype of
T cells are compatible with Trl-like cells in human, as
reported by Haringer et al'* To confirm that, several addi-
tional examinations, such as antigen-specific suppressive
capacity, need to be carried out. Using tetanus toxoid as a
representative of general recall antigens in this study,
CD47CD257CD127~ cells and CD4+YCD25high*CD127~
cells tended to be suppressive on autologous CD4* T cell
proliferation (Supporting Information Fig. 2). Further analy-
sis needs to be performed on this issue, using other sets of
recall antigens.

To therapeutically control Tregs in vivo, extensive studies
have been carried out to disclose the mechanisms of the induc-
tion or attraction of FOXP3™ Tregs.”*® Likewise, it is tempt-
ing to consider that CD25"FOXP3™ Tregs depletion would
have a favorable impact on the clinical features of the patients.
Thus, identifying the molecules involved in CD25 FOXP3~,
Treg induction should be carried out for the future develop-
ment of Treg-oriented therapeutic approach. For this purpose,
we successfully expanded CD4"CD25~CD127 FOXP37IL107
cells from naive CD4YCD257T cells. Such cultured cells con-
tained approximately 10% of IL-10" cells, which subsequently
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Figure 5. HLA-G and PD-L1 in HCC and IL-T4 in DC are involved in the induction of IL-107CD25 FOXP3™ Tregs. After culture of CD4¥CD45RA™
naive T cells with autologous monocyte-derived dendritic cells and Huh-7 or HepG2, CD4* CD127~ CD25 FOXP37IL-10™ T cells (IL-
10*CD25~FOXP3™ Tregs) were generated. (g) Representative dot plots from results of seven healthy volunteers are shown. in the abovementioned
coculture system, various neutralizing/masking Abs (b) or transwell inserts (¢) were added and the results were compared with the frequencies
of IL-10™"CD257FOXP3 ™~ Tregs with or without treatments. In addition, we transfected siRNA against HLA-G and/or PD-L1 to Huh-7 and
cocultured them with naive CD4™ T cells and DC as the same as above. The efficiency of gene silencing was evaluated by the comparison of
transcripts of HLA-G or PD-L1 with or without siRNA transfection (d). The frequency of IL-107CD25 FOXP3™ Tregs after the culture was compared
with mock-transfected ones (e). In Figures 5-B, 5-C and 5-E, the bars indicate the ratio of IL-107CD25~FOXP3™ Tregs frequency (mean +
standard deviation) between those with treatment and without from three series of experiments. *: p < 0.05 by Wilcoxon rank sum test.
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tended to inhibit proliferation of allogeneic CD4™ T cells (data
not shown). Using this culture, we demonstrated that DCs are
indispensible for IL-10" CD25"FOXP3~ Tregs induction
in vitro by way of PD-1/PD-L1 and IL-T4/HLA-G pathways.
Several reports showed that such molecular interactions are
involved in the generation of regulatory cells in cancer
patients.”>*® In patients with HCC, a positive correlation is
observed between the expression of PD-L1 or HLA-G in can-
cer tissue and the poorer prognosis of the patients,*”* sug-
gesting that such molecules are involved in cancer develop-
ment. As for HLA-G in this study, direct cellular contact
between DC and HCC is not necessary in IL-107
CD257FOXP3™ Tregs induction, suggesting that soluble HLA-
G released from HCC may play an active role. In our hands,
soluble HLA-G was measurable in culture supernatants of
HCC cell lines and in serum samples from HCC patients (data
not shown). Further investigation is arguably needed to eluci-

FOXP3-negative regulatory T cells in HCC

date whether soluble HLA-G is functional or not in HCC
patients.

In summary, we demonstrate that CD25 FOXP3™ Tregs
are increased in HCC patients, which change dynamically in
response to HCC occurrence and post-therapeutic recurrence.
Cross-talks among HCC cells, DC and CD4" T cells are
required for IL-10% CD25"FOXP3~ Tregs induction, in
which PD-L1, HLA-G and IL-T4 are critically involved.
Although further investigation is needed to prove that depri-
vation or inactivation of CD257FOXP3~ Tregs improves
immune responses in vivo, such molecules could serve as tar-
gets of Treg-oriented therapeutic intervention for HCC.
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Abstract

The innate immune system recognizes viral nucleic acids‘and stimulates cellular antiviral responses. Intracellular detection of
viral RNA is mediated by the Retinoic acid inducible gene (RIG)-I Like Receptor (RLR), leading to production of type |
interferon (IFN) and pro-inflammatory cytokines. Once cells are infected with a virus, RIG-I and MDAS5 bind to viral RNA and
undergo conformational change to transmit a signal through direct interaction with downstream CARD-containing adaptor
protein, IFN-f promoter stimulator-1 (IPS-1, also referred as MAVS/VISA/Cardif). IPS-1'is composed of N-terminal Caspase
Activation and Recruitment Domain (CARD), prolihe—rich domain, intermediate domain, and C-terminal transmembrane (TM)
domain. The TM domain of IPS-1 anchors it to the mitochondrial outer membrane. It has been hypothesized that activated
RLR triggers the accumulation of IPS-1, which forms oligomer as a scaffold for downstream signal proteins. However, the
exact mechanisms of IPS-1-mediated signaling remain controversial. In this study, to reveal the details of IPS-1 signaling, we
used "an artificial oligomerization system to induce oligomerization of IPS-1 in cells. Artificial oligomerization of 1PS-1
activated antiviral signaling without a viral infection. Using this system, we investigated the domain-requirement of IPS-1 for
its signaling. We discovered that artificial oligomerization of IPS-1 could overcome the requirement of CARD and the TM .
domain. Moreover, from deletion- and point-mutant analyses, the C-terminal Tumor necrosis factor Receptor-Associated
Factor (TRAF) binding motif of IPS-1 (aa. 453-460) present in the intermediate domain is critical for downstream signal
transduction. Our results suggest that IPS-1 oligomerization is essential for the formation of a multiprotein signaling’
complex and enables downstream activation of transcription factors, Interferon Regulatory Factor 3 (IRF3) and Nuclear ~
Factor-xB (NF-xB), leading to type | IFN and pro-inflammatory cytokine production. i i '
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Introduction known as MAVS, VISA, and Cardif), which is anchored on the
o o . outer membrane of the mitochondrion [7,8,9,10]. Cells infected

Viruses replicating within cells produce RNA with a non-self  yith 4 virus activate the RLR/IPS-1 signaling cascade and exhibit
signature, such as a double stranded (ds) and 5'-triphosphate microscopic aggregation of IPS-1 [11]. Activation of IPS-1 is
structure, which are recognized by sensor molecules Retinoic acid reconstituted in vitro and the formation of detergent-insoluble
Inducible Gene-I (RIG-I), Melanoma Differentiation Associated IPS-1 aggregate has been reported [12]. For intracellular
gene 5 (MDADS), and Laboratory of Genetics and Physiology 2 aggregation of IPS-1, the involvement of mitofusin (MFN) 1,
(LGP2), collectively known as RIG-I-Like Receptors (RLR)  yhich is known to regulate mitochondrial fusion, has been
[1,2,3,4]. RLR elicits signals to activate a set of genes including reported [11], suggesting that IPS-1 aggregation is regulated

those of type I and III .intcrferon. (IFN) to initiate innate @tivhal through a complex mechanism of mitochondrial dynamics. There
responses [5]. Several lines of eyldcnce support a hypothesm‘ that are several studies concerning how IPS-1 receives a signal from
once RIG-T and MDAS recognize non-sell RNA, conformational  RYR and how it relays it downstream; however, some of the

changes are induced resulting in expf)sure.of their CARD [6]. The reports are not consistent with each other [10,13,14,15]. IPS-1
CARD of RIG-I and MDAS transmits a signal to another CARD- contains three potential TRAF binding motifs (TBMs) [10]. To

containing adaptor, Interferon Promoter Stimulator-1 (IPS-1, also avoid confusion, we refer to them as TBM1 (aa. 143147, human),
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TBM2 (aa. 154-159, human), and TBM3 (aa. 453—460, human).
TBMI and 2 are close to cach other (5 amino acids apart) and

reside within the proline-rich domain. TBM1 physically interacts *

with TRAF3 [16] and a single amino acid substitution (T147)
abolishes binding. Early reports demonstrated that an artificial
molecule essentially consisting of CGARD and TM, therefore
devoid of TBMs (termed mini MAVS), is sufficient for signaling
[9,10,13]. In particular, TM can be replaced with that of other
mitochondrial proteins, suggesting the importance of its mito-
chondrial localization. Other reports have demonstrated that
artificial oligomerization of CARD of IPS-1 in the cytosol is
sufficient to activate the signal independent of the mitochondrion
[14].

In the current study, we aimed to delineate the inconsistencies
on the reported function of IPS-1 domains with a focus on the
oligomerization of IPS-1 and analyzed the necessary part of IPS-1
for signaling.

Results

Forced IPS-1 Oligomerization Activates Antiviral Innate
Immunity

Previously, we found that a virus-infection resulted in the
redistribution of IPS-1 to form speckle-like aggregates in cells [11].
Here, we attempted to demonstrate whether oligomerization of
IPS-1 was sufficient to induce antiviral signaling. To address this
question, we modified an artificial homodimerization system
(ARGENT Kit, ARIAD) [17]. We used 3 tandem repeats of
mutant FK 506 Binding Protein 12 (FKgsgv), which can be cross-
linked by a cell-permeable chemical AP20187 (Figure 1A). FKysgy
harbors an F36V mutation, which impairs binding affinity to
mmunosuppressive agent, FK506. AP20187 was designed specif-
ically for binding with FKpsgy, so that it does not influence
endogenous FK binding proteins. Thus, this system specifically
crosslinks a target protein without the unwanted side effects. We
made constructs to artificially oligomerize CARD of RIG-I in cells
(FK-RIG CARD) [18] and IPS-1 (FK-IPS) (Figure 1A). HeLa cells
stably expressing 3xFKpsgy (FK) and its fusion proteins were
treated with AP20187 and IFN-B mRNA levels were quantified.
AP20187 induced oligomerization of fusion proteins (Native
PAGE, data not shown). Oligomerization of FKrssy did not
induce IFN-B mRNA; however, FK-RIG CARD exhibited a rapid
induction of IFN-f mRNA (Figure 1B, [18]). Two independent
Hela clones expressing FK-IPS activated the IFN-B gene upon
AP20187 treatment, both of which expressed the fusion protein
localized to mitochondria (data not shown). Furthermore,
AP20187 treatment induced speckle-like distribution of FK-IPS
in cells (data not shown). It is important to note that unlike
transient overexpression of IPS-1 in cell lincs, which constitutively
activates the IFN-B gene; stable cells did not exhibit constitutive
IFN-B expression (Figure 1B). To confirm that this induction was
accompanied by activation of IRF-3, its dimer formation was
examined by native PAGE (Figure 1C). Consistent with IFN-B
mRNA levels, cells expressing FK-RIG and FK-IPS, but not FK
exhibited rapid IRF-3 dimer formation after exposure to
AP20187.

To further confirm the impact of antiviral signaling by this
artificial system, we examined expression profiles of interferon
stimulated genes by a DNA microarray of 237 immune-related
genes. 109 genes were transiently induced by IPS-1 oligomer (data
not shown). Representatives 11 genes, which are known to be
induced after a viral infection, are displayed in Figure 1D. Results
show that a simple oligomerization of FK-RIG CARD or FK-IPS
mimics the signaling induced by a viral infection (Figure 1D). In
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contrast, only CARD of IPS-1 failed to induce any interferon or
cytokine gene expression in response to oligomerization (Figure
S1). From this, it would appear that the up-regulations of these
genes are not due to non-specific response induced by oligomer-
ized CARD-containing protein.

CARD of IPS-1 is Dispensable for Oligomerization-

induced Signaling

It has been hypothesized that upon activation of RIG-I, its
CARD is exposed by conformational changes and relays signaling
to IPS-1 through CARD-CARD interactions [8,9,10,19]. CARD
of IPS-1 is essential for signaling when IPS-1 is transiently over-
expressed [7,8]. We examined if CARD of IPS-1 was essential in
FK-IPS-mediated signaling. We constructed FK-IPS mutants: FK-
IPSACARD, CARD deletion; FK-IPSCARD, FK -fused to
CARD; FK-IPSTM, FK fused to TM, and FK-IPSACARDATM,
FK-IPS without CARD and TM, as summarized in Figure 2A.
Stable cells expressing FK-IPSACARD showed little basal
activation of IRF-3; upon treatment with AP20187, strong
activation of IRF-3 was observed similar to that by FK-IPS
(Figure 2B). However, FK-IPS CARD did not activate IRF-3 even
after oligomerization (Figure 2B). Similarly, FK-IPSACARD, but
not FK-IPSCARD did not induce IFN-B mRINA upon oligomer-
ization (Figure 2C). Oligomerization of FK on the mitochondrion
(FK-IPSTM) is not sufficient to activate IFN-B and Interleukin(IL)-
6 genes (Figure 2D, 2E). Interestingly, FK-IPSACARDATM,
which is localized in the cytoplasm (Figure S2) due to TM
deletions, activated IFN-f and IL-6 genes and formed speckle-like
aggregates upon oligomerization (Figure 2D, 2E, and Figure S2).
These results suggest that cytoplasmic oligomerization of an IPS-1
fragmeént (aa. 90-507), which includes TBM1-3, is sufficient for
signaling and mitochondrial localization is dispensable if forcibly
oligomerized.

Domain Delimitation of IPS-1 for IRF3 and NF-xB

Activation

To delimit the region of IPS-1 necessary to trigger signaling
upon oligomerization, we made a series of deletion mutants as
shown in Figure 3A. Stable clones of Hela cells expressing these
mutants were mock treated or treated with AP20187 and nuclear
translocation of IRF-3 and NF-kB was determined by immuno-
staining (Figure 3B). Deletion of the proline-rich region (180-540)
showed little effect; however, further deletion of residues 400 to
464 abolished activation of both IRF-3 and NF-xB, indicating that
these residues are essential to signal. Quantitative analysis of IFN-
B and IL-6 gene expression revealed a significant attenuation of
signaling by the deletion of aa. 1-179 (Figure 3C, 3D), suggesting
the involvement of TBM1 and 2. This requirement of TBM1-2 is
more prominent for IL-6 gene expression. Importantly, further -
deletion of aa. 400 to 464 (FKpsey-IPS 465-540), including
TBMS3, resulted in the complete loss of signaling activity.

We also wondered whether MFN1 contributes to IPS-1
oligomerization because we previously reported that mitochon-
drial protein MFN1 promotes mitochondrial fusion and increases
signaling of IPS-1 [11]. We carried out a reporter assay with this
oligomerization system in MFN1—/— MEFs. MFN1—/— MEFs
showed comparable level of IFN-promoter activity to WT MEF
cells (Figure S3), suggesting that MFN1 is dispensable for signaling
induced by forced oligomerization of IPS-1.

Essential Role of TBM3 in Signaling

To further characterize functional residues within aa. 400-540,
we substituted a single amino acid within TBM3 (PEENEY to
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Figure 1. Forced IPS-1 oligomerization induced antiviral innate immune signaling. A. Schematic representation of FKBP fusion proteins
and their oligomerization by a cross-linker, AP20187. B. Hela cells stably expressing indicated FKBP fusion proteins were treated with AP20187
(10 nM) for the indicated time. Cells were harvested and analyzed for IFN-§ mRNA levels by gqPCR. C. Hela cells stably expressing indicated FKBP
fusion proteins were stimulated with AP20187 for 3 h and IRF-3 dimer formation was analyzed (Materials and Methods). Positions of the IRF-3
monomer and dimer are shown by arrowheads. D. Microarray analysis of mRNAs induced by oligomerized RIG-I CARD or IPS-1. Cells were stimulated
with AP20187 for the indicated time. Total RNA extracted from these cells was subjected to analysis using a DNA microarray (Genopal, Mitsubishi
Rayon) of interferon-stimulated genes and interferon genes. Relative mRNA levels using a control expression as 1.0 are shown. Representative data of
at least two independent experiments are shown.

doi:10.1371/journal.pone.0053578.g001

PEDNEY: E457D) [10] to explore its significance (Figure 4A).
E457D substitution abolished gene activation of IFN-B and IL-6
with full-length or 400-540 FKpsey fusion constructs in stable
HelLa cells (Figure 4B, 4C). We confirmed that IRF and NF-xB
were activated by oligomerization of IPS-1 400-540 in a TBM3-
dependent manner (Figure 4D, 4E). We further mutagenized
TBMS3 to resemble TBM of Toll/IL-1 receptor domain-contain-
g adaptor inducing IFN-§ (TRIF) (PEEMSW) or IL-1 receptor-
associated kinase (JRAK)-M (PVEDDE). As a negative control, the
motif was replaced to that of Myeloid Differentiation factor 88
(MyD88) (PSILRF), which does not bind directly to the TRAF
molecule [20]. Interestingly, substitution of TBM3 with TBM of
TRIF or IRAK-M restored the induction of IRF3 and NF-xB,
albeit with lower efficiency (Figure 4F, 4G). As expected, the
control motif of MyD88 failed to exhibit signaling. Furthermore,
we constructed FK-IPS 400-508, which retains TBM3 but lacks
the TM. This short fragment of IPS-1 also activated IRF-
responsive promoter upon oligomerization(Figure S4). This result
further supports the hypothesis that oligomerization of TBM3 is
essential in IPS-1 mediated signaling.

Viral Infection Induces Molecular Oligomer of IPS-1

The above results show that forced oligomerization of IPS-1
results in the activation of a signaling cascade. We investigated if a
viral infection induced oligomerization of IPS-1 using fusion
proteins of complementary fragments of a fluorescent reporter
protein (monomeric Kusabira-Green, mKG) [21]. Two split
inactive mKG fragments fused to IPS-1, respectively, were
expressed in cells. Fluorescence is expected to be detectable when
these IPS-1 fusions containing complementary mKG fragment
came into close vicinity (Figure 5A). 293T cells, which stably
expressed mKG-fusion IPS-1, were infected with Newcastle
disease virus (NDV) for Sh and then subjected to Fluorescence-
Activated Cell Sorting (FACS) analysis for the detection of
fluorescence. We observed enhanced fluorescence in NDV-
infected cells (Figure 5B), suggesting that viral infections induce
oligomer formation of IPS-1.

Discussion

Signaling initiated by cytoplasmic viral RNA sensors involves a
unique adaptor, IPS-1, which is specifically expressed on the outer
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Figure 2. CARD of IPS-1 is dispensable for oligomerization-induced signaling. A. Schematic representation of FK-IPS deletion mutants. B.
Hela cells stably expressing indicated FK-IPS fusion were mock treated or treated with AP20187 for 3 h. Cell lysates were analyzed for IRF-3 dimer
formation as in Figure 1C. n.s. non-specific band. C-E. Indicated Hela cells stably expressing FK-IPS constructs were mock treated or treated with
AP20187 for 3 h. Cellular RNA were extracted and analyzed for IFN-B (C, D) or II-6 (E) mRNA by gPCR. Representative data of at least two independent
experiments are shown. Error bars: standard error of triplicated samples.

doi:10.1371/journal.pone.0053578.g002

membrane of the mitochondrion, IPS-1 is a problematic protein,
since transient overexpression results in constitutive signaling,
whereas endogenous IPS-1 is tightly regulated by post-translation-
al mechanisms [22,23]. Here, we established a system to analyze
the regulation of IPS-1 by its oligomerization. We obtained stable
cell lines expressing FK-IPS fusion, which could be activated by a
crosslinker. Upon oligomerization, IPS-1 rapidly elicited signaling
leading to the activation of target genes including that of IFN-B,
suggesting that IPS-1 aggregation is essential and precedes possible
covalent modifications such as phosphorylation and ubiquitination
[24,25].

Our deletion analysis of FK-IPS-1 revealed that the TRAF
binding motif is essential while CARD is dispensable for
signaling. The initial report by Chen’s group reported that
CARD tethered to mitochondria-targeted TM (termed mini
MAVS) is sufficient to transduce signaling by its transient
overexpression [9,13]. They expressed mini-MAVS in cells
expressing endogenous IPS-1. However, when mini-MAVS was
expressed in IPS-1—/— cells, no signal was transduced (Figure
S5, [26]). And recently Chen’s group also reported that
depletion of endogenous IPS-1 by RINAi abrogated interferon
induction by mini-MAVS [12]. This can be interpreted as
transient overexpression of CARD in the vicinity of mitochon-
dria resulting in the aggregation of endogenous IPS-1. In
contrast, FK-IPS 400-450, which lacks CARD, is regulated by
oligomerization in IPS-1—/— MEFs (Figure 4D, 4E). Another
group showed that cytoplasmic oligomerization of CARD is
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sufficient to activate signaling using FK fusion [14]. This result
is clearly inconsistent with ours (Figure 2B, 2C). They used wild
type FKBP12 and dimerizer chemical AP1510, which retains its
binding affinity to endogenous FKBP proteins. One of the
FKBPs, FKBP38 (also termed FKBP8) is known to associate
with the mitochondrial outer membrane [27]. Therefore, this
primordial oligomerization system may oligomerize the target
proteins (this case CARD) in association with mitochondria. We
used an improved FKBP system (ARGENT Kit, ARIAD),
which avoids this potential problem. On the other hand, FK-
IPS ACARDATM, which contains TBMs, can activate signaling
upon oligomerization (Figure 2). This result highlights the fact
that cyloplasmic oligomerization of TBMs is sufficient for
signaling.

There are three potential TBMs within IPS-1 [10]. Our
result showing that FK-IPS 400-540 exhibited signaling in an
oligomerization-dependent manner (Figures 3 and 4) suggest
‘that oligomerization of TBM 3 alone is sufficient for signaling.
TBMS3, initially identified as TRAF6 binding site [10], can also
recruit TRAF3 [28]. This is consistent with studies using
TRAF3 and TRAF6 knockout cells [29,30]. TBMI, 2, and 3
likely contribute to the signaling mediated by IPS-1, presumably
in a cooperative fashion and result in differential activation of
‘target genes. For example, TBM1 and 2 are dispensable for the
IFN-B gene, but IL-6 gene requires all TBM], 2, and 3 for full
activation (Figure 3C, 3D). A recent report has shown that
CARD containing protein CARD?9 is preferentially required for
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3 and NF-xB p65, respectively. Fluorescent microscopic images of IRF3 and NF-kxB staining are shown (top). The percentage of cells with nuclear IRF-3
or NF-kB was determined by counting 100 cells (bottom). C, D. Cellular RNA was extracted and analyzed for IFN-$ (C) or IL-6 (D) mRNA by gqPCR.
Representative data of at least two independent experiments are shown. Error bars: standard error of triplicated samples. Statistical analyses were
conducted with an unpaired t test, with values of p<0.05 considered statistically significant. *p<0.05, **p<0.005.
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proinflammatory cytokine induction downstream of RIG-I
signaling [31]. To explore the involvement of CARD9 in IPS-
1 mediated signaling, we knocked down CARDSY in a stable
HeLa clone expressing FK-IPS and examined its effect on the
activation of IFN-B and IL-6 genes (Figure S7)." Although IFN-f
gene induction by oligomerization was little affected by reducing
CARDY, IL-6 gene activation was significantly attenuated.
Considering the result that IL-6 gene activation is more
dependent on TBM1/2 (Figure 3C, 3D), it is- tempting to
speculate that TBM1/2 preferentially promote NF-xB activa-
tion, whereas TBMS3 has a primary role of IRF-3/7
activation.Our results support a model that CARD of IPS-1
receives signaling from RLR via CARD-CARD interaction to
initiate oligomerization through mitochondrial dynamism; how-
ever, CARD of IPS-1 alone is not sufficient to trigger
downstream signaling. On the other hand, TBMs are essential
for further signaling by the recruitment of TRAF3 and 6, which
is initiated by molecular oligomerization. Consistent with this
model, we observed that artificial oligomerization of IPS-1
induced recruitment of TRAF6 into the NP-40-insoluble
fraction (Figure S6). Thus, IPS-1 receives and transmits
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signaling through the functions of CARD and the TRAF motif,
respectively.

Materials and Methods

Plasmid Constructs

p-55C1BLuc, p-55A2Luc, p-125Luc, pRLtk, pEF-Bos-FLAG-
RIG-I CARD and pEF-Bos-FLAG-IPS-1 plasmids have been
described [11,32]. Expression plasmids of FKBP36v (oligomeriza-
tion peptide), pC4M-Fv2E, and pC4Fv1E were obtained from
ARIAD (ARGENT Regulated Homodimerization kit). We re-
constructed the vector, pC4Fv3E, which contains 3 tandem
repeats of FKBP36v [18]. To construct IPS-1 fused three tandem
FKBP, we amplified the IPS-1 sequence by PCR and inserted it
into the Spel site of pC4Fv3E. Site-directed FK-fused IPS-1
mutants (FK-IPS E457D, FK-IPS 400-540 E457D) were
constructed using a KOD-Plus mutagenesis kit (TOYOBO,
Japan). Nucleotide sequences for these constructs were confirmed
with the BigDye DNA sequencing kit (Applied Biosystems).
Expression vectors encording Flag-MAVS and Flag-mini-MAVS
were obtained from Dr. Zhijian J. Chen.
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Figure 4. Essential role of TBM3 in signaling. A. Schematic representation of FK-IPS fusion proteins. Asterisks represent the point mutation. B, C.
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letters (F, G). Cells were treated with or without AP20187 for 6 h. Relative luciferase activities were determined as described in the Materials and
Methods. A representative result of at least two independent experiments is shown. Error bars: standard error of triplicated samples.

doi:10.1371/journal.pone.0053578.g004

Cell, DNA Transfection, and Preparation of Cell Extracts

HeLa, 293T cells [32,33] and Mouse embryonic fibroblasts
(MEFs) [5,34] were maintained in Dulbecco’s Modified Eagle’s
Medium with 10% fetal bovine serum and penicillin-streptomycin.
MEFs deficient for IPS-1 were obtained from Dr. S. Akira (Osaka
University). MEFs deficient in MFN] were obtained from Dr.
David Chan (Caltech). HeLa, 293T cells, and MEFs were
transfected with FuGENE 6 (Roche Applied Science). Stable
transformants of Hela cells were established by transfection of
linearized plasmids, encoding the FKBP construct and Puromycin
resistance gene, respectively, and cells were selected by Puromycin
(5 g/ ml). For preparation of cell extracts, cells were lysed with
lysis buffer (50 mM Tris-HCIl pH 7.5, 150 mM NaCl, 1 mM
EDTA, 1% Nonidet P-40, 0.1 mg/ml leupeptin, 1 mM phenyl-
methylsulfonyl {luoride, and 1 mM sodium orthovanadate) and
were centrifuged at 20400 xg for 10 min. The supernatant was
used for immunoblotting.
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Viral Unfection

Cells were treated with culture medium or infected with NDV
at a MOI of 1 in serum-ree and antibiotic-free medium. After
adsorption for 1 h at 37°C, the medium was changed and
infection was continued for 9h in the precence of serum-
containing medium,

Reporter Assay

MEFs were transfected with firefly Juciferase reporter (either p-
125 Luc, p-55C1BLuc or p-55A2Luc [32]) pRILtk (renilla
luciferase internal control) and effector expression plasmids. Cells
were split into three aliquots and were stimulated with chemical
dimerizer AP20187 (AP, 10 ng/ml in ethanol) or ethanol. The
luciferase assay was performed with a Dual-Luciferase reporter
assay system (Promega). Luciferase activity was normalized using
Remlla luciferase activity (pRLtk).

Quantitative Real Time PCR and Microarray Analysis

Total RNA was prepared with TRIZOL reagent (Invitrogen)
and treated with DNase I (Roche Diagnostics). A High-Capacity
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