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Induction of Hyper Thl Cell-Type Immune Responses by
Dendritic Cells Lacking the Suppressor of Cytokine
Signaling-1 Gene'

Toshikatsu Hanada,* Kentaro Tanaka,* Yumiko Matsumura,* Moriyasu Yamauchi,*
Hitomi Nishinakamura,* Hiroyuki Aburatani,” Ryuichi Mashima,* Masato Kubo,*
Takashi Kobayashi,* and Akihiko Yoshimura®*

Suppressor of cytokine signaling (SOCS1/JAB) has been shown to play an important role in regulating dendritic cell (DC) function
and suppressing inflammatory diseases and systemic autoimmunity. However, role of SOCS1 in DCs for the initiation of Th cell
response has not been clarified. Here we demonstrate that SOCS1-deficient DCs induce stronger Th1-type responses both in vitro
and in vivo. SOCS1-deficient DCs induced higher IFN-y production from naive T cells than wild-type (WT) DCs in vitro. Lymph
node T cells also produced a higher amount of IFN-y when SOCS1-deficient bone marrow-derived DCs (BMDCs) were transferred
in vivo. Moreover, SOCS1~/~ BMDCs raised more effective anti-tumor immunity than WT BMDCs. Microarray analysis revealed
that IFN-inducible genes were highly expressed in SOCS1-deficient DCs without IFN stimulation, suggesting hyper STAT1 ac-
tivation in SOCS1~'~ DCs. These phenotypes of SOCS1-deficient DCs were similar to those of CD8a™ DCs, and in the WT spleen,
SOCSI is expressed at higher levels in the Th2-inducing CD4™ DC subset, relative to the Thl-inducing CD8a* DC subset. We
propose that reduction of the SOCS1 gene expression in DCs leads to CD8a™ DC-like phenotype which promotes Thl-type

hyperresponses.

endritic cells (DCs)? are characterized by a high capa-
D bility for Ag capture and processing, migration to lym-

phoid organs, and expression of various costimulatory
molecules for Ag-specific lymphocyte activation (1). Various DC-
derived factors that induce Th-cell polarization have been identi-
fied. Well-documented examples are Thl-cell-polarizing cyto-
kines, such as IL-12, IL-23, IL-27 (2), and type 1 IFNs (3), as well
as Th2-cell-polarizing cytokines such as IL-10 and TGF-8 (4, 5).
Among them, IFN-v is an important cytokine that activates mac-
rophage and DC. It has long been assumed that the only cells
producing IFN-vy in response to IL-12 are T and NK cells. How-
ever, recent studies have shown that DCs also produce IFN-vy,
suggesting the presence of an autocrine-positive feedback pathway
for DC activation. It has been proposed that the production of
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IFN-vy by DCs at the time of Ag presentation also causes a strong
Thl-cell polarization (6). In mice, CD8a™ DCs, which produce
large amount of IL-12 and IFN-vy induce Th1 responses, whereas
CD8a~ DCs produce lower amounts of IL-12 and preferentially
induce Th2 responses (7). IFN-vy-secreting Thl-type T cell and
CTL responses are necessary for effective anti-tumor immunity.
Thus, DCs such as CD8a ™" DCs are suggested to be suitable for
vaccination in cancer immunotherapy (8).

The suppressor of cytokine signaling-1 (SOCS1) emerged as an
important physiological regulator of cytokine responses. SOCS1 is
strongly induced by these cytokines and inhibits signal transduc-
tion by suppressing JAK tyrosine kinase activity (9, 10). Knockout
mice studies indicate that SOCS1 is indispensable for the negative
regulation of IFN-vy (11, 12). SOCS1 deficiency causes aberrant
activation of T cells and NKT cells, which are proposed as the key
cellular mediators of the SOCS1 ™/~ disease (11, 13). Interestingly,
severe T cell lymphopenia was observed in SOCS1 ™/~ mice, but
the reason for T cell apoptosis has not been clarified. Recently,
however, it has been reported that mice generated using the Cre/
loxP system, which lack the SOCS1 gene specifically in NKT and
T cells do not develop any of the inflammatory pathology or suffer
neonatal death (14). In contrast, SOCS1 deficiency in the hemo-
poietic compartment is thought to be sufficient to cause the
SOCS17/~ disease because transfer of SOCS1~/~ bone marrow
results in premature lethality (11). These data suggest that severe
inflammatory diseases caused by SOCS1 deficiency may require
hemopoietic cell lineages other than T and NKT cells. We and
other groups have found that SOCS1 has an important regulatory
function in macrophages and DCs (15-17). SOCS1-deficient mac-
rophages produce larger amounts of inflammatory cytokines in re-
sponse to LPS than wild-type (WT) macrophages, and the LPS
tolerance is impaired in SOCS1-deficient macrophages. SOCS1-
deficient DCs are also hyperresponsive to IFN-y and IL-4 (17).
DCs from mice in which SOCS1 expression has been restored in
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T and B cells on a SOCS1 ™/~ background abnormally accumulate
in the thymus and spleen, where they produce large amounts of
cytokines such as BAFF (also called BLyS) and APRIL. These
cytokines induce aberrant expansion of B cells and autoreactive
AD production. Thus, SOCS1 potentially regulates not only adap-
tive immunity but also innate immunity by suppressing hyperac-
tivation of macrophages and DCs. SOCS1~’~ DCs not only acti-
vate B cells but also can trigger allogeneic T cell expansion. These
mechanisms probably mediate the onset of other SOCSI '~
diseases.

Because DCs are strictly regulated by cytokines, SOCS1 may be
a potent regulator of DC differentiation, maturation, and activation.
Here we report that SOCS1-deficient DCs initiate naive T cells to
produce higher amounts of Thl cytokines such as IFN-y than WT
DCs both in vitro and in vivo. Furthermore, we also demonstrated
the possibility that SOCS1-deficient DCs become a powerful vac-
cine for cancer immunotherapy.

Materials and Methods
Mice

SOCS1 ™/~ mice were previously established (11) and backcrossed onto the
C57BL/6 background for at least nine generations. IFN-y~/~SOCS1~/~
mice and SOCS1~/~Tg mice, which carrying the SOCS1 gene in T and B
cells but not in other type of cells, have been described previously (17). All
experiments using these mice were approved by and performed according
to the guidelines of the animal ethics committee of Kyushu University.

DC preparation and MLR

Bone marrow-derived DCs (BMDCs) were prepared from bone marrow
suspensions from femurs and tibias in mice as described (18). Bone mar-
row cells were cultured in 10 ng/ml mouse GM-CSF (PeproTech) and the
10-day-cultured BMDCs were used for the experiment. Splenic DCs (SP-
DCs) were purified using MACS magnetic beads (Miltenyi Biotec) as de-
scribed previously (19). For CFSE labeling, DCs were incubated with 10 uM
CFSE (Molecular Probes) for 10 min at 37°C in PBS containing 0.1% BSA.
Allogeneic MLR experiments using CD4™ T cells from BALB/c mice with
gamma-irradiated (3000 rad) SPDCs were described previously (17).

Priming with Ag-pulsed DC in situ

CFSE-labeled BMDCs or SPDCs were incubated in culture medium with
50 pg/ml keyhole limpet hemocyanin (KLH) for 16 h. DCs were washed
three times, resuspended in PBS (5 X 10° cells of BMDCs or 1 X 10° cells
of SPDCs in 40 ul) and then administered into the hind footpad. The
draining lymph nodes (LNs) were removed and teased into a cell suspen-
sion on day 3 for FACS analysis. On day 5, lymphocytes were cultured
with or without Ag (20 pg/ml KLH) at 1 X 10° cells/well in 96-well plates
for 96 h and cytokine levels in the culture supernatant were determined by
ELISA.

Tumor challenge and vaccination with peptide pulsed DC

To induce skin tumors, mice received s.c. injection of 3 X 10° B16 mel-
anoma cells. Three days after tumor inoculation, mice were vaccinated
with 1 X 10° BMDCs, pulsed with TRP2 peptide (SVYDFFVWL) (20).
One week later, this vaccination was repeated. Peptide pulsation to DCs
was performed as described previously (20). In brief, BMDCs cultured 9
days were loaded in Opti-MEMI1 (Invitrogen Life Technologies) and
pulsed with 25 uM peptide for 2 h at 37°C. Peptide-loaded DCs were
washed twice in saline and injected s.c. in the right flank.

Measurement of IFN-vy production from DCs

BMDCs were cultured with the indicated concentrations of LPS (Sigma-
Aldrich) or CpG oligodeoxynucleotide (ODN) (TCCATGACGTTCCT-
GATGCT) for 24 h. Concentrations of IFN-v in the culture supernatants
were measured by ELISA.

Flow cytometric analysis of DCs subsets

Spleen and LNs were minced in RPMI 1640 containing 10% FCS and
digested with 400 U/ml collagenase type III for 20 min at 37°C. The cells
were passed through a 50-um nylon mesh. Cells were stained with FITC-
conjugated anti-CD8 (53-6.7), PE-conjugated anti-CD4 (RM4-5), biotin-
conjugated anti-I-A® (AF6-120.1), and allophycocyanin-conjugated anti-
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CDl1c (HL3) (BD Pharmingen). Biotinylated Ab staining was followed by
streptavidin-PerCP Cy5.5 (BD Pharmingen). Stained cells were analyzed
on a FACSCalibur (BD Biosciences) flow cytometer and FlowJo software
(Tree Star). DC subsets (CD8a™, CD4™, and double negative) were iso-
lated by a cell sorter using EPICS ALTRA cell sorter (Beckman Coulter),
and the purity was =97% judged by cell surface marker expression.

RT-PCR

Total cellular RNA was isolated from DC subsets using RNeasy (Qiagen)
according to the manufacturer’s instructions. The expression level of
GAPDH was first evaluated as an internal control using serially diluted
reverse-transcribed cDNA. The expression levels of SOCS1 were then as-
sessed using appropriate pairs of primers. Primer sequences were as fol-
lows: SOCSI, sense 5'-CGCCAACGGAACTGCTTCTTC-3’, antisense
5'-TCAGGTAGTCACGGAGTACC-3'; T-bet, sense 5'-CCCACAAGC
CATTACAGG-3’, antisense 5'-AGTGATCTCTGCGTTCTGGT-3';
Eomes, sense 5'-TGAATGAACCTTCCAAGACTCAGA-3’, antisense 5'-
GGCTTGAGGCAAAGTGTTGACA-3"; GAPDH, sense ACCACAGTC
CATGCCATCAC-3’, antisense 5'-TCCACCACCCTGTTGCTGTA-3'".
PCR products were separated by agarose gel electrophoresis and visualized
by ethidium bromide staining. For quantitative determination of SOCS1
expression, quantitative real-time PCR was performed by using ABI 7000
sequence detector system (Applied Biosystems). SOCS1 mRNA expres-
sion was assessed using the above-mentioned primers in combination with
SYBR Green (Applied Biosystems). SOCS1 quantity was normalized by
the levels of GAPDH using TagMan rodent GAPDH control reagents (Ap-
plied Biosystems).

High-density oligonucleotide microarray analysis

Total RNA was extracted by standard methods using TRIzol reagent (In-
vitrogen Life Technologies). cRNA preparation and microarray hybridiza-
tion were conducted according to the supplier (Affymetrix), using Gene-
chip HG-U95Av2. Scanned output files were analyzed by the probe level
analysis package, Microarray Suite MAS 5.0 (Affymetrix).

Statistical analysis

For statistical analysis, we performed Student’s ¢ test, and a 95% confi-
dence limit was taken to be significant, defined as p < 0.05.

Results
Enhanced IFN-vy production from T cells by SOCS1-deficient
DCs in allogeneic MLR

To examine the effect of SOCS1 deficiency in DCs for T cell
activation, we first assessed MLR with allogeneic T cells from
BALB/c mice and CD11¢™ SPDCs from SOCS1-deficient mice.
SOCS1~’~ DCs are expected to stimulate proliferation of alloge-
neic T cell more extensively than WT DCs, because SOCS1~/~
DCs expressed higher levels of MHC and costimulators than WT-
DCs (17). Unexpectedly, however, SOCS17™/~ DCs from the
spleen of SOCS1~/~Tg mice stimulated T cell proliferation less
efficiently than WT-DCs (Fig. 1A, left panel). In vitro, IFN-vy is
shown to inhibit the expansion of T cells that are stimulated
through their Ag receptors by promoting caspase-8-dependent ap-
optosis (21). Thus, we examined IFN-vy concentration in superna-
tants of T cells/DCs cocultures. As shown in Fig. 1A (middle and
right panels), extremely high amounts of IFN-+, but not IL-2, were
detected in the culture supernatants of T cells and SOCS1~'~ DCs
cocultures. Impaired proliferation of T cells cocultured with
SOCS1~/~ DCs was restored by adding IFN-y neutralizing Ab
(Fig. 1A). Therefore, lower proliferation of T cells by coculture
with SOCS1~/~ DCs may be due to a cytostatic or cytotoxic effect
of high levels of IFN-v to T cells and/or DCs. Suppression of T
cell proliferation by SOCS1™'~ DC may be a cause of T cell
lymphopenia found in SOCS1-deficient mice. Apoptosis of T cells
was not enhanced by coculture with SOCS1~/~ BMDCs compared
with WT BMDCs coculture as judged by annexin V and propidium
iodide staining (data not shown). IDO which degrades the essential
amino acid triptophan is implicated in suppression of T cell pro-
liferation (22), and IFN-v is a potent inducer of IDO. It has been
reported that DCs expressing IDO can suppress T cell responses
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and promote tolerance (22). As shown in Fig. 1B, IDO expression
induced by IFN-vy stimulation was higher in SOCS1~/~ DCs than
in WT-DCs. The ability to produce high amounts of IDO in
SOCS1~/~ DCs may be one of the possible cause of suppression
of T cell proliferation.

To eliminate the effect of IFN-y from DCs, we performed MLR
experiments using DCs from an IFN-y /" background. In contrast
to the normal IFN-y genetic background, IFN-y/~SOCS1 ™/~
DCs augmented T cell proliferation, and this effect was dependent
on the expression level of SOCS1 in DCs (Fig. 1C). The levels of
Thl-type cytokines such as IFN-y and IL-2 were much higher in
the culture supernatants of T cells cocultured with SOCS1~'~ DCs
than those cocultured with WT-DCs, whereas the level of Th2-type
cytokines such as IL-4 and IL-10 were not different in these MLRs.
These results indicate that SOCS1-deficient DCs induce stronger
Th1-type responses in vitro compared with WT DCs.

SOCSI1~"~ DCs induce strong Thl-type responses in vivo

Next, to assess whether SOCS1~/~ DCs strongly initiate Th1 po-
larization in vivo, BMDCs from WT and SOCS1~’~ Tg mice were
pulsed with KLH for 2 h and then transferred into separate foot-
pads of the same C57BL/6 mice. Although the levels of CD80,
CD86, and CD40 were similar between WT and SOCS1~/~ BM-
DCs after KLH pulse, class II MHC molecules were significantly

DC numbers (x 10%) DC numbers[x 10%)

up-regulated in SOCS1~/~ BMDCs regardless of Ag loading (Fig.
2A). The migration rate of CFSE-labeled SOCS1~/~ BMDCs to
the draining popliteal LNs was also identical to that of SOCS1"/*
BMDCs (Fig. 2B) and the size of each LNs was indistinguishable
3 days after injection (data not shown), when the DCs population
is thought to peak (23). However, 5 days after injection, the pop-
liteal LN on the side in which SOCS1~/~ BMDCs were injected
was swollen more extensively than that receiving the SOCS1"/*
BMDCs injection (Fig. 2C). We compared CD4-, CDS8-, and
B220-positive cells in BMDC-immunized LNs. There was no dif-
ference in the population of these cells between SOCSI1 '~
BMDC and WT BMDC immunizations, although much more cells
were obtained from SOCS1~/~ BMDC-immunized LN than from
WT BMDC-immunized LN (data not shown). Therefore, both WT
BMDCs and SOCS1~/~ BMDCs have similar phenotype for in-
creasing the number of T and B cells; however, SOCS1 '~ BM-
DCs possess stronger potential than WT DCs.

Then we examined the Ag-specific response of T cells from
these LNs. Single-cell suspensions were prepared from the popli-
teal LNs and cultured in the presence or absence of KLH for 4
days. As shown in Fig. 2C, IFN-vy and IL-2 were not strongly
induced from KLH-restimulated LN cells by WT DC-immuniza-
tion, probably because we used immature BMDCs, while signifi-
cantly higher levels of these Thl-type cytokines, especially IFN-y
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were induced in lymphocytes from the LNs of SOCS1 ™/~ BMDC-
immunized side. Th2-type cytokine, IL-4 was not significantly in-
duced in both cases (Fig. 2C). Similar experiments were performed
using SPDCs from WT and SOCS1~/~ Tg mice. Again, the pop-
liteal LN immunized with SOCS1~/~ SPDCs were more swollen
than that immunized with WT-SPDCs. Lymphocytes from
SOCS1~/~ SPDC-immunized LN with KLH produced higher
amount of IFN-vy production than those from WT SPDC-immu-
nized LN (Fig. 2D). However, IL-2 and IL-4 levels were not sig-
nificantly different. These data suggest that SOCS1-deficeint SP-
DCs could specifically promote IFN-vy production from T cells in
vivo. These results indicated that SOCS1-deficient DCs induced
strong T cell proliferation as well as hyper Thl response in vivo.

SOCS1~"~ DC is a highly potent anti-tumor vaccine

IFN-vy-secreting Th1 cells are believed to be critical for long-last-
ing anti-tumor immunity (24). Because SOCS1~/~ DCs can in-
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duce strong Thl-type responses, we examined whether SOCS1-
deficiency potentiates the anti-tumor ability of DCs used for
therapeutic vaccination against the melanoma, B16 melanoma Ag
peptide (TRP2)-loaded BMDCs were injected s.c. on days 3 and
10 after injection of B16 melanoma cells (Fig. 3A). Unlike pre-
ventive models in which DCs are injected before tumor challenge,
normal DCs were not very effective in this therapeutic model. We
observed reduction of tumor size and a slight improvement of recip-
ient survival by introduction of WT-BMDCs, but these eftects were
independent of melanoma Ag (Fig. 4, B and C). However, strong
reduction of tumor size was observed when the Ag peptide-pulsed
SOCS1~/~ BMDCs were given (Fig. 3B). The mice immunized with
TRP2-pulsed SOCS1~/~ BMDCs also survived longer than mice im-
munized with WT-BMDCs (Fig. 3C). Peptide-unloaded BMDCs
were not effective. These data indicate that BMDCs lacking SOCS1
expression represent a strong possibility for creating a powerful vac-
cine adjuvant for tumor-reactive immunity in vivo.
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Hyperexpression of IFN-inducible genes in SOCSI1~"~ DCs

To define the molecular basis for hyper Thl skewing by
SOCS1~/~ DCs, we examined whether SOCS1 affects the adju-
vant effect of TLR signaling in DCs. Although the levels of LPS
and CpG-ODN-induced up-regulation of activation markers and
IL-12 production were not altered between WT and SOCS1~/~
BMDCs (data not shown), IFN-y production as well as STAT1
activation was more strongly augmented in SOCS1~'~ BMDCs
compared with WT-BMDCs (Fig. 4A). It has long been assumed
that the only cells producing IFN-+y in response to IL-12 are T and
NK cells. However, recent studies have shown that DCs also pro-
duce IFN-vy, which induces strong Th1-cell polarization by an au-
tocrine-paracrine positive feedback pathway during T-DC interac-
tion (6). Therefore, hyperproduction of IFN-vy or hyperactivation
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FIGURE 4. [IFN-vy production and STAT]1 activation in DCs in response
to TLR ligands. WT and SOCS1~/~ BMDCs (1 X 10%ml) were stimulated
with the indicated amount of LPS or CpG-ODN for 24 h, then IFN-vy in the
culture supernatant was measured by ELISA (A), and STATI activation
was detected by immunoblotting with anti-phosphorylated STAT1 Ab (B).
RT-PCR analysis for mRNA expression of T-bet and Eomes in BMDCs
from SOCS1 '~ Tg mice and WT littermates. The mRNA of T cells stim-
ulated by anti-CD3 and anti-CD28 Abs were used for positive control.
GAPDH, internal control. Experiments were repeated twice with similar
results.

of IFN-signaling in SOCS1 ™/~ DCs may account for hyperinduc-
tion of Thl cells. In consistent with this notion, microarray anal-
ysis revealed that IFN-inducible genes were up-regulated in
SOCS1-deficient BMDCs compared with WT-BMDCs (Table I).
Furthermore, STAT1 was constitutively tyrosine-phosphorylated
in IFN-y~/~SOCS1~’~ BMDCs when they were cultured in GM-
CSF (Fig. 4B). Several genes on the list, such as IFN-activating
gene 203 and IFN regulatory factor (IRF)-7 are implicated in Thl
responses. Therefore, hyperactivation of the IFNs-STAT1 pathway

Table I.  List of IFN-inducible genes whose expression levels were more than two times higher in SOCS™’~ DC than IFN-y~/~ DC“

Unigene ID Short Name Mean: IFNy~/~SOCS1*+/* IFNy~’~ SOCS17/~ Fold Change P Value
Mm,8180 Sca-1 105.2 2755.6 4.8 0.00002
Mm,951 IFN-induced protein with tetratricopeptide repeats 3 8.7 309.8 4.8 0.00002
Mm,3233 IRF-7 87.1 690.4 45 0.00002
Mm,200270 Hypothetical protein LOC211528 8.7 68.8 4.2 0.00002
Mm,2038 IFN-induced protein with tetratricopeptide repeats 2 11.9 213.4 4.1 0.00002
Mm,16091  Chemokine ligand 7 72 160.0 4.0 0.00003
Mm,27182  2'-5’ oligoadenytate synthetase-life 2 34.4 802.4 3.8 0.00002
Mm,30756  AW261480 19.5 247.1 3.7 0.00002
Mm, 180157 28 kDa IFN-responsive protein 723 1194.4 35 0.00003
Mm,213137 Chemokine ligand 2 51.1 712.8 35 0.00002
Mm,24045  Viperin 20.5 291.0 32 0.00002
Mm,8718 IFN-induced protein with tetratricopeptide repeats 1 26.0 221.1 3.1 0.00002
Mm,231914 IFN-activated gene 205 83.2 767.3 2.0 0.00002
Mm,29008  IFN-inducible GTPase 21.0 137.9 2.5 0.00003
Mm,212870 IFN-activated gene 204 13.8 65.5 2.4 0.00002
Mm,21036  IL-18 binding protein 26.5 116.5 2.4 0.00002
Mm,23991  IFN-induced guanylate-binding protein 2 224 178.6 24 0.00005
Mm,19028  IFN-stimulated protein Isg20 17.3 02.8 2.1 0.00002
Mm,18530  IFN-activated gene 203 26.7 124.5 2.1 0.00002
Mm,33902  IFN-vy-induced GTPase 222 89.9 2.1 0.00002
Mm,24769  IFN-vy-inducible protein 88.6 392.8 2.0 0.00002

¢ Mean: expression intensity of cDNA.
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in DCs could be a mechanism of hyperinduction of Thl responses
in SOCS1™/~ DCs.

To define the molecular mechanism of hyper IFN-vy production
in SOCS1~/~ DCs, we examined the expression of transcription
factors, T-bet and Eomes, which are related to regulation of IFN-vy
expression (25). As shown in Fig. 4C, T-bet was not detected in
both WT and SOCS1~/~ BMDCs. However, Eomes expression
was only detected in SOCS1~/~ BMDCs. These results imply that
Eomes may be a key molecule to produce high amount of IFN-y
in SOCS1~/~ DCs.

SOCSI regulates CD8a™ DC differentiation

Secondary lymphoid organs in mice have at least three subsets of
classical CD11c"#" DCs, including CD8a™*, CD4™ and double-
negative DCs, as well as a population of CD11¢'™ DCs with plas-
macytoid morphology (26). Among them, CD8a™ DCs produce
high levels of IL-12 and induce Thl responses (7). CD8a" DCs
are also able to produce IFN-vy upon IL-12 stimulation (27). DC-
derived IFN-v, together with IL-12, may also be important in ac-
tivation of DCs in an autocrine manner, and lead to Th1 responses.
Thus, we examined CD8a*DCs from SOCS1 '~ Tg and WT
mice. The proportion of CD8a™ DCs in splenic and LN DCs of

N

o
>
T
=}
I
E H
Relative SOCS1 mRNA levels
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CD4°CD8"

SOCS1~/~Tg mice was significantly higher than that from normal
C57BL/6 and SOCS17/*Tg mice (Fig. 5A; data for C57BL/6 mice
not shown). We also compared the expression levels of SOCS1 in
WT CD8a*, CD4", and double-negative DCs. As shown in Fig.
5B, SOCSI levels were significantly lower in CD8a™ DCs, than
those in CD4™ and double-negative DCs. Thus, the Th1-skewing
nature of CD8a™" DCs may be partly explained by the reduced
expression of SOCSI1.

Discussion

In this paper, we demonstrated that SOCS1-deficient DCs could
induce a strong Th1 response both in vitro and in vivo. It has been
reported that distinct DC subsets participate in Th1 and Th2 skew-
ing (8, 28—-31). In particular, CD8«™ DC produce high amount of
IL-12 and IFN-v, which are crucial cytokines for Thl skewing of
T cells, and induce Thl responses (7). Thl development can be
induced in vivo by administration of Ag-loaded CD8a™ DCs, into
syngeneic mouse footpads (8). Interestingly, the phenotypes of
SOCS1 ™/~ DCs are similar to those of splenic CD8a™ DCs from
WT mice. Moreover, in WT mice, the expression levels of SOCS1
in CD8a™ DC were extremely low compared with CD4™ or dou-
ble-negative DCs (Fig. 5). Therefore, we propose that SOCSI
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plays an important role to determine the Thl-inducing phenotype
of DCs. In this regard, it is interesting that Eomes, a recently iden-
tified transcription factor that regulates IFN-vy expression was de-
tected in SOCS1~/~ BMDCs. These results imply that Eomes may
be a key molecule to produce high amount of IFN-y in SOCS1~/~
DCs (Fig. 4C). Our data raise a possibility that Eomes may play an
important role in determining CD8«a™ DC phenotype.

Then, how does SOCS1 regulate DC phenotypes? Up-regulation
of STAT1 activation and IFN-y production in SOCS1~'~ DCs are
likely mechanisms of strong induction of Thl response by
SOCS1~~ DCs. CD8a™* DCs are also shown to produce IFN-y
upon IL-12 stimulation in vivo (27). Possibly, CD8a™ DC and
SOCS1™/~ DCs produce IL-12 and IFN-vy in an autocrine fashion,
creating a positive feedback loop (6). In addition, a high amount of
IFN-v produced by SOCS1~/~ DCs may directly promote the de-
velopment of Thl cells.

IFN-v produced from DCs may have a profound effect on T cell
proliferation. As shown in Fig. 14, SOCS1 '~ DCs rather sup-
pressed T cell proliferation, while SOCS1~/"IFN-y /"DCs en-
hanced T cell proliferation. One plausible mechanism is the ex-
pression of IDO. We found that DCs from SOCS1 '~ Tg mice
expressed higher levels of IDO (Fig. 1B), which may suppress T
cell proliferation. IFN-y~/~SOCS1~/~ DCs expressed similar lev-
els of IDO as control IFN-y '~ DCs did (data not shown). Thus,
IDO is a candidate of T cell lymphopenia found in
SOCS1-deficient mice.

In this study, we also showed that SOCS1 is required for normal
SPDC development. CD8«a™ DCs significantly increased in
SOCS1~/~Tg mice. We also showed that population of plasma-
cytoid DCs is increased in the spleen of SOCS1 ™/~ Tg mice (17).
In contrast, other DC subsets, CD4™ and double-negative DCs
decreased in these mice. These results indicate that SOCS1 is re-
quired for proper development of DC subsets. Studies using tar-
geted gene-disrupted mice indicated that several genes are in-
volved in DC subset determination. It has been reported that IFN
consensus sequence binding protein/IRF-8 '~ (32-34) mice ex-
hibit a defect in CD8a™ DCs. On the contrary, IRF-27'~ (35),
RelB /7, and TNFR-associated factor 6/~ (36) exhibited an al-
most complete absence of CD4" DCs. These observations indicate
that IFN signals and/or TNFR-associated factor 6-NF-kB signals
were required for the development of DC subsets. SOCS1 is also
one of the crucial regulators of IFN signaling. SOCS1/~ DCs
might be more sensitive to IFN-a/IFN-f3 as well as IFN-vy signal-
ing. Our microarray data support this idea because IFN-inducible
genes were up-regulated in SOCS1~/~ DCs even in the IFN-y~/~
background. Furthermore, STAT1 was constitutively tyrosine-
phosphorylated in IFN-y~/~SOCS1~/~ BMDCs when they were
cultured in GM-CSF. The expression level of SOCS1 was signif-
icantly low in the CD8a™ DC subset. Therefore, SOCS1 may reg-
ulate DC subset development by modulating IFN/STAT1 signal-
ing. This might also provide a divergence of susceptibility to IFNs
in the respective DC subsets.

SOCSI1 may also regulate other cytokines that are important for
DC functions. IL-15 is reported to be an important cytokine to
influence DC function. IL-15~'~ DCs reduced IL-12 and IFN-vy
production in response to LPS and IL-12, respectively, although
the number of CD8a" and CD8«~ DCs were normal (37). SOCS1
is supposed to be a negative regulator of IL-15 signaling (38—40).
Therefore, hypersignaling of IL-15 may augment the function of
SOCS1~’~ DCs to produce IFN-vy.

From Th1-skewing properties of SOCS1-deficient DCs, we have
demonstrated that SOCS1 is a possible candidate molecule for
augmentation of DC vaccination in cancer immunotherapy. IFN-
v-secreting Th1 cells are likely to be critical for more effective and
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long-lasting anti-tumor immunity (24). Indeed, strong tumor-spe-
cific Thl responses were elicited when SOCS1~/~ DCs were
loaded with MHC class II binding melanoma peptides. Thus, DCs
in which SOCS1 gene expression is knocked down by RNA in-
terference or antisense oligonucleotide may lead to polarized Thl
responses and be beneficial for cancer immunotherapy. Indeed,
recently, Shen et al. (41) reported that silencing of SOCS1 gene by
small interferring RNA (siRNA) technology in Ag-presenting DCs
strongly enhanced Ag-specific anti-tumor immunity. They showed
that DCs transfected with SOCS1 siRNA were more responsive to
LPS or IFN-vy than were DCs with control siRNA. Ag (OVA)
peptide-pulsed SOCS1-siRNA treated DCs activate OV A-specific
CTLs more strongly than the control DCs. These data indicate that
SOCS1-deficeint DCs can strongly activate both CD4" and CD8™
T cells. Naka et al. (13) have reported that the abnormal activation
of NKT cells were observed in SOCS1-deficient mice and lead to
lethal pathological changes in the liver. Hyperactivation of NKT
cells may also be due to the aberrantly activated SOCS1~/~ DCs.
Recent studies also showed that DCs pulsed with a-GalCer are
able to effectively activate Val4 NKT cells in vivo and induce
protective anti-tumor immunity in situ (42—44). It is possible that
stimulation of NKT cells via SOCS1 knocked-down-DCs will also
provide a therapeutic benefit in patients with several cancers.
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