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Abstract
Interferon β (IFNβ) is an approved therapeutic option for the treatment of multiple sclerosis (MS).
The molecular mechanisms underlying the effects of IFNβ in MS are not fully understood. Migration
of dendritic cells (DC) from the inflammatory site to draining lymph nodes for antigen presentation
and activation of naïve T cells, and to the CNS for reactivation of encephalitogenic T cells, requires
CCR7 and MMP-9 expression. Here we report for the first time that IFNβ inhibits CCR7 expression
and MMP-9 production in mature DC, and reduces their migratory capacity. The effect of IFNβ is
mediated through STAT-1. In vivo treatment with IFNβ results in lower numbers of DC migrating
to the draining lymph node following exposure to FITC, and in reduced expression of CCR7 and
MMP-9 in splenic CD11c+ DC following LPS administration. IFNβ and IFNγ share the same
properties in terms of effects on CCR7, MMP-9 and DC migration, but have opposite effects on
IL-12 production. In addition, IFNβ-treated DC have a significantly reduced capacity for activating
CD4+ T cells and generating IFNγ-producing Th1 cells. The suppression of mature DC migration
through negative regulation of CCR7 and MMP-9 expression represents a novel mechanism for the
therapeutic effect of IFNβ.
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INTRODUCTION
Following antigen uptake, peripheral dendritic cells (DC) migrate to draining lymph nodes
where they orchestrate the adaptive immune response through activation of T cells. DC
migration is essential in positioning them at inflammatory sites and subsequently at sites of
interaction with cognate T cells. DC traffic from peripheral tissues to lymph nodes requires
mobilization signals provided primarily by proinflammatory cytokines, upregulation of the
matrix metalloproteinases MMP-2 and −9 for proteolysis of the extracellular matrix, and
expression of CCR7 for directional migration in response to lymph node-derived CCL19/21
[reviewed in (1)]. Less is known about factors and mechanisms involved in the negative
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regulation of DC trafficking. This is particularly relevant to pathological conditions where DC
accumulate in high numbers at inflammatory sites, reactivating pathogenic T cells. For
example, DC secreting proinflammatory cytokines accumulate in the synovium of patients with
rheumatoid arthritis, promoting Th1 and Th17 differentiation (2). In multiple sclerosis (MS)
there is intracerebral recruitment of DC with subsequent localization in the MS lesions (3,4).
In experimental autoimmune encephalomyelitis (EAE), peripheral myeloid DC recruited into
the CNS perivascular space reactivate myelin-specific CD4+ T cells (5,6).

Recombinant interferon beta (IFNβ) is a therapeutic agent in remitting-relapsing MS [reviewed
in (7)]. The molecular mechanisms responsible for the beneficial effect of IFNβ in MS are not
fully understood. In the present study, we examined the role of IFNβ on the migration of bone
marrow-derived DC matured in the presence of a proinflammatory cytokine cocktail containing
TNF-α, IL-1β, IL-6, and PGE2. To our knowledge, this is the first report indicating that
IFNβ inhibits CCR7 and MMP-9 upregulation in cytokine-matured DC and prevents in vitro
and in vivo DC migration. This study identifies IFNβ as a factor controlling the migration of
inflammatory DC through STAT-1 mediated effects on CCR7 and MMP-9.

MATERIALS AND METHODS
Mice and reagents

B10.A and BALB/c mice were purchased from Jackson Laboratories (Bar Harbor, ME).
STAT-1-deficient mice (129S6/SvEv-Stat1tm1Rds) and corresponding wild-type mice (129S6/
SvEv) were purchased from Taconic Farms (Germantown, NY). TCR-Cyt-5CC7-I/Rag1−/−

transgenic (PCCF-specific TCR Tg; I-Ek) mice (Taconic Farms) were bred and maintained in
the Temple University School of Medicine animal facilities under pathogen-free conditions.
The reagents were purchased as follows: GM-CSF, CCL19, TNF-α, IL-1β, IL-6 from
PeproTech Inc (Rocky Hill, NJ); LPS (Escherichia coli O55:B5), Poly I:C, and prostaglandin
E2 (PGE2) from Sigma (St. Louis, MO); MMP-9 inhibitor I, from Calbiochem (La Jolla, CA);
IFNα, IFNβ, and anti-IFNβ neutralizing Abs from PBL Interferon Source (Piscataway, NJ);
IFNγ from R&D systems (Mineapolis, MN); FITC-conjugated anti-MHCII, FITC-conjugated
anti-CD80, FITC-conjugated anti-CD86, FITC-conjugated anti-CD40, and PE-conjugated
anti-CD11c from BD PharMingen (San Diego, CA); PE-anti-mouse CCR7 from eBioscience
(San Diego, CA).

Generation and purification of bone marrow-derived DC
DC were generated from murine bone marrow as previously described (8,9), and CD11c+ DC
were purified by immunomagnetic sorting with anti-CD11c-coated magnetic beads using the
autoMACS system (Miltenyi Biotec Auburn, CA) (>95% CD11c+ by FACS analysis). Splenic
CD11c+ cells were enriched from spleen cell suspensions by immunomagnetic separation (see
above) (50–60% CD11c+ cells by FACS analysis; the major contaminants were CD4+T cells
− 30–40%). Splenic CD4+ T cells were purified by immunomagnetic sorting with anti-CD4-
coated magnetic beads (>97% CD4+ by FACS analysis).

FACS Analysis
Cells were subjected to FACS analysis in a 4-color FACSCalibur (BD Biosciences, Mountain
View, CA). Data were collected for 10,000 cells and analyzed using Cellquest software from
BD PharMingen (San Diego, CA). DC were treated with IFNβ or TNF-α+IL-1β+IL-6 in the
presence or absence of IFNβ for 24h. Cells were incubated with CD40, CD80, CD86, MHCII,
or CCR7 Abs at 4°C for 30 min following FACS analysis.
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Real Time RT-PCR
Expression of CCR7, MMP-9 and IL-12 was detected by real time RT-PCR as previously
described (9). The primers are: CCR7 sense 5’-TTCCAGCTGCCCTA CAATGG-3’ and
antisense 5’-GAAGTTGGCCACCGTCTGAG-3’; MMP-9 sense 5’-
AAAACCTCCAACCTCACGGA-3’ and antisense 5’-GCGGTACAAGTATGC
CTCTGC-3’; p35 sense 5’-GAGGACTTGAAGATGTACAG-3’ and antisense 5’-
TTCTATCTGTGTGAGGAGGGC-3’; p40 sense 5’-GACCCTGCCGATTGAAC TGGC-3’
and antisense 5’-CAACGTTGCATCCTAGGATCG-3’.

Matrix metalloproteinase protein assay
Secreted pro-MMP-9 was measured with the Mouse Pro-MMP-9 Quantikine Kit (R&D
Systems, Minneapolis, MN) according to the manufacturer’s instructions.

Chemotaxis Assay and Matrigel Migration Assay
Purified DC were assayed for chemotactic and Matrigel migration to CCL19 (100ng/ml) as
previously described (9).

In vivo DC migration assay
Mice (BALB/c,males, 6–8 wks old) were injected i.p. with PBS (400µl) (control) or IFNβ
(10,000 IU) 12h and 1h before the application of the contact sensitizer FITC (100µl of 10mg/
ml FITC dissolved in a 50:50 (vol/vol) acetone/dibutylphthalate) as previously described
(10). 12h after FITC application mice received the last treatment with IFNβ (10,000 IU), and
12h later cell suspensions were prepared from draining inguinal lymph nodes. DC were stained
with PE anti-mouse CD11c and FITC/PE double-positive cells were detected by FACS.

For the transfer experiments, BM-DC were treated with TNF-α+IL-1β+IL-6+PGE2 with or
without IFNβ for 48h and labeled with PKH 26 red fluorescent dye (Sigma, St. Louis, MO)
according to the manufacturer’s instructions. 1×106 labeled DCs were inoculated s.c in the
footpads of mice preinjected 24h earlier with 40ng TNF-α (s.c in the footpads). 48h later the
numbers of labeled DCs collected from the draining popliteal lymph nodes were determined
by FACS.

Endocytosis
Endocytosis was measured as the cellular uptake of FITC-dextran (Sigma-Aldrich) and was
quantified by flow cytometry. Briefly, DC (5×105 cells/well) were incubated in medium
containing FITC-dextran (0.5 mg/ml; molecular mass 40 kDa) for 2h at 37°C. As a negative
control, DC were precooled to 4°C prior to incubation with FITC-dextran at 4°C for 2h.
Subsequently, the cells were washed 3 times with cold PBS and analyzed by FACS.

Apoptosis Assay
DC were collected, washed and analyzed immediately by flow cytometry by using the FITC
Annexin V / PI apoptosis assay (BD Biosciences, San Diego, CA).

In vivo treatment
BALB/c mice were injected i.p. with IFNβ (10,000IU in 400µl PBS) 12h and 1h before and
12h after i.p. administration of LPS (100µg in 400µl PBS). Control animals were injected with
the same volume of PBS. 24h after LPS inoculation splenic enriched CD11c+ cell populations
and purified CD4+ cells were obtained and subjected to real time RT-PCR for CCR7 and
MMP-9 mRNA expression.
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T cell proliferation assay
T cell proliferation was measured in triplicate cultures in flat-bottom 96 well microtiter plates.
DC (1×104 cells/well) cultured in the presence or absence of IFNβ were treated with LPS for
24h and pulsed with PCCF (5µM) or proteolipid protein (PLP; nonspecific Ag, 20µg/ml) for
2h. After extensive washing, DC were cocultured with PCCF-specific Tg CD4+T cells
(1×105 cells/well). Negative controls consisted of DC or T cells alone. On day 3 of
coculture, 3H-thymidine (1µCi per well) was added and incorporation was measured after 16h.

Cytokine ELISA
Cytokine production was determined by sandwich ELISA. Supernatants were harvested and
subjected to ELISA. The detection limit for IL-12p70 and IFNγ was 30pg/ml.

Statistical Analysis
Results are given as mean +/− SE. Comparisons between two groups were done using the
Student’s t-test, whereas comparisons between multiple groups were done by ANOVA.
Statistical significance was determined as P values less than 0.05.

RESULTS
IFNβ inhibits CCR7 expression in cytokine matured DC

CCR7, the receptor for CCL19/21, is induced upon DC maturation through TLR or
proinflammatory cytokine signaling (11–13), and its role in DC migration has been revealed
in CCR7-deficient mice (14,15).

We investigated the effect of IFNβ on CCR7 expression in purified CD11c+ bone marrow-
derived DC matured with a cytokine cocktail consisting of TNF-α, IL-1β, IL-6 and PGE2. In
contrast to the increased expression of CD40, CD80 and CD86 in IFNβ treated DC (Fig. 1A),
CCR7 expression was significantly reduced (Fig. 1B-left panel and 1C). A similar reduction
in CCR7 expression was observed in DC matured with TNF-α+IFNα+PGE2 or Poly I:C+PGE2
(Supplemental Fig. 1A–B). These results indicate that IFNβ selectively inhibits CCR7
expression in DC matured with different stimuli. To assess the role of endogenous IFNβ, we
matured DC with LPS, which induces IFNβ release, and determined the levels of CCR7
expression. CCR7 expression was enhanced in the presence of neutralizing anti-IFNβ Abs (Fig.
1B-right panel), indicating that, similar to exogenous IFNβ, endogenous IFNβ inhibits the
upregulation of CCR7 expression during DC maturation.

IFNβ inhibition of CCR7 expression in mature DC is mediated through STAT-1
IFNβ signals through STAT-1/STAT-2 heterodimers and to a lesser degree through STAT-1
homodimers. To determine whether IFNβ inhibits CCR7 expression through STAT-1
activation, DC generated from STAT-1−/− and wt mice were matured with the cytokine cocktail
in the presence or absence of IFNβ, followed by real-time RT-PCR and FACS analysis for
CCR7 expression. IFNβ inhibited the expression of CCR7 in wt (129S6/SvEv) but not in
STAT-1−/− DC (Fig. 2A–B). This effect was not due to a defect in STAT-1-/- DC maturation
since the cytokine cocktail upregulated STAT-1-/-DC CD40, CD80, and CD86 expression
(Supplemental Fig. 2). These results indicate that the inhibitory effect of IFNβ on CCR7
expression is mediated through activation of STAT-1.

IFNβ inhibits DC chemotaxis
To investigate whether decreased CCR7 expression by IFNβ also affects DC migration in
response to CCL19, DC were matured with TNFα+IL-1β+IL-6+PGE2, TNF-α+IFNα+PGE2,
or Poly I:C+ PGE2 in the presence or absence of IFNβ and subjected to chemotactic migration
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assays. IFNβ inhibited TNF-α+IL-1β+IL-6+PGE2-matured DC migration in a dose-dependent
manner with 1,000 IU/ml IFNβ reducing migration almost to the level of immature DC (Fig.
3A). Similar results were obtained for DC matured with either TNF-α+IFNα+PGE2 or Poly
I:C+PGE2 (Supplemental Fig. 3A–B). As expected from the lack of effect of IFNβ on CCR7
expression in STAT-1−/− DC matured with a cytokine cocktail, IFNβ did not reduce the
chemotactic migration of STAT-1−/− DC (Fig. 3B).

IFNβ inhibits PGE2-induced MMP-9 expression in immature and mature DC through STAT-1
signaling

We have previously reported that PGE2 induced MMP-9 production in immature and mature
bone marrow-derived DC (9). To examine whether IFNβ inhibits MMP-9 mRNA expression
in immature DC, DC were treated with PGE2 in the presence or absence of IFNβ, and MMP-9
mRNA expression was determined. IFNβ abolished PGE2-induced MMP-9 expression (Fig.
4A). Next, DC were treated with PGE2 and different concentrations of IFNβ followed by
ELISA for pro-MMP-9. IFNβ reduced MMP-9 release in a dose-dependent manner, with 1,000
IU/ml IFNβ abolishing PGE2-induced MMP-9 production (Fig. 4B). Similar results were
obtained for MMP-9 production in DC matured with TNF-α+IFNα+PGE2 or Poly I:C+PGE2
(Supplemental Fig. 4A–B).

To evaluate the role of STAT-1 in the effects of IFNβ on MMP-9 expression, DC generated
from STAT-1−/− and wt mice were matured in the presence or absence of IFNβ. PGE2-induced
MMP-9 production was abolished by IFNβ in DC from wt but not from STAT-1−/− mice (Fig.
4C). These results indicate that the inhibitory effect of IFNβ on MMP-9 expression is mediated
through STAT-1 activation.

We have shown previously that MMP-9 expression is essential for migration of DC in response
to CCL19 through Matrigel, the in vitro basement membrane model (9). To examine the effect
of IFNβ on DC Matrigel migration, we matured DC with the cytokine cocktail in the presence
or absence of IFNβ or of the MMP-9 inhibitor I. A substantial number of DC matured with the
cytokine cocktail migrated across the Matrigel barrier. The numbers of migrated DC were
significantly lower when the cells were exposed to the MMP-9 inhibitor or to IFNβ (Fig. 4D).

IFNβ inhibits DC migration in vivo
To assess whether administration of IFNβ affects DC migration in vivo, BALB/c mice were
injected i.p. with IFNβ at −12h, −1h, and +12h of application of FITC contact sensitizer. 24h
after FITC application, cells from draining lymph nodes were stained with PE anti-mouse
CD11c and FITC/PE double-positive cells were determined by FACS analysis. Lymph node
cells from control mice which received vehicle were stained with CD11c isotype and used to
set up the gates to eliminate autofluorescence. Three-four fold lower numbers of
CD11c+FITC+ cells were detected in the draining lymph nodes of mice that were treated with
IFNβ (Fig 5A).

The reduced numbers of lymph node derived FITC+ DC in IFNβ treated mice could be due to
effects of IFNβ on DC endocytic capacity and/or viability. To address this issue we evaluated
first the effect of IFNβ on endocytosis. Bone marrow-derived CD11c+ DC were treated with
IFNβ for 24h and exposed to FITC-dextran for 2h. IFNβ treated DC exhibited an approximately
20% reduction in endocytic capacity (Fig. 5B). This reduction is substantially less than the
decrease in the numbers of lymph node derived FITC+ DC after in vivo IFNβ administration
(70–80%). To assess the effect of IFNβ on DC viability, we treated purified CD11c+ DC with
IFNβ for 24h followed by FITC-dextran for another 24h and apoptosis was evaluated by
Annexin V/PI staining. We did not observe significant differences between DC treated with
or without IFNβ (Fig. 5C).
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In a different experimental approach, fluoresently labeled DC matured in vitro with or without
IFNβ were injected subcutaneously into the footpads of B10.A mice preinjected 24h hours
earlier with TNF-α to activate vascular/lymphatic endothelial cells. 24h later the labeled DC
were harvested from the draining lymph nodes and counted by FACS. Lymph node cells from
mice not injected with DC were used to eliminate autofluorescence. DC treated with the
cytokine cocktail without IFNβ migrated in higher numbers compared to DC treated with
IFNβ (Fig. 5D).

IFNβ inhibits in vivo CCR7 and MMP-9 expression in splenic DC
To further examine the in vivo effect of IFNβ, BALB/c mice were injected with IFNβ 12h and
1h before and 12h after LPS inoculation. 24h after LPS administration, immunomagnetically
enriched splenic CD11c+ cells were analyzed for CCR7 and MMP-9 mRNA expression. As
expected, LPS induced CCR7 and MMP-9 expression. In contrast, the in vivo administration
of IFNβ prevented LPS-induced CCR7 and MMP-9 expression (Fig. 6A). These results confirm
the in vitro experiments and extend the observation regarding the effect of IFNβ on CCR7 and
MMP-9 expression to splenic DC.

CD4+ T cells were the major contaminant present in the enriched splenic DC preparations. To
rule out the possibility that the IFNβ-induced decrease in CCR7 and MMP-9 expression was
due to T cells, we purified splenic CD4+ T cells (>97% by FACS analysis) from spleens of
control mice, or mice injected with LPS or LPS plus IFNβ and determined CCR7 and MMP-9
expression. In vivo administration of LPS or LPS plus IFNβ did not alter CCR7 expression in
CD4+ T cells. Although LPS induced MMP-9 expression, IFNβ did not inhibit the LPS-induced
MMP-9 expression in CD4+ T cells (Fig. 6B). These results indicate that in vivo administration
of IFNβ inhibits CCR7 and MMP-9 expression in splenic CD11c+ DC.

IFNβ and IFNγ have similar effects on DC CCR7 and MMP-9 expression but differ in terms of
effects on DC IL-12 production and stimulatory capacity for CD4+ T cells

Our experiments indicate that the inhibitory effect of IFNβ on mature DC migration, CCR7
and MMP-9 expression is mediated through STAT-1. STAT-1 plays an essential role in both
IFNβ and IFNγ signaling. To test whether IFNγ exerts similar effects, we measured CCR7 and
MMP-9 expression as well as chemotaxis in DC matured with the cytokine cocktail and treated
with either IFNβ or IFNγ. Similar to IFNβ, IFNγ inhibited CCR7 and MMP-9 mRNA
expression (Fig. 7A-upper panel and 7B) and prevented DC migration in response to CCL19
(Fig. 7A-lower panel).

IFNγ has been shown to enhance IL-12 production in DC and macrophages and subsequently
to promote Th1 differentiation. As expected, we observed increased IL-12p40 expression and
significantly higher levels of secreted IL-12p70 in DC matured with LPS in the presence of
IFNγ. In contrast, DC treated with IFNβ expressed lower levels of IL-12p35 and p40, and
reduced levels of secreted IL-12p70 (Fig. 8A and B). Next, we evaluated the capacity of
IFNβ-treated DC to stimulate T cell proliferation and differentiation into IFNγ-producing Th1
cells. DC matured with LPS in the presence or absence of IFNβ were pulsed with PCCF
(specific Ag) or PLP (nonspecific Ag) and cocultured with PCCF-specific TCR transgenic
splenic CD4+ T cells. IFNβ-treated DC were poor T cell stimulators and did not induce
functional Th1 cells as determined by IFNγ release (Fig. 8C and D).

DISCUSSION
Currently, IFNβ represents a mainstay of immunomodulatory therapy in MS, although some
patients develop autoantibodies which abolish the efficacy of IFNβ therapy within a year of
treatment [reviewed in (16)]. Several studies have also shown therapeutic effects of IFNβ in
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EAE models which share clinical and histopathological features with MS (17–20). The
beneficial effect of IFNβ is supported by the fact that both IFNβ-deficient and type I IFN
receptor (IFNAR) knockout mice develop more severe EAE (17,21).

The molecular mechanisms involved in the beneficial effect of IFNβ in MS/EAE have not been
completely elucidated. Putative mechanisms include effects on the expression of adhesion
molecules, cytokines, alterations of the Th1/Th2 balance in favor of Th2 differentiation,
decrease in blood brain barrier permeability, induction of regulatory T cells, and negative
regulation of Th17 differentiation (17,19,20,22–25). A recent study showed that absence of
IFNAR on myeloid cells, but not on B and T lymphocytes or on neuroectodermal CNS cells,
leads to severe disease and increased lethality (26). Since myeloid DC migrating from the
periphery into the perivascular space play an important role in the EAE reactivation of myelin-
specific CD4+T cells (5,6), the effect of IFNβ on DC migration is of interest, and could
represent a new molecular mechanism for its therapeutic effect.

Our results indicate that IFNβ prevents CCR7 and MMP-9 expression in mature myeloid DC
in vitro and in vivo, reducing their in vivo migration to the draining lymph nodes and the in
vitro migration in response to the lymph node-derived chemokine CCL19. The effects of
IFNβ on CCR7 and MMP-9 expression and on DC migration are mediated through STAT-1.

In contrast to its effect on the expression of costimulatory molecules in DC matured with the
cytokine cocktail, IFNβ prevented CCR7 upregulation during DC maturation. Prevention of
CCR7 upregulation during DC maturation might represent a more general mechanism for
immunosuppressive cytokines, since similar effects were reported for the anti-inflammatory
cytokines IL-10 and TGFβ (27,28). The involvement of STAT-1 in the negative regulation of
CCR7 is a new finding. Previous studies referring to the inhibition of CCR7 reported the
involvement of the PI3K signaling cascade (28) and of PPARγ (27). The involvement of
STAT-1 is also supported by the fact that IFNγ, which also uses STAT-1 for signaling, has a
similar inhibitory effect on CCR7 expression [our results and (29)].

Although necessary, CCR7 expression is not sufficient to induce DC migration (30,31). Lipid
mediators, particularly PGE2 have been shown to induce migration of maturing DC (31,32).
Previously, we have shown that PGE2 induces high levels of MMP-9 expression in cytokine
cocktail-matured myeloid DC (9). MMPs are major participants in cell migration through the
degradation of extracellular matrix and of the basement membrane [reviewed in (33,34)].
MMP-2 and −9 are especially important in migration, since they cleave collagen IV, a major
component of basement membranes. The role of MMP-9 in DC migration in response to
proinflammatory and lymph node-derived chemokines has been demonstrated in vitro and in
vivo (35–37). Recently, DC transmigration through brain capillary endothelial cell monolayers
has also been shown to depend on MMPs (38). In addition, DC from MS patients were reported
to secrete high levels of MMP-2, -3, and -9, and to exhibit increased spontaneous migration
over ECM-coated filters (39).

Here we report on the IFNβ-induced inhibition of MMP-9 expression and production in
myeloid DC. Our results indicate the role of STAT-1 in the inhibition of MMP-9 expression
by IFNβ. The fact that IFNγ has similar effects suggests that STAT-1 is an important negative
regulator of MMP-9 expression. The possible contribution of another important IFNβ signaling
molecule, STAT-2, remains to be investigated. Although the effect of IFNβ on MMP-9
expression in DC is a new finding, previous studies reported similar effects in other cell types
such as astrocytes and CD4+ T cells from MS patients (40,41). In fibrosarcoma cell lines
deficient in STAT-1, STAT-2 or IRF-9, inhibition of MMP-9 by IFNβ was shown to depend
on all three signaling molecules (42).

Yen et al. Page 7

J Immunol. Author manuscript; available in PMC 2010 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



In agreement with the role of STAT-1 in IFNβ and IFNγ signaling, we report here that both
IFNβ and IFNγ inhibit CCR7 and MMP-9 expression in bone marrow-derived DC and suppress
their migration in response to CCL19. Also, previous studies reported that IFNγ inhibited
CCR7 expression in human monocyte-derived DC and their migration towards CCL19 (4,
29). However, in contrast to IFNβ, IFNγ therapy induced acute relapses in MS (43). Opposite
effects of IFNβ and IFNγ on the cytokine profile of mature DC, followed by different effects
on T cell differentiation, might provide an explanation. The role of IFNγ in promoting APC
expression of IL-12, an essential factor for Th1 differentiation, is well known. In the present
study we compared the effects of IFNβ and IFNγ on IL-12 production by LPS-treated DC. As
expected, IFNγ induced higher IL-12p40 expression and significantly higher levels of secreted
IL-12p70. In contrast, IFNβ reduced both p40 and p35 expression levels and significantly
inhibited IL-12 release. This is in agreement with previous reports of IL-12 inhibition by
IFNβ in vivo and in vitro (18,20,44,45). Consistent with the IFNβ-induced inhibition of IL-12
production, we also observed significant inhibitory effects on the capacity of LPS-matured DC
to activate CD4+ T cells and to induce IFNγ-producing Th1 cells. Similar findings were
reported in vitro for IFNβ-treated human DC and autologous T cells (46,47), and in vivo in
models of collagen-induced arthritis and EAE (18,45). It should be mentioned that although
studies involving the effect of IFNβ on APCs and subsequently on T cells support an inhibitory
effect on Th1 differentiation, in vitro studies with purified CD4+ T cells in systems that do not
include functionally active APCs show that IFNβ promotes Th1 development (48–50).
Whether IFNβ induces Th1 differentiation in vivo, in the presence of functionally active APCs,
remains to be established.

In our previous studies (9) we showed that PGE2 induces MMP-9 expression in DC matured
with TNFα+IFNα, a cytokine cocktail previously reported to mature DC. The experiments
reported in this manuscript show that IFNβ inhibits MMP-9 expression in PGE2-treated DC
matured with various cytokine cocktails or with TRL ligands. Since both IFNα and β bind to
the same receptor, we compared the effects of IFNα and IFNβ on PGE2 induction of MMP-9
in TNFα-matured DC. At the same concentration (1000 U/ml), IFNα reduced, whereas IFNβ
abolished MMP-9 production (results not shown). Therefore, both IFNs have the same
qualitative effect, although they differ in terms of quantitative effects. The difference in
efficiency is presumably due to the fact that IFNα has a lower affinity for the type I IFN receptor
(51,52), which could lead to differences in the intensity or nature of signaling pathways. Indeed,
we observed less efficient STAT-1 phosphorylation (both in terms of percentage positive cells
and intensity of fluorescence) for IFNα-treated DC as compared to the IFNβ treatment (results
not shown).

Our present study describes a novel mechanism for the physiological and therapeutic function
of IFNβ through its effects on CCR7, MMP-9 and migration of mature DC. This is in addition
to IFNβ promoting apoptosis of mature DC as recently described by us and Mattei and
colleagues (53,54). The effects of IFNβ on DC survival, migration, and cytokine profile
broaden the field of molecular mechanisms involved in the beneficial effect of IFNβ in
autoimmune diseases, particularly in EAE/MS, and introduce myeloid DC as an important
target for IFNβ therapy.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

DC dendritic cells

EAE experimental autoimmune encephalomyelitis

IFNAR IFN type I receptor

MMP-9 matrix metalloproteinase 9

MS multiple sclerosis

PCCF pigeon cytochrome C fragment

PLP proteolipid protein

PGE2 prostaglandin E2

PPARγ peroxisome proliferator-activated receptor gamma

Tg transgenic
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Fig. 1. Effects of IFNβ on DC maturation markers and CCR7 expression
(A) DC were treated for 24h with TNF-α (20ng/ml), IL-1β (10ng/ml), IL-6 (10ng/ml), and
PGE2 (10−6M) in the presence or absence of IFNβ (1,000 IU/ml), or LPS (1µg/ml). The
expression of MHCII, CD40, CD80, and CD86 was analyzed by FACS. Dotted lines in the left
panels represent isotype controls. (B, left panel) RNA was extracted from DC treated as above
and subjected to real-time RT-PCR for CCR7. (B, right panel) DC were treated with LPS in
the absence or presence of IFNβ, with or without neutralizing anti-IFNβ antibody (10µg/ml)
or control IgG (10µg/ml) for 24h. Neutralizing anti-IFNβ antibody and control IgG were added
twice: 30min before and 12h after LPS. RNA was extracted and subjected to real-time RT-
PCR for CCR7. (C) DC were treated with the cytokine cocktail in the presence or absence of
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IFNβ for 24h and surface CCR7 expression was analyzed by FACS. Data are representative
of three independent experiments.
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Fig. 2. IFNβ inhibition of CCR7 expression in mature DC is mediated through STAT-1
DC generated from wt or STAT-1−/− mice were matured with a cytokine cocktail (TNF-α,
IL-1β, IL-6, and PGE2) in the presence or absence of IFNβ (1,000 IU/ml) for 24h. (A) RNA
was extracted and subjected to CCR7 real-time RT-PCR; (B) surface CCR7 expression was
analyzed by FACS. Data are representative of three independent experiments.
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Fig. 3. Inhibition of DC chemotactic migration by IFNβ is dose-dependent and mediated through
STAT-1
(A) DC were matured in the presence of different concentrations of IFNβ (10, 100, or 1,000
IU/ml) for 24h. (B) DC generated from wt or STAT-1−/− mice were matured in the presence
or absence of IFNβ (1,000 IU/ml) for 24h. Chemotaxis towards CCL19 was performed in
Transwell plates. Data are representative of three independent experiments.
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Fig. 4. IFNβ inhibits PGE2-induced MMP-9 expression and Matrigel DC migration
(A) DC were treated with PGE2 (10−6M) with or without IFNβ (1,000 IU/ml) and RNA was
extracted at different time points and subjected to MMP-9 real-time RT-PCR. (B) DC were
treated with PGE2 in the absence or presence of different concentrations of IFNβ for 48h,
followed by ELISA for secreted pro-MMP-9. (C) DC generated from wt or STAT-1−/− mice
were matured in the presence or absence of IFNβ for 24h. Secreted pro-MMP-9 levels were
determined by ELISA. (D) DC were treated with TNF-α+IL-1β+IL-6+PGE2 in the presence
or absence of MMP-9 inhibitor I (10−6M), or IFNβ for 24h, and subjected to Matrigel migration
assays. Data are representative of three independent experiments.
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Fig. 5. IFNβ inhibits DC migration in vivo
(A) B10.A mice were injected i.p. with PBS (400µl; control) or IFNβ (10,000 IU) 12h and 1h
before and 12h after FITC application (100µl of 10mg/ml FITC in a 50:50 (vol/vol) acetone/
dibutylphthalate). 24h after FITC application inguinal lymph node cells were subjected to
staining with PE anti-CD11c. Double positive cells (FITC/PE) were counted by FACS. Two
separate experiments (n=6) were performed with similar results. (B) CD11c+ DC were treated
with IFNβ, LPS, or LPS+IFNβ for 24h followed by an endocytosis assay. (C) CD11c+ DC
were pretreated with IFNβ for 24h, treated with FITC-dextran 1.25µg/ml for 24h and apoptosis
was evaluated by FACS. Data are representative of three independent experiments for (B) and
two independent experiments for (C). (D) DC were matured with TNF-α+IL-1β+IL-6+PGE2
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in the presence or absence of IFNβ for 48h. DCs were collected and labeled with the PKH 26
red fluorescent dye. B10.A mice (n=3) were preinjected with 40ng TNF-α s.c in the footpads
of each of the hind legs and 24h later the mice were inoculated with DC (1×106 cells in 60 µl,
s.c in the footpads). The draining popliteal lymph nodes were harvested 48h later and the
numbers of labeled cells were determined by FACS. Results are expressed as numbers of
fluorescent cells per 100,000 lymph node cells.
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Fig. 6. IFNβ inhibits in vivo CCR7 and MMP-9 expression in splenic DC
(A) BALB/c mice were injected i.p. with LPS (100µg) or PBS (control). IFNβ (10,000 IU in
400µl PBS) was administered i.p. at times −12h, −1h and +12h in regards to LPS. 24h after
LPS administration, RNA was prepared from purified (A) splenic enriched CD11c+ cell
populations and (B) CD4+ T cells following RT-PCR for CCR7 and MMP-9 expressions. Two
independent experiments (n=6) were performed.
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Fig. 7. Effects of IFNβ and IFNγ on DC CCR7 and MMP-9 expression
CD11c+ DC were matured with TNF-α+IL-1β+IL-6+PGE2 in the presence or absence of
IFNβ (1,000 IU/ml) or IFNγ (100ng/ml) for 24h. (A, top) surface CCR7 expression was
analyzed by FACS. (A, bottom) Chemotaxis towards CCL19 was performed or (B) RNA was
extracted and subjected to MMP-9 real-time RT-PCR. Data are representative of two
independent experiments.
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Fig. 8. The effects of IFNβ and IFNγ on DC IL-12 production and stimulatory capacity for CD4+
T cells
CD11c+ DC were pretreated with IFNβ or IFNγ for 1h followed by LPS (1µg/ml) stimulation.
(A) 6h after LPS treatment, RNA was extracted and subjected to IL-12p35 and IL-12p40 real-
time RT-PCR. (B) 24h after LPS treatment, the supernatants were collected and subjected to
IL-12p70 ELISA. (C) DC (1×104 cells/well) were pretreated with or without IFNβ, stimulated
with LPS and pulsed with PCCF (5µM) or PLP (20µg; nonspecific Ag). DC were cocultured
with PCCF-specific Tg CD4+ T cells (1×105 cells/well). On day 3 of coculture, 3H-thymidine
(1µCi per well) was added and incorporation was measured after 16h. (D) Supernatants were

Yen et al. Page 22

J Immunol. Author manuscript; available in PMC 2010 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



collected and subjected to IFNγ ELISA. Data are representative of two independent
experiments.

Yen et al. Page 23

J Immunol. Author manuscript; available in PMC 2010 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


