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Simvastatin inhibits secretion of Th17-polarizing
cytokines and antigen presentation by DCs in patients
with relapsing remitting multiple sclerosis
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Statins, widely used cholesterol-lowering agents, have also been demonstrated to have
antiinflammatory effects. Here, we characterize the capacity of simvastatin to target DCs
and modulate T-cell priming and Th17-cell differentiation, in a cohort of patients with
relapsing remitting multiple sclerosis (RRMS). We report that simvastatin inhibits IL-1β,
IL-23, TGF-β, IL-21, IL-12p70, and induces IL-27 secretion from DCs in RRMS patients,
providing an inhibitory cytokine milieu for Th17 and Th1-cell differentiation. The effect
on DCs is mediated via induction of SOCS1, SOCS3, and SOCS7 gene expression, which
are associated with the inhibition of STAT1, STAT3, and ERK1/2 phosphorylation. A ger-
anylgeranyl transferase inhibitor replicated simvastatin’s effects on DC cytokine secre-
tion, implicating that simvastatin-induced depletion of isoprenoids mediates this effect.
Simvastatin inhibited antigen presentation by DCs via suppression of the MHC class I
expression, costimulatory molecules CD80 and CD40, and by inducing a dramatic loss of
dendritic processes. The changes in DC morphology were also mediated via inhibition of
geranylgeranylation. The therapeutic use of geranylgeranylation inhibitors may provide
selective inhibition of key pathogenic cytokines that drive the autoimmune response in
MS; their use represents a promising therapeutic approach that requires further clinical
testing.
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Introduction

Multiple sclerosis (MS), a chronic progressive CNS inflammatory
disease, is a leading cause of disability in the young adult popula-
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tion [1]. The disease is mediated by a T-cell autoimmune response
against CNS myelin antigens. However, the triggering molecu-
lar events are still not fully elucidated. It is postulated that peri-
pheral blood T cells are activated by viral or bacterial infections
in the context of an innate immune response. The dysregulation
of the immune response leads to chronic inflammation, whereby
activated mononuclear cells migrate through the blood brain bar-
rier and cause inflammatory perivenular CNS lesions that lead to
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axonal transection and myelin loss. Recent studies have indicated
that T helper (Th)17-cells play a critical role in the development of
the autoimmune response in MS [2]. Th17-cell differentiation in
humans is orchestrated by multiple cytokines, including the stim-
ulatory IL-1β, IL-6 [2], IL-23 [3], and IL-21 [4], and the inhibitory
cytokines IFN-γ, IL-4, IL-27, IL-12 [5,6], and IL-10, while the role
of TGF-β remains controversial [7].

DCs, the most efficient APCs, play a role in T-cell priming, and
are one of the key sources of the cytokines that promote T-cell
differentiation. Maturation of DCs is characterized by upregulated
surface expression of MHC and costimulatory molecules, which
enable DCs to effectively present antigen. Serafini et al. [8] have
identified myeloid (m)DCs in MS lesions, preferentially localized
in perivascular cuffs in the proximity of T cells, suggestive of their
role in antigen presentation within the CNS. More recently, Bailey
et al. [9] have demonstrated that peripherally derived CD11b+

mDCs accumulate in the CNS during relapsing EAE, where they
localize in the central parts of the active lesions and induce IL-17
production by CD4+ T cells via the production of large amounts of
IL-6, TGF-β, and IL-23. The mDCs that are attracted to the inflamed
CNS from the peripheral circulation acquire myelin antigens and
present them to näıve autoreactive CD4+ T cells. mDC abundance
in the CNS positively correlated with clinical disease activity [9].

It has been reported that in vitro differentiated monocyte-
derived DCs from MS patients secrete higher levels of the proin-
flammatory cytokines IFN-γ, IL-6, TNF-α, and IL-23 than those
from healthy controls (HCs) [10], suggesting that therapies regu-
lating DC cytokine secretion might contribute to the control of dis-
ease activity. Indeed, our study of IFNβ-1a, an effective treatment
of relapsing remitting multiple sclerosis (RRMS), has reported that
IFNβ-1a inhibited DC secretion of IL-1β, IL-23, and TGF-β1 and
induced IL-27 secretion, which collectively suppressed Th17-cell
differentiation [11]. Glatiramer acetate, another first-line therapy
for MS, modulates the cytokine secretion of human DCs, induc-
ing a Th1 to Th2 cytokine secretion shift [12]. Statins have been
reported to suppress the IFN-γ-induced MHC class II expression
on APCs [13], and to inhibit DC maturation [14] and antigen pre-
sentation [15–17]. However, the effect of statins on DC cytokine
secretion has not been studied in humans.

Statins are orally administered competitive inhibitors of HMG-
CoA reductase, a key regulatory enzyme involved in cholesterol
biosynthesis that catalyzes the HMG-CoA conversion to meval-
onate [18]. The immunomodulatory effects of statins are medi-
ated via depletion of isoprenoids, the intermediary metabolites in
cholesterol synthesis [19]. Isoprenylation, a posttranslational pro-
tein modification in which lipid moieties are covalently attached to
target proteins, determines protein localization to cellular mem-
branes and enables their biological activity [20].

There are two isoprenylation pathways: geranylgeranylation
and farnesylation, which are employed in the attachment of
the isoprenoids farnesyl pyrophosphate (FPP) and geranylgeranyl
pyrophosphate (GGPP) to the cysteine residue in CAAX C-terminal
motifs of specific GTPases [21]. Small GTPases are the major sub-
strates for isoprenylation. Among multiple Ras-like family mem-
bers, Rho, Rab, Rac, and Cdc42 are geranygeranylated, while Ras

is preferentially farnesylated [22]. The role of small GTPases in
actin polymerization and cytoskeleton formation has been exten-
sively studied, but only a few studies have addressed the role of
GTPases in signal transduction and cytokine secretion [23, 24].
Following successful simvastatin treatment in patients with active
RRMS [25], here we characterize the ability of simvastatin to
modulate the T-cell priming and Th17-cell differentiating function
of DCs. We report that selective inhibition of geranylgeranylated
GTPases mediates simvastatin’s immunomodulatory effects on DC
cytokine secretion and antigen presentation.

Results

Simvastatin modifies DC cytokine secretion toward a
Th17- and Th1-inhibitory pattern

Cytokine production by priming DCs plays a critical role in
T-cell differentiation. In order to evaluate simvastatin’s effect on
DC cytokine secretion and to examine to what extent the effect
differs between the RRMS patients and HCs, we evaluated the
DCs derived from ten RRMS patients and from six HCs. In RRMS
patients, simvastatin significantly inhibited IL-1β, IL-23, TGF-β1,
and IL-12p70, and increased IL-27 secretion (Fig. 1), while the
changes in IL-4 and IL-6 did not reach statistical significance (Fig. 1
and data not shown). In contrast, in HCs, simvastatin only signifi-
cantly induced IL-27 secretion (Fig. 1), while changes in the other
tested cytokines did not reach statistical significance.

The statistical analysis of the differences between the LPS-
stimulated DC cytokine secretion revealed that DCs derived from
RRMS patients secrete significantly higher levels of IL-1β, IL-23,
TGF-β, and IL-12p70 and lower levels of IL-27 in comparison
with DCs derived from HCs (Supporting Information Fig. 1). In
order to examine to what extent these differences reflect the base-
line cytokine production of the ex vivo separated nonmanipulated
mDCs, we isolated CD1c (BDCA-1)+ DCs from the peripheral blood
of four RRMS patients and four HCs and measured gene expres-
sion levels of the key Th17-polarizing cytokines. Our data revealed
that the gene expression of IL-23p19 and IL-21 was significantly
increased in mDCs from RRMS patients in comparison with those
from HCs. In contrast, mDCs derived from RRMS patients had sig-
nificantly lower IL-27 gene expression (Supporting Information
Fig. 2).

Dose titration experiments demonstrated that simvastatin
induced a significant inhibition of IL-23 and IL-21 already at
0.1 μM. However, since the most significant effect on all tested
cytokines was detected at 10 μM, we used this concentration in
the remainder of the study.

Similar to the findings in monocytes [26], studies of the mech-
anisms of simvastatin-induced changes in DCs’ cytokine secretion
demonstrated that it upregulated SOCS1, SOCS3, and SOCS7 gene
expression (Fig. 2A). At the protein level, simvastatin inhibited
STAT1, STAT3, and ERK1/2 phosphorylation (Fig. 2B), which may
contribute to the inhibition of IL-12p70, IL-1β, IL-23, IL-21, and
TGF-β1 secretion by DCs [27,28].
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Figure 1. Simvastatin modifies DC cytokine secretion toward Th17- and Th1-inhibitory pattern. A total 3 × 106 monocyte-derived DCs per condition
collected from ten RRMS patients and six HCs were cultured in the absence or presence of simvastatin (10 μM) for 24 h in serum-free medium,
and then matured with LPS (1 μg/mL) for 48 h prior to SN collection. Cytokine secretion was measured using ELISA. The results are expressed as
cytokine concentration in pg/mL; each symbol represents an individual study subject and the bar represents the mean. Statistical analysis was
performed using a paired t-test

Simvastatin regulates DC cytokine secretion via
inhibition of GTPase geranylgeranylation

Since GTPases play a role in the proximal activation of JAK/STAT
and ERK1/2, signaling pathways that lead to cytokine transcrip-
tion [29, 30], we examined to what extent was simvastatin’s
effect on DCs’ cytokine secretion mediated by the selective inhi-
bition of farnesylation or geranylgeranylation, using the farnesyl-
transferase inhibitor (FTI)-277 and the geranylgeranyl transferase
inhibitor (GGTI)-298.

The effects of simvastatin on the inhibition of IL-1β, IL-23,
TGF-β1, and IL-21, and the induction of IL-27 were reversed by
mevalonic acid, a downstream metabolite of HMG-CoA reduc-
tase, which confirmed that simvastatin’s regulation of DC cytokine

secretion is mediated through the inhibition of HMG-CoA reduc-
tase (Supporting Information Fig. 3).

We then examined the extent to which simvastatin’s effect
on DC cytokine secretion was mediated by the selective inhibi-
tion of farnesylation or geranylgeranylation, using the GGTI-298
and FTI-277. We demonstrated that GGTI replicated simvastatin’s
inhibitory effect on IL-1β and IL-23, and the induction of IL-27
and IL-4 secretion (Fig. 3A), which suggests that the geranylger-
anylated GTPases Rho, Rac, and Rab may regulate the production
of these cytokines. Indeed, the statin-induced secretion of IL-27
was reversed in the presence of GGPP and the inhibition of
IL-23 and the induction of IL-27 and IL-4 by GGTI were reversed
by GGPP (Supporting Information Fig. 3). Simvastatin’s inhibition
of TGF-β1 secretion was not replicated by GGTI or by FTI, while

Figure 2. Simvastatin induced the expression of SOCS1, SOCS3, and SOCS7 and inhibited the phosphorylation of STAT1, STAT3, and ERK1/2. DCs
derived from ten RRMS patients were treated as described in Figure 1. Cells were harvested at 2 h after maturation for RNA and protein extraction.
(A) Gene expression of SOCS1, SOCS3, and SOCS7 was measured using qRT-PCR. The results are expressed as the relative gene expression normalized
against the 18S mRNA. (B) Protein expression of pSTAT1, STAT1, pSTAT3, STAT3, pERK1/2, ERK1/2, and GAPDH was measured using western
blotting. The results shown represent one of three similar blots. Statistical analysis was performed using a paired t-test.
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Figure 3. Simvastatin regulates DC cytokine secretion via inhibition of GTPase geranylgeranylation. (A) DCs from eight RRMS patients were
cultured in the absence or presence of simvastatin, FTI-277 (FTI) and GGTI-298 (GGTI) (10 μM) for 24 h in serum-free medium, and then matured
with LPS for 48 h prior to SN collection. Secretion of the indicated cytokines was measured in SNs using ELISA. (B) DCs derived from three RRMS
patients were cultured in the absence or presence of simvastatin, the Rab inhibitor perillyl alcohol (PA), the Rac inhibitor NSC-23766 (NSC) and the
Rho kinase inhibitor Y-27632 (Y) at 100 μM for 24 h in serum-free medium, and matured with LPS. The concentrations of secreted IL-1β, IL-23, IL-27,
and IL-4, which were changed by GGTI, were measured in SNs by ELISA. Data are shown as mean values ± SD. Statistical analysis was performed
using a repeated measures ANOVA; A * indicates p < 0.05, **p < 0.01, ***p < 0.001.

FTI inhibited IL-21 secretion (Fig. 3A), which was reversed in the
presence of FPP (Supporting Information Fig. 3).

To further investigate simvastatin’s specific targets among the
geranylgeranylated GTPases, DC cytokine secretion was measured
upon treatment with the Rab inhibitor perillyl alcohol (PA), the
Rac inhibitor NSC-23766 (NSC), or the Rho-associated kinase
(ROCK) inhibitor Y-27632. All three GTPase inhibitors reproduced
simvastatin’s inhibition of IL-1β and IL-23 secretion, the Rab- and
Rho/ROCK-specific inhibitors mimicked the simvastatin-increased
IL-27, while the increase in IL-4 secretion was replicated only by
the Rac-specific inhibitor (Fig. 3B).

Simvastatin induces loss of dendritic processes and
inhibits antigen presenting capacity of DCs

Since geranylgeranylation of GTPases facilitates their proper mem-
brane insertion and activation, we measured the extent to which
simvastatin inhibits membrane binding of the geranylgeranylated
GTPases Rab1, Rac1, and RhoA. Following subcellular fraction-
ation of DCs that had been matured in the absence or presence
of simvastatin, Western blotting studies on the DCs derived from
three RRMS patients revealed that simvastatin inhibited the mem-
brane binding of all three geranylgernylated GTPases, while at the

same time it increased their inactive cytosolic fractions (Fig. 4).
Simvastatin-mediated functional inhibition of all three geranylger-
anylated GTPases may impair their downstream signaling, which
is involved in the regulation of cytoskeletal changes and cytokine
transcription.

In an attempt to characterize the simvastatin-induced changes
in DC maturation, we measured the surface expression of MHC
class I, class II DR, CD83, CD80, CD86, CD40, and CCR7 on DCs
matured in the absence or presence of simvastatin. Our results
obtained on DCs derived from ten RRMS patients revealed that
simvastatin significantly decreased the percentage of MHC class I
(–1.02-fold, p = 0.0166), CD80 (–1.16-fold, p = 0.0404) and CD40
(–3.14-fold, p = 0.0228) expressing DCs, while it did not change
the expression of MHC class II DR, CD83, CD86, and CCR7 (data
not shown).

In addition to the relatively small changes in DC surface marker
expression, simvastatin induced dramatic changes in their mor-
phology, characterized by a loss of dendritic processes and reduc-
tion of actin stress fibers. These effects were replicated by GGTI,
but not by FTI treatment (Fig. 5A), and were reversed by meval-
onic acid (data not shown). These results indicate that simvastatin-
induced inhibition of small GTPase geranylgeranylation may affect
DC antigen presentation. In order to determine whether the
simvastatin-mediated morphological changes resulted from the
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Figure 4. Simvastatin inhibits membrane binding of Rab1, Rac1, and
RhoA in DCs derived from RRMS patients. A total of 4 × 106 DCs per con-
dition derived from three RRMS patients were cultured in the absence
or presence of simvstatin for 24 h in serum-free medium, and matured
with LPS for 48 h prior to cell harvesting. Cells were fractionated into
cytosolic (C) and membrane (M) fractions, and the protein expression of
Rab1, Rac1, RhoA was measured by Western blotting. TFR and tubulin
were used as loading controls for the membrane and cytosolic pro-
teins, respectively. The results shown represent one of three similar
blots.

inhibition of specific geranylgeranylated GTPases, DC cell shape
was examined upon treatment with the Rab inhibitor PA, the NSC,
or ROCK inhibitor Y-27632. However, none of these individual
GTPase inhibitors reproduced the morphological changes in DCs
mediated by simvastatin and GGTI (data not shown), which sug-
gests that the morphological changes may be mediated by multiple
geranygeranylation-dependent GTPases.

In order to directly examine the extent to which simvas-
tatin affects DC antigen presentation, we cultured antigen-specific
T-cell clones (TCCs) with Influenza (Flu) HA306–316 peptide pre-
sented by autologous DCs, matured in the absence or presence
of simvastatin, GGTI, or FTI. We found that simvastatin inhibited
antigen presentation, since Flu peptide presented by simvastatin-
pretreated DCs induced significantly lower TCC proliferation in
comparison to the untreated DCs (Fig. 5B). Simvastatin inhibition
of DC antigen presentation is mediated through its inhibition of
geranygeranylation, since treatment with GGTI, but not with FTI,
replicated this effect.

Discussion

The current study on mature DCs, the most effective APCs and reg-
ulators of T-cell differentiation, revealed that simvastatin inhibits
the secretion of IL-1β, IL-23, TGF-β1, IL-21, and IL-12p70, and
induces the production of IL-27 in RRMS patients, providing a
cytokine milieu that inhibits Th17 and Th1-cell differentiation
[5, 31]. The effect in HCs showed a similar pattern, however
only IL-27 induction reached statistical significance. In comparison
with simvastatin’s effect on monocytes [26], the present study on
DCs derived from RRMS patients revealed more prominent inhibi-
tion of IL-1β, TGF-β, and IL-23 secretion upon in vitro simvastatin
treatment.

While a previous study on monocytes revealed that simvastatin-
induced upregulation of SOCS3 and SOCS7 had a significant neg-
ative correlation with IL-6 and IL-23 gene expression [26], in the
DCs derived from RRMS patients simvastatin’s induction of SOCS1,
SOCS3, and SOCS7 gene expression was even more prominent,
and was associated with the simvastatin-mediated inhibition of
STAT1, STAT3, and ERK1/2 phosphorylation. Individual SOCS
proteins regulate multiple cytokines and therefore represent an
attractive therapeutic target in inflammatory diseases [32], as
reported by Li et al. [27] who showed that SOCS3-transduced
DCs had a decreased production of IL-12 and IL-23. SOCS1 and
SOCS3 directly inhibit JAK tyrosine kinase activity, which inhibits
the homodimerization of STAT1 and STAT3 [33]. STAT3 tyrosine
phosphorylation is critical for IL-1β [34] and IL-23 secretion [27],
while ERK1/2 phosphorylation leads to upregulated TGF-β1 pro-
duction [2]. In an animal model of rheumatoid arthritis, intraar-
ticular injection of recombinant SOCS3 reduced joint inflam-
mation, decreased STAT3 phosphorylation and the subsequent
IL-6 production [35]. Furthermore, as recently reported from our
laboratory, the supernatants (SNs) from simvastatin-pretreated
DCs significantly inhibited IL-17A secretion in activated näıve
CD4+CD45RA+ T cells [36], suggesting that simvastatin-induced
changes in DC cytokine secretion indirectly inhibit Th17-cell dif-
ferentiation.

Consistent with previous studies of the antiinflamma-
tory effects of statins [20, 22], we found that simvastatin’s
immunomodulatory effects on DC cytokine production are medi-
ated by the inhibition of protein isoprenylation. In studies address-
ing which isoprenylation pathway (geranylgeranylation or farne-
sylation) is inhibited by statins, we demonstrated that the inhibitor
of geranylgeranylation (GGTI) replicates simvastatin’s ability to
inhibit IL-1β and IL-23 and induce IL-27 and IL-4 secretion by
DCs, and that GGPP reverses simvastatin-mediated increase in
IL-27 secretion.

The expression of DC surface markers is essential for anti-
gen presentation. Yilmaz et al. [23] have reported that simvas-
tatin inhibits DC HLA-DR expression, the costimulatory molecules
CD86, CD83, and CD40, and their ability to induce T-cell pro-
liferation in healthy individuals. In RRMS patients, we demon-
strated that simvastatin significantly inhibits HLA class I, CD80,
and CD40 expression, but does not inhibit HLA-DR expression,
consistent with a report on simvastatin’s inhibition of MHC class
II antigen presentation due to the inhibition of Rab-mediated HLA
DR-antigen complex endocytosis and lack of effect on the HLA-DR
basal surface expression on B cells and DCs [37].

In addition to moderate inhibition of costimulatory molecule
expression, simvastatin dramatically changed the morphology of
DCs, which lose their long dendritic processes. It has been reported
that individual GTPases mediate actin polymerization and stress
fiber formation (Rho), lamellipodiae (Rac), and filopodia (Cdc42)
formation, which are interrelated processes that determine cell
shape, polarization, and migration [38]. The cell-shape changes
induced by simvastatin were replicated by GGTI, suggesting that
simvastain-induced cytoskeletal changes may be related to the
dysfunction of geranylgeranylated proteins. Our studies of the
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Figure 5. Simvastatin inhibits DC antigen presentation via inhibition of geranylgeranylation. (A) A total of 2 × 105/cm2 DCs derived from four
RRMS patients were cultured in the absence or presence of simvastatin, FTI, and GGTI (10 μM) for 24 h in serum-free medium, and then matured
with LPS for 48 h. The cells were fixed and blocked. Actin was stained with FITC-phalloidin (green) and the nuclei were stained with Heochst dye
(blue). The images shown represent the results of one of four similar experiments. Original magnification 10× (left) and 40× (right); scale bars =
10 μm. (B) A total of 1 × 105 DCs/well were cultured in the absence or presence of simvastatin, FTI, and GGTI for 24 h in serum-free medium, and
matured with LPS for 48 h. After washing, Flu peptide was presented by DCs to 105/well Flu HA306–316 peptide-specific autologous T-cell clones for
an additional 48 h. The plates were pulsed with 3H-thymidine and the proliferative response against the peptide was measured and shown as
cpm. Each symbol represents an individual clone and bars represent average values. Statistical analysis was performed using a repeated measures
ANOVA; * indicates p < 0.05, ** p < 0.01.

subcellular distribution of Rab1, Rac1, and RhoA have demon-
strated that simvastatin decreased the membrane-bound frac-
tion of all three tested GTPases, accompanied by their increased
amount in the cytoplasm. Furthermore, simvastatin-mediated
inhibition of geranylgeranylation significantly decreased the anti-
gen presenting capacity of DCs, as evidenced by the inhib-
ited proliferation of peptide-specific TCCs when cocultured with
simvastatin- and GGTI-pretreated antigen-presenting DCs. While
simvastatin affected multiple components of DC antigen presen-
tation, we propose that the loss of long dendritic processes most
effectively decreases the capacity of DCs to migrate and interact
with T cells [16].

In conclusion, simvastatin’s immunoregulatory effects on the
Th17 and Th1-polarizing cytokine secretion and antigen present-
ing capacity of DCs represent novel biological activities of this
therapy [39], which may be even more selectively achieved by
using geranylgeranylation inhibitors.

Materials and methods

Study subjects

Thirty-one patients with RRMS and ten HCs were enrolled in
the study upon signing an Institutional Review Board-approved
informed consent form. The inclusion criteria consisted of a con-
firmed diagnosis of RRMS according to McDonald’s diagnostic
criteria [40], age 18–55, and an extended disability status score
of 1.5–5.5. The exclusion criteria were a history of hyperlipi-
demia treated with statins, and immunomodulatory or immuno-
suppresive therapy at the time of blood sample collection. The
treatment-free period was at least 4 weeks for IV methylpred-
nisolone, 3 months for IFN-β and glatiramer acetate. Patients pre-
viously treated with natalizumab, fingolimod or immunosuppres-
sive medications were not enrolled in the study.
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Cell separation and culture

CD14+ monocytes were isolated from the peripheral blood of 31
RRMS patients and six HCs using an EasySep Negative Selection
Monocyte Enrichment Kit (StemCell Technologies Inc.). The cell
purity (>98%) was confirmed by flow cytometry. A total of 1 ×
106/mL monocytes were cultured with GM-CSF (1000 U/mL) and
IL-4 (500 U/mL) (R&D Systems) in complete RPMI 1640 medium
(RPMI 1640, 1% HEPES, 2% L-Glutamine, 1% Sodium Pyruviate,
1% Essential Amino Acids, 1% Pen/Strep, and 5% human serum)
for 7 days to generate DCs. After 7 days, immature DCs pheno-
type was consistently CD14−, CD11c+, CD1a+, CD1c (BCDA-1)+,
CD141 (BDCA-3)+, CD86+, HLA class I+, HLA class II+, and
CD83+. After washing with PBS, 3 × 106 monocyte-derived DCs
per condition were cultured as indicated, in the absence or pres-
ence of simvastatin (10 μM), the farnesyl transferase inhibitor
(FTI)-277 and the GGTI-298 (10 μM) (EMD Biosciences), the Rab
GTPase inhibitor PA (Sigma), the Rac1 GTPase inhibitor NSC-
23766 (NSC) (Tocris Bioscience) and the Rho kinase inhibitor
Y-27632 (100 μM) (EMD Biosciences), mevalonic acid (100 μM),
FPP, and GGPP (20 μM) (Sigma) for 24 h in serum-free media.
They were then matured with LPS (1 μg/mL) (Sigma) for 2 h
prior to RNA and protein extraction, and for 48 h prior to flow
cytometry staining and SN collection.

CD1c (BDCA-1)+ dendritic cell, the major subset of myeloid
dendritic cells (mDCs), were isolated from the peripheral blood of
four RRMS patients and four HCs using a human CD1c (BDCA-1)+

Dendritic Cell Isolation Kit (Miltenyi Biotec). The cell purity
(>95%) was confirmed by flow cytometry.

Quantitative RT-PCR

Total RNA was extracted from monocyte derived DCs and from
isolated BDCA-1+ mDCs using an RNeasy Kit (Qiagen), and cDNA
was synthesized using a High Capacity cDNA Archive Kit (Applied
Biosystems). The primers for SOCS1, SOCS3, SOCS7, IL-1β,
IL-23p19, TGF−β1, IL-21, IL-27, IL-4, and 18S mRNA were pur-
chased from Applied Biosystems, and the gene expression was
measured by quantitative RT-PCR (qRT-PCR) using Taqman Gene
Expression Assays (Applied Biosystems) in triplicate. The results
are expressed for each subject as the relative gene expression nor-
malized for 18S mRNA expression.

ELISA

SNs from the cultured DCs were collected and stored at –80◦C until
the cytokine measurements using ELISA. IL-1β, TGF-β1, IL-4, IL-6,
IL-12p70 (BD Bioscience), IL-27 (R&D systems), IL-23, and IL-21
(eBiosciences) were measured in duplicate by ELISA, following
the manufacturer’s recommendations. The results are expressed
for each subject as the cytokine concentration in pg/mL.

Flow cytometry

A total of 1 × 106 DCs/mL were stained by FITC-conjugated
anti-HLA Class I and anti-HLA Class II, PE-conjugated anti-CD80,
-CD86 and -CD40 and -CCR7, as well as PE-Cy5.5-conjugated
anti-CD11c and allophycocyanin-conjugated anti-CD1a mAb for
gating (BD Biosciences). The percentage of gated cells express-
ing each molecule was determined using CellQuest software (BD
Biosciences).

Subcellular fractionation

A total of 4 × 106 DCs per condition derived from three RRMS
patients were cultured in the absence or presence of simvastatin
for 24 h in serum-free medium, and matured with LPS for 48 h
prior to cell harvesting. The cells were washed and incubated for
10 min in ice-cold hypotonic lysis buffer (10 mM HEPES at pH 7.3,
1.5 mM MgCl2, 5 mM KCl, 1 mM DTT, and protease inhibitors).
The cells were scraped and homogenized with 25 strokes of a
Dounce homogenizer. The homogenates were centrifuged at 700 g
for 3 min at 4◦C to pellet nuclei and intact cells. The SNs were spun
at 40 000 g for 30 min at 4◦C and the pellets were gently washed in
hypotonic lysis buffer. A 15% of the cytosolic fraction and 100% of
the membrane fraction were analyzed by SDS–PAGE. The expres-
sion of Rab1, RhoA (Santa Cruz), Rac1 (BD Biosciences), trans-
ferrin receptor (TFR), and tubulin (Sigma) was measured using
Western blotting.

Western blotting

Proteins from the cell lysates of the DC cultures were dena-
tured in SDS, resolved by 10% SDS-PAGE, and transferred on
polyvinylidene difluoride (PVDF) membranes prewetted with
100% methanol. The membranes were incubated overnight
with antibodies against STAT1, pSTAT1, STAT3, pSTAT3,
ERK1/2, pERK1/2, Rab1, RhoA (Santa Cruz Biotechnology), Rac1
(BD Biosciences), TFR tubulin (Sigma), and GAPDH (Chemcon).
The blots were washed with Tris-Buffered Saline Tween-20, and
incubated with IRDye 680- or IRDye 800-conjugated IgG sec-
ondary antibody (LI-COR Biosciences) for 1 h. The membranes
were washed and the protein bands were visualized and quantified
using an Odyssey Infrared Imaging System (LI-COR Biosciences).

Immunostaining

A total 2 × 105 DCs/cm2 were fixed in 4% paraformaldehyde
for 10 min at room temperature, washed and blocked with 5%
goat serum in PBS and 0.1% NP40 for 1 h at room temperature.
Actin was stained with FITC-Phalloidin (green) and the nuclei with
Heochst dye (blue). The fluorescent images were viewed using a
LEICA DM IRB Inverted Microscope (Leica Microsystems Inc.) and
were digitally captured using Q Capture software (Roper Scientific
Inc.).
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Proliferation assay

A total of 1 × 105 DCs were cultured in the absence or pres-
ence of simvastatin, FTI, and GGTI (10 μM) for 24 h in serum-
free medium, followed by maturation with LPS (1 μg/mL) for
48 h. After washing and adding fresh serum-free medium, 105

of Flu HA306–318 peptide-specific autologous TCCs per condition
were added to the cultures in the absence or presence of Flu
HA306–316 peptide (10 μg/mL) for an additional 48 h. The plates
were pulsed with 1 μCi 3H-thymidine/well, incubated overnight,
and harvested. Filters containing DNA with incorporated
radioactive isotope were counted in a scintillation counter, and
the proliferative response against the antigenic peptide was mea-
sured in cpm in comparison to the cells cultured without peptide.

Statistics

Statistical analyses of the paired results for the qRT-PCR, ELISA,
and FACS experiments were performed using Student’s paired
t-tests with SigmaPlot 10.0 software (Systat Software Inc.). Sta-
tistical analyses of the comparisons for multiple groups (more
than two groups) were performed using a repeated measure
ANOVA with Graphpad InStat software (Graphpad Software Inc.).
A p < 0.05 was considered significant.
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