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The Journal of Immunology

Sphingosine Analogue AAL-R Increases TLR7-Mediated
Dendritic Cell Responses via p38 and Type I IFN Signaling
Pathways

Young-Jin Seo, Curtis J. Pritzl, Madhuvanthi Vijayan, Celeste R. Blake,

Mariah E. McClain, and Bumsuk Hahm

Sphingosine analogues display immunosuppressive activities and thus have therapeutic potential in the treatment of autoimmune

diseases. In this study, we investigated the effects of the sphingosine analogue AAL-R (FTY720 derivative) on dendritic cell (DC)

response upon TLR stimulation. Unlike its known immunosuppressive activity, AAL-R increased TLR7-mediated DC responses by

elevating the levels of MHC class I and costimulatory molecules and type I IFN expression and by enhancing the capacity of DCs to

induce CD8+ T cell proliferation. Importantly, the stimulatory activity of AAL-R was dependent on type I IFN signaling, as type I

IFN receptor-deficient DCs failed to respond to AAL-R. Also, AAL-R activated p38 MAPK to increase type I IFN synthesis and

TLR7-mediated DC maturation. These findings enhance our understanding of sphingosine regulation of the host immune system,

in particular upon pathogenic infections. The Journal of Immunology, 2012, 188: 4759–4768.

S
phingosine 1-phosphate (S1P) and the synthetic analogues
of sphingosine have diverse immunomodulatory functions
with therapeutic potential (1–5). One sphingosine analogue,

FTY720, has been proved to prolong allograft survival (6), abrogate
experimental asthma (7, 8), and alleviate autoimmune diseases such
as rheumatoid arthritis (9) and type I diabetes (10). Indeed, FTY720
was recently approved for the treatment of multiple sclerosis by
the U.S. Food and Drug Administration as an orally administered
drug (11, 12). In addition, the hydroxyl group-eliminated derivative
of FTY720, (R)-2-amino-4-(4-heptyloxyphenyl)-2-methylbutanol
(AAL-R), was shown to relieve influenza virus-induced immune
pathology (13–15). AAL-R was demonstrated to regulate the ex-
pression of inflammatory cytokines in mice, although it did not
significantly alter influenza virus propagation (14).
Sphingosine is metabolized by sphingosine kinase 1 (SphK1) or

sphingosine kinase 2 (SphK2) to become S1P (16). The S1P may

activate certain cellular signal inside cells or be secreted and bind
its cognate receptors (S1PR 1–5) to trigger the receptor-mediated
signaling pathways (1). FTY720 and AAL-R are phosphorylated
by SphK2, but not by SphK1, and could activate S1PR1, S1PR 3–
5, but not S1PR2 (17–21). These analogues were shown to act as
potent agonists on the S1P receptors (18, 21, 22), although they
could downregulate S1PR1 on T cells (23, 24).
The immunosuppressive effects of sphingosine analogues are

mediated by diverse mechanisms. For instance, FTY720 was re-
ported to hamper migration of mature murine dendritic cells (DCs)
toward S1P (25) and impair the immunostimulatory capacity of
human monocyte-derived DCs (26). In addition, FTY720 inhibits
lymphocyte emigration from lymphoid organs, resulting in tran-
sient lymphopenia in the bloodstream (22, 23). Of note, AAL-R
was shown to be a more potent inducer of lymphopenia than
FTY720, presumably due to an increased phosphorylation rate (27).
DCs are the most potent APCs, as they efficiently transmit a

pathogen’s danger signal to pathogen-specific T lymphocytes (28,
29). DCs sense pathogen-associated molecular patterns (PAMPs)
through highly conserved pattern-recognizing receptors (PRRs).
TLRs are the best-characterized class of PRRs in mammalian
species. To date, at least 10 and 12 functional TLRs have been
identified in humans and mice, respectively (30). Among these,
TLR7 is activated by ssRNAs and mainly located in endosomal
compartments of immune cells including DCs and B lymphocytes
(30, 31). The stimulation of DCs with TLR7 ligand induces DC
maturation and the production of cytokines including type I IFNs
(32–35), resulting in the activation of host immune responses.
Importantly, type I IFNs have a prominent role in host immunity
against viral infections by triggering innate anti-viral responses and
promoting DCmaturation and T cell activation (36–38). Therefore,
activation of the immune system by TLR7 ligation could be crucial
for control of diseases induced by ssRNA viral infections.
Although sphingosine analogues are known to have numerous

immunomodulatory functions, their roles in DCs, which are
stimulated with PAMPs, have been poorly explored. In this study,
we provide the first evidence to our knowledge that a sphingosine
analogue enhances DC responses through p38 and type I IFN
signaling upon TLR7 stimulation.
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Materials and Methods
Mice

C57BL/6 and C57BL/6-TLR7 knockout (ko) mice, which were purchased
from The Jackson Laboratory (39), C57BL/6-Thy1.1+DbGP33–41 TCR
transgenic (tg) mice (40), and C57BL/6-IFNAR ko mice (41) were used.
Mice were bred and maintained in a closed breeding facility according to
institutional guidelines and with protocols approved by the Animal Care
and Use Committee of University of Missouri-Columbia.

Dendritic cells

DCs were derived from bonemarrow (BM) cells by culturewith RPMI 1640
medium containing 20 ng/ml recombinant mouse GM-CSF (PeproTech)
for 10 d (42). DCs were treated with TLR agonists and then treated with
AAL-R (1 mM) unless indicated differently. DC maturation was assessed
at 1 or 2 d after the treatment with TLR ligands.

TLR agonists, sphingosine analogues, and specific inhibitors of
signaling pathways

Peptidoglycan (Sigma-Aldrich), a synthetic analogue of dsRNA, poly-
riboinosinic polyribocytidylic acid [poly(I:C)] (InvivoGen), LPS (Alexis
Biochemicals), and CpG DNA (ODN 1826; InvivoGen) were used to
stimulate TLR2, TLR3, TLR4, and TLR9 on DCs, respectively. To stim-
ulate TLR7 specifically, we have used loxoribine, a guanosine analogue
derivatized at position N7 and C8, of which recognition is restricted to
TLR7 (43–45), and imiquimod, an imidazoquinoline amine analogue to
guanosine (46). FTY720 was purchased from Cayman Chemicals, and
AAL-R and AAL-S were gifts from Dr. Hugh Rosen (The Scripps Re-
search Institute). Purified water and DMSO were used as solvent controls
(vehicle) for AAL-R/AAL-S and FTY720, respectively. The specific
inhibitors for p38 MAPK (SB203580) and MEK/MAPK (PD98059 and
U0126) were purchased from Calbiochem.

In vitro T cell proliferation assay

Lymphocytic choriomeningitis virus epitope GP33–41 (GP33)-specific
CD8+ T cells were purified from lymphocytic choriomeningitis virus
epitope GP33-specific TCR tg mice by EasySep (Stemcell Technologies)
and stained with CFSE (Invitrogen). Wild-type (Wt) or type I IFN receptor
(IFNAR)-deficient DCs were treated with TLR7 agonist loxoribine in the
presence of GP33 peptide for 2 h and then treated with vehicle (a solvent
control) or AAL-R for 2 or 6 h. GP33-specific CD8+ T cells were mixed
with DCs at a DC/T cell ratio of 1:10. After 3 d, the proliferation of Ag-
specific T cells was evaluated by the decrease in CFSE fluorescence ob-
served in flow cytometric analyses.

Real-time PCR

Total cellular RNA was purified by using TRI-reagent (Sigma-Aldrich)
according to the manufacturer’s description and treated with DNase I
(Fermentas) to remove contaminating DNAs. Total RNA was reverse-
transcribed, and then cDNA was analyzed by real-time quantitative PCR
(qPCR) using gene-specific primer sets. Primers for IFN-b (59-CTC CAG
CTC CAAGAA AGG ACG-39, 59-ATC TCT TGG ATG GCA AAG GCA-
39) and GAPDH (59-TCA CCA CCA TGG AGA AGG-39, 59-GAT AAG
CAG TTG GTG GTG CA-39) were used. The qPCR was performed with
SYBR Green I chemistry using an ABI 7900 HT real-time PCR instru-
ment. The authenticity of the PCR products was verified by melting curve
analysis. cDNA quantities were normalized to GAPDH cDNA quantities
measured in the same samples.

Western blot analysis

Specific Abs against a-tubulin, STAT1, p-STAT1, STAT2, p-STAT2, ERK,
p-ERK, p38, p-p38, p-MSK1, p-AKT, p-MEK, and IFN-stimulated gene
15 (ISG15) were purchased from Cell Signaling Technology, Upstate, or
Santa Cruz Biotechnology. Total proteins were extracted with RIPA buffer
supplemented with inhibitors blocking proteases and phosphatases and
then normalized using a Bradford assay. The protein samples (20 mg each)
were resolved on a 10 or 12% SDS-PAGE gel and transferred to a nitro-
cellulose membrane (Whatman). Membrane-bound Abs were detected with
ECL (Pierce).

Flow cytometric analysis

Abs used in this study were specific for murine CD11c, MHC class I (MHC-
I; H-2Kb), MHC class II (MHC-II; I-Ab), CD80 (B7-1), CD86 (B7-2),
CD40, CD8a, CD90.1 (Thy1.1), TNF-a, and IL-12 (BD Pharmingen or
eBioscience). For the intracellular cytokine staining, cells were treated

with 5 mg/ml brefeldin A (Sigma) for 6 h and then stained with Abs.
Apoptotic cell death was detected by using an annexin V–FITC apoptosis
detection kit (BD Pharmingen). Briefly, cells (1 3 105) were washed twice
with annexin V-binding buffer and then incubated with annexin V–FITC
and propidium iodide (PI) for 15 min at room temperature in the dark. Data
were collected on a CyAn ADP flow cytometer (Beckman Coulter) and
analyzed with FlowJo (Tree Star) software.

Statistical analysis

All error bars represent mean 6 SEM, and averages were compared using
a bidirectional, unpaired Student t test.

Results
Sphingosine analogue increases DC activation upon TLR7
stimulation

To investigate whether the sphingosine analogue AAL-R regulates
DC maturation upon TLR stimulation, DCs were challenged with di-
verse TLR agonists. Peptidoglycan, poly(I:C), LPS, loxoribine (Lox),
or CpG were exogenously supplied to DCs to stimulate TLR 2, 3, 4,
7, or 9, respectively, in the absence or presence of AAL-R for
2 d (Supplemental Fig. 1A). MHC-I expression on DCs was then
analyzed by flow cytometry. The treatment with LPS (200 ng/ml)
alone markedly increased MHC-I surface expression on DCs, indic-
ative of phenotypic DC maturation. However, AAL-R strongly
blockedMHC-I upregulation on LPS-activated DCs. Upon treatment
with even lower concentrations (10 or 50 ng/ml) of LPS, MHC-I
upregulation was strongly inhibited by AAL-R (Supplemental Fig.
1B). Also, AAL-R inhibited MHC-I expression on poly(I:C)-stim-
ulated DCs (Supplemental Fig. 1A). These observations indicate its
previously known immunosuppressive activity (13, 14). In contrast,
concomitant AAL-R treatment upregulated MHC-I surface expres-
sion when DCs were stimulated with peptidoglycan, Lox, or CpG
(Supplemental Fig. 1A). Therefore, AAL-R represses TLR3- or
TLR4-induced MHC-I expression, whereas the analogue appears to
cooperate with TLR2, TLR7, or TLR9 ligands for MHC-I upregu-
lation on maturing DCs. These results led us to conclude that the
sphingosine analogue AAL-R differentially regulates TLR-mediated
DC maturation, and the type of TLRs activated is critical for the
outcome.
Because TLR7 recognizes specific ssRNAmolecules (39, 47, 48),

TLR7-mediated DC responses can induce potent host immune
responses against pathogens including RNAviruses. Therefore, we
focused on the effect of AAL-R on TLR7-stimulated DCs by using
a TLR7-specific ligand and further evaluated its stimulatory ac-
tivity. AAL-R significantly increased MHC-I surface expression
[mean fluorescence intensity (MFI) 6 SEM: 127 6 4.1 → 232 6
1.6, left panel of Fig. 1A] on DCs upon Lox treatment compared
with Lox treatment with vehicle in a dose-dependent manner
(Supplemental Fig. 1C). Consistent with the increase of MHC-I,
when DCs were challenged with Lox, AAL-R enhanced surface
expression of costimulatory molecules B7-1 (MFI 6 SEM: 90 6
0.1 → 119 6 4.8, Fig. 1B), B7-2 (338 6 8 → 410 6 13, Fig. 1C),
and CD40 (376 1.6→ 586 2.3, Fig. 1D) on DCs without causing
apoptotic cell death (annexin V2/PI2: Lox plus vehicle, 65%; Lox
plus AAL-R, 69%, Fig. 1E). However, treatment with AAL-R
alone scarcely changed the surface expression of these molecules
(Fig. 1A–D). These data corroborate the stimulatory effects of
AAL-R on the phenotypic maturation of TLR7-stimulated DCs.
Further, AAL-R enhanced DC ability to synthesize inflammatory
cytokines TNF-a (2.7% → 6.9%, Fig. 2A) and IL-12 (2.1% →
5.2%, Fig. 2B) upon Lox treatment compared with Lox plus vehicle
treatment, although AAL-R alone did not induce the synthesis of
those cytokines in DCs (Fig. 2A, 2B). The production of the se-
creted soluble form of TNF-awas assessed by ELISA and shown to
be increased by AAL-R at 6 or 12 h (Fig. 2C) after Lox treatment.
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DCs potently prime naive CD8+ T cells, which play a critical role in
eliminating virus-infected cells. Thus, we determined if AAL-R
enhances the ability of DCs to promote CD8+ T cell proliferation
upon TLR7 stimulation. DCs were pulsed with GP33 peptide in the
absence or presence of Lox and/or AAL-R. The cells were then
mixed with CFSE-labeled, GP33-specific CD8+ T cells (Fig. 2D).
After 3 d, T cell proliferation rate was analyzed by measuring the
decrease of CFSE fluorescence in T cells by flow cytometry. Lox
treatment enhanced the ability of DCs to induce T cell expansion
(untreated, 10%; Lox/vehicle, 17%, Fig. 2D). Importantly, the
addition of AAL-R dramatically promoted T cell proliferation
(Lox/AAL-R, 57%, Fig. 2D). Taken together, the sphingosine an-
alogue AAL-R enhances TLR7-mediated DC activation, which is
supported by increased expression of MHC-I and costimulatory
molecules and inflammatory cytokine synthesis, and enhanced the
ability of DCs to induce CD8+ T cell proliferation.
Because GM-CSF enhances DC survival and promotes DC de-

velopment and differentiation (49), we also investigated the pos-
sible effect of the cytokine on the stimulatory activity of AAL-R in
DCs. Exogenously supplied GM-CSF increased MHC-I expression
on DCs in a dose-dependent manner as expected because of its
known function on DC differentiation. AAL-R enhanced Lox-
mediated DC maturation independent of GM-CSF supplement
(Supplemental Fig. 2). These results suggest that GM-CSF does not
alter AAL-R’s stimulatory ability on the committed and differen-
tiated DCs.
To confirm the finding obtained with Lox stimulation, another

TLR7-specific agonist, imiquimod, was used to stimulate DCs (Fig.
3A). AAL-R evidently increased surface expression ofMHC-I (MFI:
78→ 130), B7-1 (MFI: 81→ 111), and CD40 (MFI: 106→ 139) on
DCs upon imiquimod treatment. Next, we sought to use TLR7-
deficient DCs to rule out the possibility of contamination with
other endotoxins that are able to stimulate DCs (Fig. 3B). AAL-R
did not affect MHC-I expression on TLR7-deficient DCs upon Lox

treatment, whereas its expression on Wt DCs was substantially
increased by AAL-R treatment, demonstrating the specificity of
TLR7 activation.
Sphingosine and sphingosine analogues can be phosphorylated

by sphingosine kinases inside cells. The phosphorylated forms can
act intracellularly or be secreted and bind to their cognate S1P
receptors to trigger the receptor-mediated signaling pathways (1,
50). We speculated that AAL-R’s phosphorylation event is es-
sential for its stimulatory activity in DCs. To determine this, AAL-
S, a chiral S-enantiomer of AAL-R that is not phosphorylated by
sphingosine kinase (17, 18), was used in DC stimulation assays
(Fig. 3C). When DCs were treated with AAL-S, the analogue
failed to increase MHC-I surface expression on Lox-challenged
DCs, whereas AAL-R strongly increased MHC-I expression. The
result suggests that phosphorylation of AAL-R is critical for the
analogue’s stimulation of TLR7-mediated DC maturation.
We next determined the effects of another sphingosine analogue,

FTY720, on TLR7-stimulated DC maturation (Fig. 3D). As ex-
pected, FTY720 substantially promoted DC phenotypic matura-
tion upon Lox treatment, supported by an increase of the CD11c+/
MHC-Ihi population (30% → 43%) and B7-1/2 expression on DCs
(data not shown). However, the stimulatory activity of FTY720
was comparatively lower than that of AAL-R (CD11c+/MHC-Ihi,
30% → 54%). Presumably, this effect is due to the fact that the
phosphorylation rate of AAL-R is greater than that of FTY720
(27). Similar to AAL-R, the stimulatory activity of FTY720 was
also dependent on the type of TLRs stimulated (Supplemental Fig.
3). Collectively, these results indicate that sphingosine analogues,
not only AAL-R but also FTY720, induce the phenotypic matu-
ration of DCs upon TLR7 stimulation, which involves phosphory-
lation of the sphingosine analogue.
Previous studies have shown that sphingosine analogues inhibit

human monocyte-derived DC development (25, 26). Similar to
this observation, AAL-R strongly inhibited the development of

FIGURE 1. AAL-R increases DC maturation upon

Lox treatment. DCs were left untreated (control) or

treated with Lox (TLR7L, 1 mM); these cells were

supplied with vehicle (a solvent control for AAL-R) or

AAL-R (1 mM). At 2 d posttreatment, CD11c+ cells

were analyzed for the surface expression of MHC-I

(A), B7-1 (B), B7-2 (C), and CD40 (D) or stained with

annexin V/PI (E) and then analyzed by flow cytometry.

Graphs represent the average of MFI and SEM of data

obtained from each condition (n = 3/group). The data

shown are representative of two to five independent

experiments. **p , 0.01, ***p , 0.001. CTR, control;

VEH, vehicle.
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CD11c+/MHC-II+/CD11b+/MHC-Ihigh DCs from BM cells in a
GM-CSF–supplemented culture at day 6 (Fig. 4A). Furthermore,
AAL-R markedly increased apoptotic populations at day 2 after
BM cells were cultured in the presence of GM-CSF (Fig. 4B).
These results support the inhibitory activity of AAL-R on the early
developmental stage of DCs.
Although AAL-R was shown to induce apoptotic death in

splenocytes (17) and BM cells (Fig. 4B), 0.5–1 mM AAL-R did
not cause notable apoptotic cell death in DCs (data not shown and
Fig. 1E). Apoptosis in Lox-treated DCs was induced only by the
treatment with high concentrations of AAL-R such as 4 mM, but
not with 2 mM, AAL-R (Fig. 4C). Thus, DCs appear to be rela-
tively resistant to the apoptotic activity of AAL-R. We further
determined if the stimulatory activity of AAL-R on DCs is af-
fected by the apoptotic activity of high doses of AAL-R. To this
end, DCs were left untreated or treated with 2 or 4 mM AAL-R in
the absence or presence of Lox for 8 h (Fig. 4C). AAL-R (2 mM)
increased Lox-mediated MHC-I expression on DCs (MFI: 322)
compared with vehicle treatment (MFI: 153). However, when DCs
were exposed to 4 mM AAL-R, MHC-I expression was dramati-
cally diminished (MFI: 241) compared with 2 mM AAL-R treat-
ment (MFI: 322) (Fig. 4C). A high dose of AAL-R clearly
decreased the live cell population (4 mM, annexin V2/PI2, 43%)
compared with a low dose of AAL-R (2 mM, annexin V2/PI2,
65%). However, MHC-I expression on 4 mM AAL-R–treated live
cells (annexin V2/PI2) still remained as high (MFI: 366) as 2 mM
AAL-R–supplied DCs (MFI: 372) (Fig. 4C). These observations
indicate that AAL-R has both stimulatory and apoptotic activities
in DCs upon TLR7 stimulation.

AAL-R increases DC maturation upon TLR7 stimulation by
promoting type I IFN synthesis

The type I IFN family is known as one of the most important factors
to enhance DC maturation upon TLR stimulation (29, 36). In this

study, we tested if AAL-R treatment affects type I IFN synthesis

in DCs upon TLR7 stimulation. IFN-b mRNA expression was

detected by qPCR at 6 or 24 h after Lox treatment in the absence

or presence of AAL-R (Fig. 5A, 5B). Lox treatment alone induced

IFN-b synthesis in DCs at both 6 and 24 h. Notably, additional

AAL-R treatment further increased IFN-b synthesis in Lox-

challenged DCs 2.6-fold (6 h, Fig. 5A) or 2.9-fold (24 h, Fig.

5B) compared with Lox plus vehicle treatment. Likewise, FTY720

increased IFN-b synthesis ∼1.7-fold (Fig. 5B) compared with Lox

single treatment. AAL-R–induced augmentation of IFN-b oc-

curred in a concentration-dependent manner (Fig. 5C). The in-

crease of IFN-b by AAL-R upon Lox treatment was not observed

when DCs were deficient in TLR7, demonstrating its TLR7

specificity (Fig. 5D). In contrast to AAL-R’s stimulatory activity

shown with Lox treatment, AAL-R decreased LPS-mediated IFN-

b synthesis in DCs 1.7-fold at 6 h compared with LPS single

treatment (Fig. 5E), reflecting its inhibitory activity on DC mat-

uration (Supplemental Fig. 1B).
To confirm these results further, IFNAR-deficient DCs were

used. Neither Lox nor LPS treatment greatly changed MHC-I

expression on IFNAR-deficient DCs (Fig. 5F). Furthermore,

AAL-R did not affect MHC-I expression of Lox- or LPS-treated

DCs lacking the IFNAR, whereas it evidently changed MHC-I

expression on Lox-treated (MFI 6 SEM: 48 6 1 → 83 6 2) or

FIGURE 2. AAL-R enhances the function of Lox-

treated DCs. (A and B) DCs were treated with vehicle

or AAL-R (1 mM) in the absence or presence of Lox

(0.25 mM). At 8 h posttreatment, the intracellular ex-

pression of TNF-a (A) and IL-12 (B) in DCs was an-

alyzed by flow cytometry. (C) DCs (1 3 106 cells/ml)

were treated with vehicle or AAL-R (1 mM) in the

presence or absence of Lox (0.5 mM) for 6 (upper

panel) or 12 (lower panel) h. The level of TNF-a in

culture supernatants was evaluated by ELISA. Graphs

represent the average of TNF-a levels and SEM of data

obtained from each condition (n = 3/group). (D) DCs

were left untreated (CTR) or incubated with Lox (1

mM)/vehicle or Lox (1 mM)/AAL-R (1 mM) in the

presence of GP33 peptide for 2 h. Cells were then

mixed with CFSE-labeled GP33-specific CD8+ T cells

that were isolated from GP33-specific TCR tg mouse.

After 3 d, the proliferation of GP33-specific T cells

was evaluated by the decrease in CFSE fluorescence

in flow cytometric analyses. Histograms show CFSE

fluorescence of CD8+ T cells. Dotted lines indicate

undivided control cells. The data shown are repre-

sentative of three or four separate experiments. CTR,

control; VEH, vehicle.
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LPS-treated (127 6 3 → 103 6 3) Wt DCs (Fig. 5F). Similarly,
when DCs were defective in IFNAR, neither Lox/vehicle nor Lox/
AAL-R treatment enhanced the ability of DCs to induce T cell
proliferation (untreated, 3%; Lox/vehicle, 1%; Lox/AAL-R, 1%,
Fig. 5G). Finally, we sought to detect any changes in the activation
of type I IFN signaling downstream molecules STAT1, STAT2
(42, 51), and ISG15 (52). As a result, AAL-R increased expression
of ISG15 and phosphorylated forms of STAT1 and STAT2 (Fig.
5H) upon Lox cotreatment, whereas AAL-R treatment alone did
not change their expression (data not shown). However, other
signaling molecules of the ERK/MAPK and AKT/PI3K (data not
shown) pathways were not affected by AAL-R/Lox cotreatment
(Fig. 5H). These observations further support AAL-R’s stimula-
tory activity in TLR7-mediated DC responses through type I IFN
signaling. Overall, our results indicate that AAL-R affects TLR-
mediated DC maturation by regulating type I IFN production.

AAL-R activates p38 MAPK signaling to increase
TLR7-mediated DC maturation

Sphingosine analogues could activate intracellular signaling
molecules including AKT, ERK, MEK, and p38 in multiple ex-
perimental conditions (53–55). To investigate the intracellular
mechanisms of how AAL-R enhances DC responses upon TLR7
stimulation, activation of those molecules was evaluated. Notably,
AAL-R strongly increased phosphorylation level of both p38 and

its downstream molecule MSK1 in DCs at 2.5 h posttreatment
compared with vehicle treatment in the absence or presence of Lox
(Fig. 6A). AAL-R–mediated phosphorylation of p38 and MSK1
was detected at 2 or 3 h after Lox treatment, and 4 h later it was
decreased (Fig. 6B). However, the phosphorylation levels of ERK,
MEK, and AKT were not affected by AAL-R treatment. These
observations led us to hypothesize that the p38 MAPK signaling
pathway is critical for DC maturation induced by AAL-R upon
TLR7 stimulation. To examine this hypothesis, DCs were pretreated
with p38 MAPK-specific inhibitor (SB203580) and incubated with
AAL-R or vehicle in the presence of Lox. SB203580 blocked the
AAL-R–mediated increase ofMHC-I (MFI6 SEM: AAL-R, 1526
2; AAL-R/SB203580, 110 6 2) and B7-2 (MFI 6 SEM: AAL-R,
107 6 7; AAL-R/SB203580, 70 6 2) expression on Lox-treated
DCs (Fig. 6C, 6D). In contrast, MEK/MAPK-specific inhibitor
(PD98059) failed to block increase of those molecules on DCs (Fig.
6C, 6D). As expected, SB203580 inhibited the phosphorylation
of the p38 downstream molecule MSK1 (Fig. 6E), indicating that
SB203580 blocked the AAL-R/Lox-induced activation of p38
MAPK signaling pathway. Similarly, the inhibition of p38 MAPK
(SB203580), but not MEK (PD98059 or U0126), interfered with
AAL-R’s stimulatory activity on the production of TNF-a (Fig. 6F),
IL-12 (data not shown), and IFN-b (Fig. 6G, 6H). Of note, AAL-R
alone in the absence of Lox did not increase the levels ofMHC-I and
costimulatory molecules and cytokine expression including TNF-a

FIGURE 3. Sphingosine analogues increase DC maturation upon TLR7 stimulation. (A) DCs were left untreated or treated with vehicle or AAL-R in the

presence of imiquimod (Imi; 5 mg/ml) for 1 d. The surface expression of MHC-I, B7-1, and CD40 was analyzed by flow cytometry. (B) Wt or TLR7-

deficient (TLR7 ko) DCs were left untreated (CTR) or incubated with vehicle or AAL-R (1 mM) in the presence of Lox (1 mM) for 1 d. (C) Lox-treated

DCs were supplied with AAL-R (1 mM), AAL-S (non-phosphorylatable form of AAL-R, 1 mM, open histogram), or vehicle (shaded histogram). MHC-I

surface expression on DCs was analyzed by flow cytometry. MFIs of MHC-I are depicted. (D) DCs were treated with vehicle, AAL-R (1 mM), or FTY720

(1 mM) in the absence or presence of Lox (0.5 mM) for 2 d. CD11c/MHC-I expression was assessed by flow cytometry. The percentages of CD11c+/MHC-

Ihigh populations are depicted. The experiment was repeated three times with similar results. CTR, control; VEH, vehicle.

The Journal of Immunology 4763
D

ow
nloaded from

 http://journals.aai.org/jim
m

unol/article-pdf/188/10/4759/1349839/1102754.pdf by C
hung-Ang U

niv user on 13 D
ecem

ber 2022



and IFN-b by DCs even though the p38 MAPK signaling pathway
was activated. Therefore, TLR7 stimulation is required for p38-
mediated DC activation induced by AAL-R. Collectively, we con-
clude that AAL-R activates the p38 MAPK pathway to increase
type I IFN synthesis and DC maturation upon TLR7 stimulation.

Discussion
In this report, we show that a sphingosine analogue enhances DC
responses upon TLR7 stimulation, and its cellular mechanism
involves the p38 MAPK and type I IFN signaling pathways. Pre-
viously, sphingosine analogues displayed immunosuppressive ac-
tivity and therefore have been evaluated to alleviate excessive or
aberrant immune responses that are associated with immune dis-
orders. The sphingosine analogues were reported to impair DC
activation and regulate lymphocyte trafficking (22, 23). For
example, FTY720 suppressed DC functions, which resulted in
reduced inflammation in an experimental asthma model (8).
Similarly, human monocyte-derived DCs generated in the pres-
ence of FTY720 displayed an impaired immunostimulatory ca-

pacity (26). In addition, upon influenza virus infection, the locally
delivered sphingosine analogue AAL-R acted on pulmonary DCs
to inhibit influenza virus-specific CD8+ T cell responses (13).
Consistent with these inhibitory activities in DCs, AAL-R hin-
dered the generation of DCs from BM progenitor cells in a
GM-CSF–supplemented culture system (Fig. 4A). Surprisingly,
we have found that AAL-R differently regulates TLR-mediated
DC maturation depending on the types of PAMPs. AAL-R treat-
ment increased TLR2-, TLR7-, or TLR9-mediated DC matura-
tion, whereas it suppressed TLR3- or TLR4-mediated DC matura-
tion (Supplemental Fig. 1A). Given that TLR2, TLR7, and TLR9
signaling depend on the MyD88 pathway (30, 45), AAL-R’s
stimulatory activity may require the activation of the MyD88 sig-
naling pathway triggered by TLR2, TLR7, or TLR9 ligation.
However, TLR3 signaling is dependent on the TIR-domain–con-
taining adapter-inducing IFN-b (TRIF) pathway, and TLR4 sig-
naling is reliant on both MyD88 and TRIF signal pathways (30,
45). Therefore, it is conceivable that AAL-R’s suppressive func-
tion in DCs may necessitate activation of the TRIF signaling upon

FIGURE 4. The AAL-R regulation of DC differentiation is affected by the status of DCs, which is associated with cellular apoptosis. (A and B) BM cells

were treated with vehicle or AAL-R (1 mM) in the presence of GM-CSF (20 ng/ml). (A) Cells were assessed for the expression of DC surface markers CD11c/

MHC-II, CD11b, or MHC-I expression by flow cytometry at day 6. (B) Cells were stained with annexin V–FITC and PI at day 2, then analyzed by flow

cytometry. Percentages of annexin V2/PI2, annexin V+/PI2, and annexin V+/PI+ are shown. (C) DCs were treated with vehicle or AAL-R (2 or 4 mM) in the

absence or presence of Lox for 8 h. Then, cells were washed with PBS twice and additionally cultured for up to 24 h. MHC-I expression on total cells (upper

histograms) or annexin V2/PI2 viable cells (lower histograms) was analyzed by flow cytometry. The percentages of annexin V2/PI2 viable cells are depicted in

the middle panel, and MFIs of MHC-I are shown in the histograms. The data shown are representative of two to four independent experiments. VEH, vehicle.
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TLR3 or TLR4 ligation on DCs, and this could be dominant over
MyD88-mediated stimulatory action when both signaling path-
ways are activated by TLR4 ligation. Therefore, our data dem-
onstrate that the notable stimulatory or suppressive activity of the
sphingosine analogue AAL-R is associated with PAMPs-specific
DC responses.
Importantly, AAL-R’s stimulatory activity was mediated through

type I IFN signaling. This is strongly supported by our results.
First, AAL-R increased IFN-b mRNA synthesis upon TLR7 en-
gagement (Fig. 5A–C). Second, activation of the downstream sig-
naling molecules STAT1/2 and enhanced expression of a type I IFN-
inducible gene, ISG15, were observed in AAL-R–conditioned DCs
(Fig. 5H). Third, the stimulatory activity of AAL-R was nullified
when IFNAR-mediated signaling was lacking in DCs by genetic
deletion of the receptor upon Lox treatment (Fig. 5F, 5G). Thus, our
data imply that sphingosine signaling pathways interact with the
TLR7 signaling pathway to enhance the production of type I IFNs.
We have also shown that the p38 MAPK signaling activated

by AAL-R is important to increase type I IFN synthesis and
DC maturation upon TLR7 stimulation. Although sphingosine
signaling could trigger diverse intracellular signaling pathways
including AKT/PI3K, ERK/MAPK, and p38 MAPK signaling
pathways (53–55), our data indicate that the sphingosine analogue
AAL-R specifically activates the p38 MAPK signaling pathway,
but not the AKT/PI3K and ERK/MAPK pathways in DCs. Im-
portantly, the p38 MAPK signaling pathway is known to play
a critical role in the expression of type I IFNs (56, 57). In support
of this, blockade of p38 MAPK activation impaired the AAL-R–
mediated expression of type I IFN (Fig. 6G). Because AAL-R–
mediated DC activation is highly dependent on type I IFN sig-
naling upon TLR7 stimulation (Fig. 5F, 5G), p38 MAPK signaling

pathway activated by AAL-R could be a main mechanism to en-
hance DC responses via increased type I IFN synthesis.
Because AAL-R/FTY720 could activate S1PR1 and S1PR 3–5

(17, 18), we determined the effect of agonists for S1PR1, S1PR3,
and S1PR4 on DC maturation. However, these agonists did not
increase DC maturation upon TLR7 stimulation in the experi-
mental condition (data not shown). Therefore, it is possible that
this newly found stimulatory function of AAL-R is mediated
by intracellular activity of AAL-R after its phosphorylation by
SphK2 or S1PR5-mediated signaling. Although both SphK1 and
SphK2 generate S1P from sphingosine (16), these two enzymes
are localized in different sites (SphK1, cytoplasm; SphK2, nu-
cleus) in the cells (58), often display opposed activities on cellular
processes (59, 60), and the regulatory mechanism is not clearly
defined. This suggests that there are factors such as S1P locali-
zation that affect its functions. We found that the phosphorylation
of AAL-R is critical for the stimulatory activity on DC maturation.
Although any analogues may display off-target effects especially
when used at very high concentration, the off-target of AAL-R/
FTY720 has not been definitely identified to our knowledge.
Further, the AAL-R activity occurred in a dose-dependent manner,
and the concentration of AAL-R (0.25–1 mM) we used is not
higher than the doses (0.5–10 mM) that have been used by other
investigators (13, 17). Thus, it is likely that AAL-R is phosphor-
ylated by SphK2 and may act on as-yet unidentified target in the
S1P signaling that could be linked with p38 and type I IFN signal
pathways to stimulate DCs upon TLR7 ligation. The detailed mo-
lecular signaling mechanisms remain to be determined.
We have shown that treatment with a high dose of AAL-R

induces apoptotic death of DCs, which affects DC maturation
(Fig. 4C), although DCs were more resistant to AAL-R–induced

FIGURE 5. AAL-R increases DC maturation upon TLR7 stimulation by promoting type I IFN production. Wt (A–E) or TLR7-deficient (D) DCs were left

untreated (CTR) or treated with Lox (1 mM) (A–D) or LPS (200 ng/ml) (E) in the absence or presence of AAL-R or FTY720 (B) for 6 h (A, E) or 24 h (B–D).

The qPCR was performed to detect the relative mRNA level of IFN-b. Graphs represent the average of relative IFN-b expression and SEM of data obtained

from each condition (n = 3/group). (F) Wt or IFNAR-deficient (IFNAR ko) DCs were left untreated (CTR) or treated with Lox (1 mM) or LPS (200 ng/ml);

these cells were supplied with AAL-R (1 mM) for 1 d. The MFIs of MHC-I expression on DCs were determined by flow cytometry. Graphs show the

average of MFI and SEM (n = 3/group). (G) Wt or IFNAR ko DCs were left untreated (CTR) or incubated with Lox (1 mM)/vehicle or Lox (1 mM)/AAL-R

(1 mM) in the presence of GP33 peptide for 2 h. Cells were then mixed with CFSE-labeled GP33-specific CD8+ T cells. After 3 d, the proliferation of GP33-

specific T cells was evaluated by flow cytometric analyses. Histograms show CFSE fluorescence of CD8+ T cells. Dotted lines indicate undivided control

cells. (H) DCs were treated with vehicle or AAL-R (1 mM) in the presence of Lox (1 mM) for 2 d. Cell lysates were used for Western blot analysis to detect

STAT1, p-STAT1, STAT2, p-STAT2, ISG15, ERK, p-ERK, and a-tubulin. The data shown are representative of three to five independent experiments. *p,
0.05, **p , 0.01, ***p , 0.001. CTR, control; VEH, vehicle.
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cell death (Fig. 4C) compared with BM cells (Fig. 4B) and
splenocytes (17). We have also demonstrated that AAL-R differ-
entially regulates TLR-mediated DC responses (Supplemental Fig.
1A). Therefore, AAL-R’s modulatory activity in DCs seems to be
affected by diverse factors including DC differentiation status,
type of stimulus, and strength of AAL-R–mediated signaling.
Recently, FTY720 treatment was approved by the Food and Drug

Administration for the treatment of multiple sclerosis as an orally
administered drug (12). However, patients could be exposed to
diverse pathogens, which may affect the drug’s efficacy. Indeed,
several patients treated with FTY720 died upon viral infections
(61), and how FTY720 affected host immune responses to the
infections in those patients remains unknown. Therefore, it is
imperative to understand how FTY720 regulates host immune
responses to infections in a pathogen-specific manner. Further
mechanistic studies to separate the immunostimulatory from im-
munosuppressive properties of FTY720 will provide important
data that would be therapeutically applicable.
The therapeutic potential of sphingosine analogues upon in-

fluenza virus infection was evaluated in recent studies (13, 14).
The local administration of sphingosine analogue AAL-R in mice
dampened the cytokine responses and DC activation caused by
influenza virus infection, representing AAL-R’s inhibitory activ-
ity. Although influenza virus has ssRNA genomes and thus host
immune cells may recognize the viruses with host PRRs including

TLR7, we have shown that AAL-R could increase DC responses
upon TLR7 stimulation. There are two possibilities to explain this
difference. First, influenza virus infection induces cell death to
produce progeny viruses. It is possible that AAL-R’s apoptotic or
immunosuppressive potential cooperates with influenza viral cy-
topathogenic activity leading to the repressed immune responses.
Second, influenza virus may activate other PAMPs in addition to
TLR7. The influenza virus-specific PAMPs may bind to the cog-
nate cellular receptor and trigger its downstream signaling, but
this process may be negatively regulated by AAL-R, leading to
AAL-R–mediated suppression of DC responses to the infection.
Owing to the extraordinary capacity of DCs to act as natural

adjuvants, the potential of Ag-mounted DCs for the treatment of
diseases has been confirmed in multiple experimental models (28,
62, 63). We have shown that AAL-R differentially regulates DC
responses depending on the type of TLR activation. Also, our data
revealed the stimulatory activity of sphingosine analogue AAL-R in
DC responses after TLR7 stimulation. The sphingosine analogues’
immunostimulatory action mode could be applicable to the devel-
opment of novel DC-mediated immunotherapeutic strategies to
remedy multiple diseases caused by diverse pathogenic microbes.
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M. A. Willart, D. Hijdra, H. C. Hoogsteden, and B. N. Lambrecht. 2006. Local
application of FTY720 to the lung abrogates experimental asthma by altering
dendritic cell function. J. Clin. Invest. 116: 2935–2944.

9. Matsuura, M., T. Imayoshi, and T. Okumoto. 2000. Effect of FTY720, a novel
immunosuppressant, on adjuvant- and collagen-induced arthritis in rats. Int. J.
Immunopharmacol. 22: 323–331.

10. Maki, T., R. Gottschalk, and A. P. Monaco. 2002. Prevention of autoimmune
diabetes by FTY720 in nonobese diabetic mice. Transplantation 74: 1684–
1686.

11. Horga, A., and X. Montalban. 2008. FTY720 (fingolimod) for relapsing multiple
sclerosis. Expert Rev. Neurother. 8: 699–714.

12. Brinkmann, V., A. Billich, T. Baumruker, P. Heining, R. Schmouder, G. Francis,
S. Aradhye, and P. Burtin. 2010. Fingolimod (FTY720): discovery and devel-
opment of an oral drug to treat multiple sclerosis. Nat. Rev. Drug Discov. 9: 883–
897.

13. Marsolais, D., B. Hahm, K. H. Edelmann, K. B. Walsh, M. Guerrero, Y. Hatta,
Y. Kawaoka, E. Roberts, M. B. Oldstone, and H. Rosen. 2008. Local not sys-
temic modulation of dendritic cell S1P receptors in lung blunts virus-specific
immune responses to influenza. Mol. Pharmacol. 74: 896–903.

14. Marsolais, D., B. Hahm, K. B. Walsh, K. H. Edelmann, D. McGavern, Y. Hatta,
Y. Kawaoka, H. Rosen, and M. B. Oldstone. 2009. A critical role for the
sphingosine analog AAL-R in dampening the cytokine response during influenza
virus infection. Proc. Natl. Acad. Sci. USA 106: 1560–1565.

15. Walsh, K. B., J. R. Teijaro, P. R. Wilker, A. Jatzek, D. M. Fremgen, S. C. Das,
T. Watanabe, M. Hatta, K. Shinya, M. Suresh, et al. 2011. Suppression of cy-
tokine storm with a sphingosine analog provides protection against pathogenic
influenza virus. Proc. Natl. Acad. Sci. USA 108: 12018–12023.

16. Maceyka, M., S. G. Payne, S. Milstien, and S. Spiegel. 2002. Sphingosine ki-
nase, sphingosine-1-phosphate, and apoptosis. Biochim. Biophys. Acta 1585:
193–201.

17. Don, A. S., C. Martinez-Lamenca, W. R. Webb, R. L. Proia, E. Roberts, and
H. Rosen. 2007. Essential requirement for sphingosine kinase 2 in a sphingolipid
apoptosis pathway activated by FTY720 analogues. J. Biol. Chem. 282: 15833–
15842.

18. Brinkmann, V., M. D. Davis, C. E. Heise, R. Albert, S. Cottens, R. Hof, C. Bruns,
E. Prieschl, T. Baumruker, P. Hiestand, et al. 2002. The immune modulator
FTY720 targets sphingosine 1-phosphate receptors. J. Biol. Chem. 277: 21453–
21457.

19. Marsolais, D., and H. Rosen. 2009. Chemical modulators of sphingosine-1-
phosphate receptors as barrier-oriented therapeutic molecules. Nat. Rev. Drug
Discov. 8: 297–307.

20. Billich, A., F. Bornancin, P. Dévay, D. Mechtcheriakova, N. Urtz, and
T. Baumruker. 2003. Phosphorylation of the immunomodulatory drug FTY720
by sphingosine kinases. J. Biol. Chem. 278: 47408–47415.

21. Sanchez, T., T. Estrada-Hernandez, J. H. Paik, M. T. Wu, K. Venkataraman,
V. Brinkmann, K. Claffey, and T. Hla. 2003. Phosphorylation and action of the
immunomodulator FTY720 inhibits vascular endothelial cell growth factor-
induced vascular permeability. J. Biol. Chem. 278: 47281–47290.

22. Mandala, S., R. Hajdu, J. Bergstrom, E. Quackenbush, J. Xie, J. Milligan,
R. Thornton, G. J. Shei, D. Card, C. Keohane, et al. 2002. Alteration of
lymphocyte trafficking by sphingosine-1-phosphate receptor agonists. Science
296: 346–349.

23. Matloubian, M., C. G. Lo, G. Cinamon, M. J. Lesneski, Y. Xu, V. Brinkmann,
M. L. Allende, R. L. Proia, and J. G. Cyster. 2004. Lymphocyte egress from

thymus and peripheral lymphoid organs is dependent on S1P receptor 1. Nature
427: 355–360.

24. Rosen, H., P. Gonzalez-Cabrera, D. Marsolais, S. Cahalan, A. S. Don, and
M. G. Sanna. 2008. Modulating tone: the overture of S1P receptor immuno-
therapeutics. Immunol. Rev. 223: 221–235.

25. Czeloth, N., G. Bernhardt, F. Hofmann, H. Genth, and R. Förster. 2005.
Sphingosine-1-phosphate mediates migration of mature dendritic cells. J. Immunol.
175: 2960–2967.

26. Müller, H., S. Hofer, N. Kaneider, H. Neuwirt, B. Mosheimer, G. Mayer,
G. Konwalinka, C. Heufler, and M. Tiefenthaler. 2005. The immunomodulator
FTY720 interferes with effector functions of human monocyte-derived dendritic
cells. Eur. J. Immunol. 35: 533–545.

27. Jary, E., T. Bee, S. R. Walker, S. K. Chung, K. C. Seo, J. C. Morris, and
A. S. Don. 2010. Elimination of a hydroxyl group in FTY720 dramatically
improves the phosphorylation rate. Mol. Pharmacol. 78: 685–692.

28. Steinman, R. M. 2008. Dendritic cells in vivo: a key target for a new vaccine
science. Immunity 29: 319–324.

29. Banchereau, J., and R. M. Steinman. 1998. Dendritic cells and the control of
immunity. Nature 392: 245–252.

30. Kawai, T., and S. Akira. 2010. The role of pattern-recognition receptors in innate
immunity: update on Toll-like receptors. Nat. Immunol. 11: 373–384.

31. Akira, S. 2006. TLR signaling. Curr. Top. Microbiol. Immunol. 311: 1–16.
32. Gilliet, M., W. Cao, and Y. J. Liu. 2008. Plasmacytoid dendritic cells: sensing

nucleic acids in viral infection and autoimmune diseases. Nat. Rev. Immunol. 8:
594–606.

33. Mancuso, G., M. Gambuzza, A. Midiri, C. Biondo, S. Papasergi, S. Akira,
G. Teti, and C. Beninati. 2009. Bacterial recognition by TLR7 in the lysosomes
of conventional dendritic cells. Nat. Immunol. 10: 587–594.

34. Kadowaki, N., S. Antonenko, and Y. J. Liu. 2001. Distinct CpG DNA and
polyinosinic-polycytidylic acid double-stranded RNA, respectively, stimulate
CD11c- type 2 dendritic cell precursors and CD11c+ dendritic cells to produce
type I IFN. J. Immunol. 166: 2291–2295.

35. Verthelyi, D., K. J. Ishii, M. Gursel, F. Takeshita, and D. M. Klinman. 2001.
Human peripheral blood cells differentially recognize and respond to two dis-
tinct CPG motifs. J. Immunol. 166: 2372–2377.

36. Seo, Y. J., and B. Hahm. 2010. Type I interferon modulates the battle of host
immune system against viruses. Adv. Appl. Microbiol. 73: 83–101.

37. Taniguchi, T., and A. Takaoka. 2002. The interferon-alpha/beta system in anti-
viral responses: a multimodal machinery of gene regulation by the IRF family of
transcription factors. Curr. Opin. Immunol. 14: 111–116.

38. Grandvaux, N., B. R. tenOever, M. J. Servant, and J. Hiscott. 2002. The inter-
feron antiviral response: from viral invasion to evasion. Curr. Opin. Infect. Dis.
15: 259–267.

39. Lund, J. M., L. Alexopoulou, A. Sato, M. Karow, N. C. Adams, N. W. Gale,
A. Iwasaki, and R. A. Flavell. 2004. Recognition of single-stranded RNA viruses
by Toll-like receptor 7. Proc. Natl. Acad. Sci. USA 101: 5598–5603.

40. Kyburz, D., P. Aichele, D. E. Speiser, H. Hengartner, R. M. Zinkernagel, and
H. Pircher. 1993. T cell immunity after a viral infection versus T cell tolerance
induced by soluble viral peptides. Eur. J. Immunol. 23: 1956–1962.

41. Müller, U., U. Steinhoff, L. F. Reis, S. Hemmi, J. Pavlovic, R. M. Zinkernagel,
and M. Aguet. 1994. Functional role of type I and type II interferons in antiviral
defense. Science 264: 1918–1921.

42. Hahm, B., M. J. Trifilo, E. I. Zuniga, and M. B. Oldstone. 2005. Viruses evade
the immune system through type I interferon-mediated STAT2-dependent, but
STAT1-independent, signaling. Immunity 22: 247–257.

43. Heil, F., P. Ahmad-Nejad, H. Hemmi, H. Hochrein, F. Ampenberger, T. Gellert,
H. Dietrich, G. Lipford, K. Takeda, S. Akira, et al. 2003. The Toll-like receptor 7
(TLR7)-specific stimulus loxoribine uncovers a strong relationship within the
TLR7, 8 and 9 subfamily. Eur. J. Immunol. 33: 2987–2997.

44. Hahm, B., J. H. Cho, and M. B. Oldstone. 2007. Measles virus-dendritic cell
interaction via SLAM inhibits innate immunity: selective signaling through
TLR4 but not other TLRs mediates suppression of IL-12 synthesis. Virology 358:
251–257.

45. Akira, S., and H. Hemmi. 2003. Recognition of pathogen-associated molecular
patterns by TLR family. Immunol. Lett. 85: 85–95.

46. Lee, J., T. H. Chuang, V. Redecke, L. She, P. M. Pitha, D. A. Carson, E. Raz, and
H. B. Cottam. 2003. Molecular basis for the immunostimulatory activity of
guanine nucleoside analogs: activation of Toll-like receptor 7. Proc. Natl. Acad.
Sci. USA 100: 6646–6651.

47. Beignon, A. S., K. McKenna, M. Skoberne, O. Manches, I. DaSilva,
D. G. Kavanagh, M. Larsson, R. J. Gorelick, J. D. Lifson, and N. Bhardwaj.
2005. Endocytosis of HIV-1 activates plasmacytoid dendritic cells via Toll-like
receptor-viral RNA interactions. J. Clin. Invest. 115: 3265–3275.

48. Jung, A., H. Kato, Y. Kumagai, H. Kumar, T. Kawai, O. Takeuchi, and S. Akira.
2008. lymphocytoid choriomeningitis virus activates plasmacytoid dendritic
cells and induces a cytotoxic T-cell response via MyD88. J. Virol. 82: 196–206.

49. Markowicz, S., and E. G. Engleman. 1990. Granulocyte-macrophage colony-
stimulating factor promotes differentiation and survival of human peripheral
blood dendritic cells in vitro. J. Clin. Invest. 85: 955–961.

50. Spiegel, S., and S. Milstien. 2011. The outs and the ins of sphingosine-1-
phosphate in immunity. Nat. Rev. Immunol. 11: 403–415.

51. Aaronson, D. S., and C. M. Horvath. 2002. A road map for those who don’t know
JAK-STAT. Science 296: 1653–1655.

52. Pitha-Rowe, I. F., and P. M. Pitha. 2007. Viral defense, carcinogenesis and
ISG15: novel roles for an old ISG. Cytokine Growth Factor Rev. 18: 409–417.

53. Hsieh, H. L., C. C. Sun, C. B. Wu, C. Y. Wu, W. H. Tung, H. H. Wang, and
C. M. Yang. 2008. Sphingosine 1-phosphate induces EGFR expression via Akt/

The Journal of Immunology 4767
D

ow
nloaded from

 http://journals.aai.org/jim
m

unol/article-pdf/188/10/4759/1349839/1102754.pdf by C
hung-Ang U

niv user on 13 D
ecem

ber 2022



NF-kappaB and ERK/AP-1 pathways in rat vascular smooth muscle cells. J.
Cell. Biochem. 103: 1732–1746.

54. Heo, K., K. A. Park, Y. H. Kim, S. H. Kim, Y. S. Oh, I. H. Kim, S. H. Ryu, and
P. G. Suh. 2009. Sphingosine 1-phosphate induces vascular endothelial growth
factor expression in endothelial cells. BMB Rep. 42: 685–690.

55. Spiegel, S., and S. Milstien. 2003. Sphingosine-1-phosphate: an enigmatic sig-
nalling lipid. Nat. Rev. Mol. Cell Biol. 4: 397–407.

56. Panne, D., T. Maniatis, and S. C. Harrison. 2004. Crystal structure of ATF-2/c-
Jun and IRF-3 bound to the interferon-beta enhancer. EMBO J. 23: 4384–
4393.

57. Reimer, T., M. Schweizer, and T. W. Jungi. 2007. Stimulation-specific contri-
bution of p38 and JNK to IFN-beta gene expression in human macrophages. J.
Interferon Cytokine Res. 27: 751–755.

58. Venkataraman, K., S. Thangada, J. Michaud, M. L. Oo, Y. Ai, Y. M. Lee, M. Wu,
N. S. Parikh, F. Khan, R. L. Proia, and T. Hla. 2006. Extracellular export of

sphingosine kinase-1a contributes to the vascular S1P gradient. Biochem. J. 397:
461–471.

59. Pitson, S. M. 2011. Regulation of sphingosine kinase and sphingolipid signaling.
Trends Biochem. Sci. 36: 97–107.

60. Maceyka, M., H. Sankala, N. C. Hait, H. Le Stunff, H. Liu, R. Toman, C. Collier,
M. Zhang, L. S. Satin, A. H. Merrill, Jr., et al. 2005. SphK1 and SphK2,
sphingosine kinase isoenzymes with opposing functions in sphingolipid me-
tabolism. J. Biol. Chem. 280: 37118–37129.

61. Garber, K. 2008. Infections cast cloud over Novartis’ MS therapy. Nat. Bio-
technol. 26: 844–845.

62. Rinaldo, C. R. 2009. Dendritic cell-based human immunodeficiency virus vac-
cine. J. Intern. Med. 265: 138–158.

63. Inaba, K., J. P. Metlay, M. T. Crowley, and R. M. Steinman. 1990. Dendritic cells
pulsed with protein antigens in vitro can prime antigen-specific, MHC-restricted
T cells in situ. J. Exp. Med. 172: 631–640.

4768 TLR7-MEDIATED DC MODULATION BY SPHINGOSINE ANALOGUE
D

ow
nloaded from

 http://journals.aai.org/jim
m

unol/article-pdf/188/10/4759/1349839/1102754.pdf by C
hung-Ang U

niv user on 13 D
ecem

ber 2022


