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Abstract

Sphingosine 1-phosphate (S1P)-metabolizing enzymes regulate the level of bioactive
sphingolipids that have curative potential. Recently, S1P-metabolizing enzymes such as
sphingosine kinase 1 and S1P lyase were shown to regulate influenza virus replication and the
virus-induced cytopathogenicity. The mechanism appeared to employ a JAK/STAT type |
interferon signaling pathway that induces anti-viral status. Further, sphingosine analogs altered
cytokine responses upon influenza virus infection. This article focuses on recent discoveries about
the sphingolipid system that influences on host protection from viral virulence and the
involvement of cytokine signaling in its underlying mechanisms. Deciphering the steps of this
pathway could help us envision how the modulation of sphingolipid metabolism can be applied as
a therapeutic approach to overcome infectious diseases.
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1. Introduction

Sphingolipids are lipid mediators characterized by the presence of a serine headgroup with
fatty acid tails (1,2). The sphingolipids regulate multiple cellular functions including cell
growth, survival, differentiation and migration. One of these sphingolipids, sphingosine 1-
phosphate (S1P), is generated from sphingosine inside cells and triggers intracellular
signaling and/or is secreted to an extracellular area, where it can bind to five G protein-
coupled S1P receptors (S1P1 to S1Psg) (2,3). S1P4 is known to play important roles in
angiogenesis and vascular maturation (4), in addition to the development and mobilization
of lymphocytes (5). Also, S1P; and S1P3 are up-regulated in maturing dendritic cells (DCs),
which results in the increased migration of mature DCs to S1P (6). Recently, a synthetic
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sphingosine analog, FTY720, the phosphorylated form of which is a ligand for S1P4, S1P3,
S1P4 and S1Ps, has emerged as a candidate drug to treat patients with multiple sclerosis via
oral administration and is currently being tested in phase 111 clinical trials (7).

The physiologic level of S1P is tightly regulated by S1P-metabolizing enzymes. S1P is
generated from sphingosine and ATP through the enzymatic activity of sphingosine kinase
(SK) and is degraded by S1P lyase (SPL) (Fig. 1) (8). These enzymes are known to
modulate responses to diverse cellular stresses induced by anti-cancer drugs, DNA damage
or serum deprivation (9-14). For instance, cells overexpressing SK1 are resistant to anti-
cancer drugs such as cisplatin, carboplatin, and doxorubicin (10), whereas SPL
overexpression in cells greatly increases their sensitivity to drug-induced cell death (11).
Therefore, S1P-metabolizing enzymes are potential therapeutic targets to improve the
efficacy of conventional chemotherapeutic drugs.

Recently, these S1P-metabolizing enzymes were shown to modulate influenza virus
replication and virus-induced cytopathic effects (CPE) (15). Pharmacological inhibition of
SK1 or overexpression of SPL blocked influenza virus propagation and infection-induced
cytopathogenicity (Fig. 1). Intriguingly, the rapid activation of Janus kinase (JAK)/signal
transducer and activator of a transcription (STAT) type | interferon (IFN) signaling proved
to be a mechanism of SPL-mediated cellular protection from influenza (15). Further, a
sphingosine analog, AAL-R, reduced excessive cytokine responses and lessened immune
pathologic tissue injury induced by influenza virus infection (16,17). These findings indicate
that the sphingolipid system modulates host defensive signaling and the immune response to
virus infections. Here, we discuss these recent findings and, in particular, possible molecular
mechanisms that connect S1P-metabolizing enzymes to cytokine signaling pathways of type
I IFN and tumor necrosis factor (TNF).

2. Control of influenza virus replication

Overexpression of SPL, which degrades S1P, rendered HEK293 cells extremely resistant to
influenza virus infection and virus-induced cellular apoptosis (Fig. 1) (15). Specific SiRNA
targeting SPL reversed that increased resistance to the infection confirming SPL’s protective
function for the host. In contrast, SK1 overexpression increased cellular sensitivity to
influenza virus infection (Fig. 1). The importance of this kinase activity of SK1 in the
increased susceptibility to infection was demonstrated by using a specific inhibitor, N,N,-
dimethylsphingosine (DMS), to block SK activity. Indeed, DMS potently blocked the
expression of influenza viral nucleoprotein (NP) not only in SK1-overexpressing cells (15)
but also in HEK293 and MDCK cells (data not shown). Therefore, the generation of S1P
from sphingosine appears to stimulate influenza virus replication. However, exogenously
supplied S1P failed to enhance virus replication. This suggests that intracellular S1P
signaling (3), but not extracellular S1P receptor signaling (2), is crucial for the inhibitory
pathway. Alternatively, S1P-meatbolizing enzyme regulating the balance of sphingolipids
rather than the absolute levels of sphingolipids could be a better target for the control of
virus replication. Modulation of S1P-metabolizing enzymes could also affect the quantities
of diverse sphingolipids and their intermediate metabolites. For instance, the inhibition of
SK activity by DMS treatment subsequently increased the level of ceramide (18), and a
ceramide analog (o-threo-1-phenyl-2-decanoylamin-3-morpholino-propanol, D-PDMP)
reduced glycosphingolipid content but enhanced DMS synthesis (19). These reports also
raise the possibility that ceramide synthase or ceramide is involved in anti-viral activities
against influenza virus replication, which remains to be explored. The consequence of
modulation by S1P-metabolizing enzymes on influenza virus infection could be the
concerted effect of an altered balance of sphingolipids in the cells.
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In cancer biology studies, SPL was initially identified as a protein that mediates resistance to
anti-cancer drugs such as cisplatin, and SPL overexpression was shown to increase cellular
sensitivity to cisplatin-caused cellular death (10). A similarly increased susceptibility to cell
death by SPL overexpression was detected when cells were stressed by serum deprivation or
DNA damage (12-14). In contrast, SK1 enhanced cellular resistance to the anti-cancer drug-
induced death signaling, showing that the two enzyme activities worked in opposition (10).
These previous observations did not correlate well with the cells’ sensitivity to influenza
virus-caused apoptosis. The disparity may be attributable to distinctly different intracellular
mechanisms. Although signals from p38 mitogen-activated protein kinase (MAPK) and c-
Jun N-terminal kinase (JNK) were critical for SPL-mediated anti-cancer drug-sensitivity
(11), the JAK/STAT type | IFN signal and extracellular signal-regulated kinase (ERK)
activation, but not p38 MAPK nor JNK signal pathways, were important for SPL’s
defensive mechanism that protected infected cells from influenza virus (15). Additionally,
influenza virus infection is thought to change cellular status swiftly and dramatically via
dynamic interaction between viral components and cellular proteins. Perhaps, SPL
overexpression or SK1 inhibition disturbs these virus-induced modifications of cellular
molecules and thus affects virus replication. Since SPL expression/SK inhibition increased
cell death caused by some anti-cancer drugs and also inhibited virus replication and viral
CPE, molecules that inhibit SK activity or activate SPL could be developed into biomedical
drugs that benefits patients suffering from cancers or influenza.

3. Linkage of type | IFN signhaling to the sphingolipid system during virus

infection

3.1. JAK/STAT signaling

Type | IFN is a member of the cytokine family that includes IFN-a, IFN-B, IFN -¢, IFN-«
and IFN-o, and displays potent anti-viral and immunomodulatory activities (20-22).
Following virus infection, type I IFN is produced by various cell types including epithelial
cells, macrophages, and DCs. Plasmacytoid dendritic cells (PDCs) have been demonstrated
as the most potent producers of type I IFN, since they synthesize up to 10 pg of type | IFN
per cell (23,24). However, the main cell type responsible for synthesizing this cytokine
following infections seems to be dependent on the nature of the pathogen (25-28). Type |
IFN receptor (IFNAR)-deficient mice were highly susceptible to infections with vesicular
stomatitis virus (VSV), Semliki Forest virus (20), and the A/WSN/33 strain of influenza
virus (29), indicating that a type | IFN system is required for effective host protection from
numerous virus-induced diseases. The engagement of IFNAR mainly triggers the
phosphorylation of STAT1/STAT2 through the activation of the JAK1 and Tyk?2 (30-32).
The phosphorylated STAT1 and STAT2 form an IFN-stimulated gene factor 3 (ISGF3) with
IRF9, and ISGF3 is translocated into the nucleus to activate the transcription of IFN-
stimulated genes (1SGs) and induce anti-viral status (33,34). The activation of JAK/STAT is
an important criterion of the type I IFN-mediated protective host action against pathogenic
viral infections. Thus, the early activation of JAK/STAT observed in SPL-overexpressing
cells infected with influenza virus could be one of the main mechanisms mediating these
cells’ defense against virus infections.

Besides impacting JAK/STAT, SPL triggered the rapid activation of ERK upon influenza
virus infection of the cells. Importantly, ERK2 has been associated with IFNAR or STAT1
after type | IFN treatment, thereby regulating ISG expression (35). Therefore, SPL-
mediated, early ERK activation following virus infection also could contribute to
potentiating type | IFN signaling and to reducing virus replication.

Cytokine Growth Factor Rev. Author manuscript; available in PMC 2012 February 1.
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Interestingly, SK1 as well as intracellular S1P were demonstrated to interact with TNF
receptor-associated factor 2 (TRAF2) to activate NF-kB signaling (Fig. 2A) (36,37). Further,
TRAF2 was reported to bind directly to IFNAR1 subunit of the receptor (38). Thus, a
complex composed of SK1-TRAF2-IFNAR could form in SK1-overexpressing cells and
alter anti-viral type | IFN signaling by activating the NF-«xB signal pathway. Although NF-
kB signaling is known to exhibit anti-viral function, influenza virus seems to utilize the
signaling for its own replication and cytopathogenicity. This pro-viral mechanism of NF-xB
signaling involves the synthesis of a suppressor of cytokine signaling 3 (SOCS3) to block
STAT activation (39) and the direct inhibition of a promoter activity for the expression of
ISGs (Fig. 2B) (40). The overexpression of SPL may hinder SK activity and decrease the
level of intracellular S1P. This would unleash JAK/STAT type | IFN signaling by
interfering with the physical complex formation of SK1-TRAF2-IFNAR or by disrupting the
SK1 (or S1P)-TRAF2-mediated activation of its downstream NF-«B signal pathway (Fig.
2C). It is also conceivable that SPL activation increases ERK2’s association with IFNAR to
further elevate STAT signaling (Fig. 2C). Along the same lines, the direct association of
SPL with any of these signaling components, if proven, could provide a clue for a cause-
effect relationship leading to the activation of type I IFN signaling.

3.2. Type | IFN synthesis

Following virus infections, cellular recognition receptors such as toll-like receptors (TLRS)
and retinoic acid-inducible gene | (RIG-I) like receptors detect viral components and
intermediate replication products then rapidly induce type | IFN, one of the host’s most
potent innate immune molecules (41,42). Early activation of STAT proteins in SPL-
overexpressing cells infected with influenza virus infection raises the possibility that SPL
elevates the synthesis of type | IFN from influenza virus-infected cells. However, the mMRNA
level of IFN-o and IFN-p did not significantly increase in SPL-cells compared to that in
control HEK cells (15). Despite the unchanged amount of type I IFN, the differential
activation of JAK/STAT signaling, as shown, can result in different outcomes. Further, the
ability of S1P-metabolizing enzymes to regulate type | IFN content could be dependent on
cell type. Interestingly, locally administered sphingosine analog AAL-R suppressed the
synthesis of type | IFN in the lungs of influenza virus-infected mice (data not shown).
Therefore, another sphingolipid analog or a regulator of a sphingolipid-metabolizing enzyme
might also enhance the synthesis of type | IFN following influenza virus infection. Viruses
often block the production or signaling of type | IFN to evade host innate immune responses
(43-47). If modulation of sphingolipid metabolism counteracts this viral evasive strategy, the
result could protect infected hosts from the virulent aftermath. However, direct treatment
with type | IFN or type | IFN inducers that act on most cells often causes harmful
inflammatory responses (21,48). This unwanted pathogenic type | IFN response could arise
from signaling activation in uninfected cells. Therefore, the local induction of type | IFN or
its signaling activation solely in influenza virus-infected cells mediated by sphingolipid-
metabolizing enzymes could not only interfere with virus replication and spread but even
avoid the detrimental inflammatory response.

3.3. Lymphocyte trafficking and activation

Although host innate immunity limits virus replication, pathogenic viruses frequently
overcome this first line of defense requiring activation of the host’s adaptive immunity.
Following virus infection, lymphocytes move to secondary lymphoid organs close to the
infection site leading to transient lymphopenia in the bloodstream and the accumulation of
lymphocytes in the secondary lymphoid organs, where virus-specific adaptive immunity
develops. Accumulation of T cells, B cells, and PDCs in the lymph nodes and transient
lymphopenia in the blood rely on type I IFN signaling (49,50). Further, type | IFN signaling
is important for S1P;-mediated lymphocyte egress from lymph nodes (51). Naive T cell
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recirculation is well known to be dependent on S1P receptor signaling presumably via S1P
signaling on T cells and/or the tightening of endothelial cell junctions (2,5). Systemic
administration of FTY720 via oral or intravenous injection into mice following lymphocytic
choriomeningitis virus (LCMYV) infection induced sequestration of virus-reactive T cells in
secondary lymphoid organs (52,53). However, this did not alter T cell activation, expansion,
or memory. In contrast, sphingosine analog, AAL-R, locally instilled via intratracheal
inoculation impaired DC capability of stimulating T cells following influenza virus infection
(16,17). This locally delivered AAL-R also induced transient lymphopenia in the
bloodstream. Given that S1P-metabolizing enzymes were shown to regulate type I IFN
signaling, it is likely that regulation of S1P metabolism and S1P signaling are involved in
type | IFN-induced lymphocyte re-distribution and DC modulation upon virus infection.

Although type I IFN is well-established as a cytokine involved in host innate immunity, it
could act directly on virus-specific T cells and B cells to regulate their activation and
differentiation (21,54-59). For instance, LCMV-specific CD8* T cells lacking IFNAR that
were adoptively transferred into wild type mice failed to expand and express granzyme B
which is one of the effector molecules that destroys virus-infected cells (55,60). Thus, if the
sphingolipid system regulates type | IFN synthesis and/or signaling, its subsequent impact
on host adaptive T cell and B cell immunity should be evaluated.

4. TNF signaling

TNF is a cytokine mediator of such cellular responses as apoptotic cell death, inflammation
and inhibition of both tumorigenesis and virus replication (61). Its signaling is triggered
through TNF receptor-associated proteins including TNFR1-associated death domain
(TRADD), TRAF2 and receptor interacting protein (RIP) 1 (62,63). TRADD in alliance
with the intracellular domain of TNFR can trigger the modulation of several signal pathways
including the activation of NF-xB and MAPK. As briefly described in section 3.1., SK1 and
intracellular S1P, but not extracellular S1P, interact with TRAF2 to activate NF-xB
signaling but not JNK signaling (36,37). The result indicates that intracellular S1P signaling,
but not S1P receptor signaling, is involved. The binding of TRAF2 to SK1 results in the
enzymatic activation of SK1, which is thought to mediate activation of the NF-kB signal
cascade (Fig. 2A). Previously several studies have suggested that the activation of the NF-
kB pathway is involved in anti-viral activity by regulating the expression of numerous
cytokines including type I IFN (64,65). In contrast, other investigators reported that
influenza virus utilizes the NF-xB signal to promote virus propagation (66,67). Other than
the inhibitory path via NF- kB blocking STAT signaling described here in section 3.1.,
several other possibilities were demonstrated (Fig. 2B): 1) NF-kB-dependent, TNF-related,
apoptosis-inducing ligand (TRAIL) and Fas/FasL were cited as important proponents of
viral CPE and efficient influenza virus propagation, because they enhance nuclear export of
the viral ribonucleoprotein (RNP) complex (67). 2) NF-«xB signal positively regulated viral
RNA synthesis, but not complementary RNA generation, at an early post-entry step of virus
infection (68). Thus, SK1 might enhance activation of the TNF signaling pathway via
TRAF2-NF-«B regulation during influenza virus replication, elevating the latter process and
inciting CPE.

TNF signaling increases apoptosis under certain conditions by activating the proapoptotic
molecules Bax and Bad. Recently, Bax was identified as an important factor for virus-
induced apoptosis and for efficient virus replication as well (69). SPL-overexpression
greatly reduced Bax production following influenza virus infection, which raises the
question whether the suppression of Bax was due to the inhibition of influenza virus
replication that causes cellular apoptosis (SPL — virus inhibition — Bax inhibition) or SPL-
mediated direct inhibition of Bax resulted in the inefficient virus replication (SPL — Bax

Cytokine Growth Factor Rev. Author manuscript; available in PMC 2012 February 1.
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inhibition — virus inhibition). Importantly, Bax translocation into mitochondria was
inhibited by ERK (70), which was rapidly activated in virus-infected SPL-overexpressing
cells. Thus, TNF-Bax activation could be inhibited by the SPL-ERK pathway (Fig. 2C).
However, the involvement of ERK in regulation of influenza virus replication seems to be
complicated, since ERK activation is also pivotal for virus replication. Possibly, a certain
level of ERK activation is required for viral RNP export and continuing replication as
reported (71), whereas the temporal regulation and further activation of ERK could be
manipulated by S1P-metabolism to control influenza virus replication (15). In fact, influenza
virus may well have evolved to use host cell signaling of ERK and TNF-induced NF-«kB for
its replication. However, the modulation of S1P-metabolizing enzymes could interfere with
these viral strategies.

TNF is also produced by virus-specific T cells to eliminate cells infected with that virus
(61). Although pathogen-specific T cell activation and infiltration into the target site are
crucial for the resolution of most virus infections, excessive T cell activation frequently
induces tissue destruction. TNF is often categorized as a cytokine that contributes to
lymphocyte-mediated viral immunopathology (72,73). However, local delivery of the
sphingosine analog AAL-R, but not AAL-S (a non-phosphorylatable form of AAL-R),
suppressed cytokine responses including TNF-o production following influenza virus
infection in vivo (17). This suggests that modulation of S1P receptor signaling could
regulate the cytokine synthesis and function upon virus infection. Still unknown is whether
sphingolipid signaling acts directly on T cells to regulate TNF synthesis affecting effector
function of activated T cells following virus infections.

5. Regulation of other cytokines

Complementing its effect on type | IFN and TNF, sphingolipid metabolism is known to
regulate other cytokine responses. Inhibition of SK1 expression or activity blocked the
production of several pro-inflammatory cytokines (74,75), whereas inhibition of SK2
expression up-regulated the level of those cytokines in a mouse arthritis model (76). Also,
an inhibitor of SK suppressed the production of IL-12 from DCs and IFN-y from T cells, and
down-regulated the expression of co-stimulatory molecules on DCs upon LPS stimulation
(77). Thus, drugs targeting SK activity could be used for the treatment of inflammatory
diseases. However, the inhibition of SK expression also enhanced the synthesis of Thl type
cytokines by CD4* T cells (78), suggesting that the effect of modulating sphingolipid
metabolism is influenced by the cell types and cellular conditions involved. Yet, the role of
sphingolipid-metabolizing enzymes in the activities of these cytokines in terms of overall
immunity to virus infections has not been studied.

S1P receptor signaling has been shown to regulate the level of cytokines released from cells
of the immune system such as T cells and DCs. The engagement of S1P; up-regulated c-
Maf, Jun B, and Gata3 in T cells, resulting in the enhancement of IL-4 production and
subsequent development of Th2 cells in transgenic mice overexpressing S1P; on T cells
(79). The activation of S1P, inhibited the production of IL-4, IL-2 and IFN-y from CD4* T
cells but increased secretion of the immunosuppressive cytokine 1L-10 (80). Moreover, S1P
reduced the production of IL-12 and TNF-a yet increased the level of IL-10 from DCs (81).
These studies demonstrate an immunosuppressive action of S1P. Therefore, the therapeutic
potential of sphingosine analogs that activate S1P receptors has been tested for ameliorating
diverse autoimmune disorders and offsetting the adverse effects of transplantation (82). The
production of IL-10 from effector T cells also played a key role in the control of influenza
virus infection-induced inflammation (83). Thus, S1P signal-mediated IL-10 production
from T cells or DCs could be applicable to alleviating virus-induced tissue injury involving
a harmful immune response.

Cytokine Growth Factor Rev. Author manuscript; available in PMC 2012 February 1.
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6. Perspectives

Our understanding of sphingolipid signaling pathways has rapidly progressed including the
use of metabolite analogs and regulators of its metabolic enzymatic reactions. The finding
that inhibition of SK1 or overexpression of SPL triggers host defensive cytokine signaling
against influenza could provide new approaches to therapy for pathogenic infections.
However, the consequences of regulating the sphingolipid system may depend on diverse
factors including the nature of each infecting virus and the cell type. For translational
purposes, each of these factors must be considered. For instance, the inhibitor DMS blocked
SK1 activity and strongly inhibited influenza virus replication (15)(data not shown), but in
other circumstances, the inhibition of SK1 activity enhanced the replication of bovine viral
diarrhea virus (84). Defining the underlying molecular mechanisms should clarify the
diverse cause-effect relationships under specific pathogenic conditions. The recognition of a
linkage between sphingolipid biology and host defensive signaling against virus infection
has raised numerous exciting questions with respect to molecular signaling pathways, the
effect on host innate and adaptive immunity, and its translational potential. Extensive
research activities on mechanistic details, in conjunction with the development of novel
small molecules targeting sphingolipid metabolism, could provide a basis for designing new
therapeutic approaches, and help us uncover novel cellular signaling pathways to better
understand virus-host interactions. Additionally, the research should be of importance to
medical scientists/clinicians who intend to use sphingolipid system-based therapy for
patients with multiple sclerosis or cancer, since these patients are so vulnerable to a range of
pathogens during the treatment.
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Figure 1. Regulation of influenza virus propagation by S1P-metabolizing enzymes
Sphingolipids with chemical structure and their metabolizing enzymes are shown. The
impact of S1P-metabolizing enzymes on influenza virus replication and CPE is depicted.
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Figure 2. Schematic models for S1P-metabolizing enzyme-mediated regulation of cytokine
signaling to control virus replication

(A) In SK1-overexpressing cells, SK1-TRAF2 may form a multi-complex with IFNAR to
trigger NF-xB signaling and block type | IFN signaling, which results in the enhancement of
virus replication. TNF could also increase apoptosis leading to enhancement of virus
replication or CPE. (B) The action mode of possible pro-viral NF-«xB signaling is shown. (C)
In SPL-overexpressing cells or DMS-treated cells, the SK1-TRAF2 complex may be
destabilized leading to the blockade of pro-viral NF-kxB signaling; in addition, this action
could allow the activation of type I IFN signaling, which would interfere with virus
replication. ERK may increase type | IFN signal activation and/or impair TNF-induced Bax/
Bad activation.
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