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The Journal of Immunology

A Ceramide Analogue Stimulates Dendritic Cells To Promote
T Cell Responses upon Virus Infections

Curtis J. Pritzl, Young-Jin Seo, Chuan Xia, Madhuvanthi Vijayan, Zachary D. Stokes, and

Bumsuk Hahm

The ceramide family of lipids plays important roles in both cell structure and signaling in a diverse array of cell types, including

immune cells. However, very little is known regarding how ceramide affects the activation of dendritic cells (DCs) in response to

viral infection. In this study, we demonstrate that a synthetic ceramide analog (C8) stimulates DCs to increase the expansion of virus-

specific T cells upon virus infection. Exogenously supplied C8 ceramide elevated the expression of DC maturation markers such as

MHC class I and costimulatory molecules following infection with the clone 13 strain of lymphocytic choriomeningitis virus

(LCMV) or influenza virus. Importantly, ceramide-conditioned, LCMV-infected DCs displayed an increased ability to promote

expansion of virus-specific CD8+ T cells when compared with virus-infected DCs. Furthermore, a locally instilled ceramide analog

significantly increased virus-reactive T cell responses in vivo to both LCMV and influenza virus infections. Collectively, these

findings provide new insights into ceramide-mediated regulation of DC responses against virus infection and help us establish

a foundation for novel immune-stimulatory therapeutics. The Journal of Immunology, 2015, 194: 4339–4349.

C
eramide describes a family of sphingolipids that are
composed of a sphingosine molecule linked to a fatty-acyl
chain by an amide bond (1). These bioactive lipids can

have both structural and signaling roles. Ceramide and small-
chain analogs of ceramide have been shown to have a multitude
of effects on a wide array of different cell types. Synthetic, short-
chain ceramide molecules have proven to be much more soluble
than endogenously produced long-chain ceramides and therefore
have been used frequently in many different experimental systems
(2–4). Primarily, small-chain ceramide analogs have been de-
scribed as cell cycle arrest agents (5–7) or proapoptotic molecules
(8–11). However, ceramide molecules have also been designated
as a trigger of cellular differentiation (2, 12, 13), and shown to be
involved in inflammatory processes (14).
The functions of ceramide and ceramide-metabolizing enzymes

in immune responses are only beginning to be understood. The
ceramide-metabolizing enzyme acid sphingomyelinase has been
shown to play a key role in the degranulation of T cells, a mechanism
critical to their effector function (15). Moreover, it was shown that
the cross-linking of CD28 activates acid sphingomyelinase, which
enhances the transmission of the signal to NF-kB in Jurkat T cells
(16). In a recent lipidomic study, an increase in the production of
24-carbon ceramide has been demonstrated to occur during LPS-

induced dendritic cell (DC) maturation, which again suggests roles
for ceramide or ceramide-metabolizing enzymes during immune
responses (17). However, it has also been shown that ceramide can
inhibit the production of inflammatory cytokines from LPS-
stimulated mast cells (18). These data suggest that ceramide may
have as of yet unknown functions in the initiation or maintenance
of pathogen-induced immune responses.
DCs are key regulators of immune responses (19). These cells

efficiently transmit the pathogens’ danger signal to pathogen-
specific T lymphocytes (20). DCs sense pathogen-associated
molecular patterns through highly conserved pattern-recognizing
receptors such as TLRs (21, 22). Following pathogen-associated
molecular pattern recognition, DCs undergo maturation, which
involves the upregulation of molecules for Ag presentation and the
costimulation of T lymphocytes.
Because of this key role in the initiation of immune responses,

many viruses, such as HIV and the clone 13 strain of lymphocytic
choriomeningitis virus (LCMV Cl 13), have evolved to subvert DC
maturation or evade detection by these DCs (23–26). Unlike its
parental strain, LCMV Cl 13 has been shown to persist in mice
(27) by nullifying the function of host immune system including
the suppression of DC maturation (23, 28) and antiviral T cell
immunity (29–31). Currently, the most successful treatments
have involved the blockade of inhibitory receptor interactions (29,
32) or interference with pro- and anti-inflammatory cytokine
production (33–36). Although ceramides have been shown to have
regulatory functions in many cell types, their roles in DC matu-
ration or the suppression of DC responses by viruses have not
been investigated. In this study, we provide evidence that
conditioning DCs with an exogenous, short-chain ceramide an-
alog results in more potent DC function in vitro and in vivo. In
addition, local administration of the ceramide analog to mice
induces more robust CD8+ and CD4+ T cell responses to viral
infections.

Materials and Methods
Mice

C57BL/6 (The Jackson Laboratory) and C57BL/6-Thy1.1+DbGP33–41
(GP33-specific) TCR transgenic (tg), mice, which are also known as P14
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mice, were used (37). 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, MO).

Virus and infections

The LCMV Cl 13 was propagated on baby hamster kidney cells (37, 38).
LCMV titers were determined by plaque assay on Vero cells (37). Influ-
enza virus A/WSN/33 (H1N1) (39) and the influenza virus containing
LCMV epitopes (FLU-LCMV) (40, 41) were provided by Y. Kawaoka
(University of Wisconsin, Madison, WI) and used in this study. Mice were
infected by intranasal (i.n.) or i.v. administration of 2 3 106 PFU LCMV
Cl 13 or infected with influenza virus (1 3 105 PFU) or FLU-LCMV i.n.
(1 3 105 PFU). Uninfected mice were used in all in vivo experiments as
background controls (data not shown).

Bone marrow–derived DCs

DCs were derived from bone marrow cells by culture with RPMI 1640
medium containing 20 ng/ml recombinant mouse GM-CSF (Pepro-
Tech) for 10 d (37, 38, 42). DCs were infected with LCMV Cl 13
(multiplicity of infection [MOI] = 10) or influenza virus (MOI = 1 or
5) and treated with either 10 mM C8 ceramide (Cayman Chemical) or
an equivalent volume of solvent (DMSO) unless otherwise indicated.
DC maturation was assessed at 1 or 2 d postinfection (p.i.). DC vi-
ability was assessed 1 or 2 d p.i. by annexin V and propidium iodide
(PI) staining.

In vitro T cell proliferation assay

LCMV epitope GP33-specific CD8+ T cells (GP33/CD8+ T cells) were
purified from LCMV GP33-specific TCR tg mice using EasySep CD8+

T cell enrichment reagents (Stemcell Technologies) and stained with
CFSE (Invitrogen). DCs were infected overnight with LCMV Cl 13
(MOI = 10) or treated with TLR7 agonist loxoribine (0.5 mM) in the
presence of GP33 peptide (1 mg/ml) for 1 h. These DCs or GP33/CD8+

T cells were treated with a solvent control or C8 ceramide (10 mM) for
1 h. After washing, GP33/CD8+ T cells were mixed with DCs at a DC:
T cells ratio of 1:50. After 3 d, the proliferation of Ag-specific T cells
was evaluated by the decrease in CFSE fluorescence observed in flow
cytometric analyses.

In vivo DC-mediated T cell proliferation assay

Thy1.1+,LCMV GP33/CD8+ T cells were enriched from LCMV GP33–
specific TCR tg mice using EasySep CD8+ T cell enrichment reagents
(Stemcell Technologies). A total of 1 3 105 enriched cells were adoptively
transferred into C57BL/6 Thy1.2+ recipient mice. The following day,
LCMV Cl 13–infected, C8 ceramide, or solvent-treated DCs (5 3 105

DCs/mouse) were adoptively transferred into the recipient mice. At day 7
post-DC transfer, splenocytes were obtained from recipient mice and CD8+

Thy1.1+ cells were enumerated by flow cytometric staining.

Lymphocyte isolation

Although mice were under anesthesia, lungs were perfused with 20 ml PBS.
Lung tissue was excised and minced into ∼1-mm pieces and then incubated
with 1 U/ml collagenase D (Roche) and 1 U/ml DNase I (Fermentas) for
45 min at 37˚C with agitation (40, 41). Single-cell suspensions were ob-
tained by forcing lung tissue through stainless steel mesh. Splenocyte
suspensions were obtained by forcing spleens through nylon mesh. Cells
were collected, and RBCs were lysed. Cells were washed and used for the
flow cytometric analysis.

Flow cytometric analysis

Intracellular cytokine staining was performed as described previously
(37, 38, 43). Abs used in this study were specific for murine CD11c, MHC
class I (MHC-I) (H-2Kb), MHC-II (I-Ab), 4-1BBL, CD40, CD80 (B7-1),
programmed death ligand 1 (PD-L1), CD86 (B7-2), CD8a, CD3, CD4,
CD90.1 (Thy1.1), IFN-g, and TNF-a (BD Pharmingen or eBioscience).
LCMV-infected DCs were detected by using a rat anti-LCMV nucleo-
protein (NP) Ab (VL-4 clone; BioXCell) (37, 44). For the intracellular
cytokine staining, lymphocytes were cultured in the presence of 4 mg/ml
brefeldin A (Sigma-Aldrich) and 1 mg/ml GP33 (KAVYNFATC), NP396
(FQPQNGQFI), GP276 (SGVENPGGYCL), Flu NP366 (ASNENM-
DAM), or 5 mg GP61 (GLNGPDIYKGVYQFKSVEFD) peptide for 6 h
and then, fixed, permeabilized, and stained with indicated Abs. LCMV
GP33–specific CD8+ T cells were identified using fluorochrome-linked

GP33 tetramers described previously (45), which were provided by
the National Institutes of Health Tetramer Core Facility. Splenocytes
were incubated with tetramer and CD8a-specific Abs for 30 min at 4˚C
and washed, and data were acquired by flow cytometry. Degranulation
was assessed by CD107a internalization. Splenocytes were stimulated
for 5.5 h with GP33 peptide in the presence of 5 mM brefeldin A
(Sigma-Aldrich), 2 mM monensin (Fisher), and CD107a-specific Ab
(BD Pharmingen). After stimulation, CD8+ T cells were identified using
CD8a-specific 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 PI for 15 min at room tem-
perature in the dark (38). Data were collected on a CyAn ADP flow
cytometer (Beckman Coulter) and analyzed with FlowJo (Tree Star)
software.

Cytokine ELISAs

IL-12p70 and TNF-a cytokine levels were determined in the supernatants
of DC cultures at 48 h p.i. using BD OptiEIA reagents (BD Biosciences),
according to the manufacturer’s instructions.

Determination of virus titers

The left lung lobe was harvested from infected and uninfected mice
at the time points indicated. Lung tissues were homogenized using
a BeadBeater with 1.0-mm-diameter Zirconia/Silica beads (BioSpec
Products). LCMV titers were determined by plaque assay on Vero cells
(37), and influenza viral titers were determined by plaque assay on
MDCK cells (39).

Statistical analysis

All error bars represent mean 6 SEM, and averages were compared using
a bidirectional, unpaired Student t test (37, 38, 40). Data are representative
of two to three independent experimental repetitions.

Results
Ceramide enhances DC maturation in the absence of
cytotoxicity upon LCMV infection

To investigate whether ceramide regulates DC maturation, DCs
were coincubated with C8 ceramide, and the expression levels of
MHC-I, MHC-II, and multiple costimulatory markers, including
B7-1 (CD80), B7-2 (CD86), 4-1BBL, and CD40 were evaluated.
In addition, the expression of the inhibitory cell surface marker
PD-L1 was determined. As shown in Fig. 1A, the ceramide
analog had no effect on the expression of any of these markers
by DCs in vitro, suggesting that short-chain ceramide alone is
not immunoregulatory. However, when DCs were infected with
LCMV (LCMV Cl 13) and exposed to C8 ceramide, the in-
creased expressions of MHC-I (mean fluorescence intensity
[MFI], 127→211), MHC-II (MFI, 97→162), B7-1 (MFI,
153→230), B7-2 (MFI, 107→210), 4-1BBLhi (46→60%), and
CD40 (MFI, 21→42) were observed compared with the infected
cells treated with the corresponding solvent (Fig. 1B). These data
suggest that exogenously provided short-chain ceramide increased
phenotypic maturation of DCs upon LCMV Cl 13 infection.
However, the surface expression of the inhibitory receptor PD-L1
was not affected by the addition of ceramide (MFI, 30→26).
Moreover, ceramide increased the ability of DCs to secrete the
soluble proinflammatory cytokines IL-12p70 (240→490 pg/ml)
and TNF-a (460→840 pg/ml) upon LCMV Cl 13 infection
(Fig. 1C).
It is plausible that the ceramide affected the susceptibility of the

DCs to LCMVCl 13, which may have led to an enhancement of DC
maturation. However, exogenously supplied C8 ceramide (open
histogram, 37%) did not alter the expression of LCMV NP in the
DCs compared with solvent-treated DCs (filled histogram, 39%)
(Fig. 1D). Similarly, the analog did not change the production of
infectious LCMV from baby hamster kidney cells (Supplemental
Fig. 1). Therefore, the enhanced DC maturation by C8 ceramide
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does not seem to be due to the altered permissiveness of the cells
to LCMV infection.
Several reports have described a proapoptotic function of

ceramide in a diverse array of cell types (4, 8–10, 46–51); however,
the ability of C8 ceramide to induce apoptosis in DCs upon in-
fection has not yet been described. Therefore, we determined the

apoptotic state of uninfected and LCMV Cl 13–infected cells at
24 h p.i. in the presence of solvent or C8 ceramide. As shown in
Fig. 1E, the addition of C8 ceramide did not increase the per-
centage of apoptotic or dead cells (AnnexinV+ or PI+ cells). This
led us conclude that C8 ceramide displays DC-stimulatory activity
without altering cell viability upon LCMV infection.

FIGURE 1. Exogenous ceramide increases the maturation of DCs upon LCMV Cl 13 infection without affecting viability. (A) DCs were incubated in the

presence of 10 mM C8 ceramide (open histograms) or solvent (filled histograms) for 24 h. The cell surface expressions of MHC-I, MHC-II, B7-1, B7-2, 4-1BBL,

CD40, and PD-L1 were assessed by flow cytometry. (B) DCs were infected with LCMV Cl 13 (MOI = 10) for 1 h, and then, C8 ceramide was added to a final

concentration of 10 mM. The expression levels of MHC-I, MHC-II, B7-1, B7-2, 4-1BBL, CD40, and PD-L1 were assessed by flow cytometry 24 h postinfection. (C)

IL-12p70 and TNF-a cytokines were detected in the supernatants from DCs that were uninfected or infected with LCMV Cl 13 (MOI = 10) and treated with 10 mM

C8 ceramide or solvent for 48 h. (D) LCMVNP was detected by intracellular staining of uninfected or LCMVCl 13–infected DCs that were treated with 10 mMC8

ceramide or its corresponding solvent at 48 h postinfection. (E) The apoptotic state of uninfected or LCMV Cl 13–infected (MOI = 10) CD11c+ DCs that were

incubated for 24 h with 10 mM C8 ceramide or solvent was identified by staining with FITC-labeled Annexin Vand PI with flow cytometric analyses. Data shown

are representative of two to three independently conducted experiments. Significance was determined by Student t test (*p # 0.05, **p # 0.01).

The Journal of Immunology 4341
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Ceramide-conditioned DCs elicit more robust CD8+ T cell
proliferation than untreated DCs

LCMV Cl 13–infected DCs that were incubated with ceramide
exhibited higher expression levels of multiple phenotypic markers
of DC maturation, which are involved in the priming of naive Ag-
specific CD8+ T cell responses. To determine whether ceramide
enhances the ability of DCs to better prime naive CD8+ T cells,
DC-mediated T cell proliferation experiments were performed.
Initially, DCs were infected with LCMV Cl 13 or left uninfected
and then incubated with C8 ceramide or its solvent. The cells were
used to stimulate CFSE-labeled, naive GP33/CD8+Thy1.1+

T cells, which are specific for the immunodominant GP33 epitope
of LCMV. Importantly, LCMV Cl 13–infected DCs exposed to
C8 ceramide induced more robust CD8+ T cell proliferation than
those that were not exposed to ceramide (10 versus 41%)
(Fig. 2A). This indicates that ceramide-modulated DCs became
more potent in inducing virus-specific T cell proliferation. To
confirm that this effect was specific to DC maturation, solvent or
C8 ceramide–treated DCs were stimulated with the TLR7 agonist
loxoribine that mimics ssRNAs and pulsed with GP33 peptide.
These DCs were then used to stimulate naive CFSE-labeled GP33/
CD8+Thy1.1+ cells (Fig. 2B). As before, ceramide-treated DCs
induced substantially more CD8+ T cell proliferation than solvent-
treated DCs (23 versus 77%). The data indicate that ceramide
improves the ability of DCs to prime naive CD8+ T cells upon
LCMV infection or TLR7 stimulation in vitro.
Next, we determined whether ceramide-treated DCs increase

the expansion of virus-specific T cells in vivo. To this end, LCMV
Cl 13–infected, solvent/ceramide-conditioned DCs were adoptively
transferred to C57BL/6 mice (Thy1.2+) that had received 1 3 105

GP33/CD8+Thy1.1+ T cells (Fig. 2C). Seven days following DC
transfer, amplified GP33/CD8+Thy1.1+ T cells were enumerated
in the spleens of the recipient mice. Indeed, ceramide-conditioned
DCs induced both a higher percentage and a higher total number
of GP33/CD8+ T cells when compared with mice that had re-
ceived DCs preincubated in solvent alone (Fig. 2D), which sug-
gests there was a significantly greater expansion of virus-specific
T cells in vivo. Therefore, we could conclude that direct condi-
tioning of DCs with C8 ceramide improves the capacity of DCs
to induce virus-specific CD8+ T cell expansion.

Systemically administered C8 ceramide fails to improve
antiviral CD8+ T cell responses

Because ceramide-conditioning strongly increased DC activation,
we determined whether C8 ceramide is able to increase antiviral
immune responses when administered systemically to virus-infected
mice. For this purpose, mice were infected with LCMV Cl 13 and
injected i.v. with C8 ceramide or its solvent. However, a single
systemic administration with C8 ceramide did not enhance virus-
specific T cell responses (Fig. 3A). We then increased the injection
frequency of C8 ceramide by administering C8 ceramide into mice
at days 1, 4, and 7 p.i. At day 8 p.i., the CD8+ T cell responses in the
spleen were analyzed to determine the effects of multiple ceramide
treatments on virus-specific T cell responses. As shown in Fig. 3B,
multiple administrations during the course of the infection did not
increase the virus specific CD8+ T cell responses.

FIGURE 2. Exogenous ceramide increases the ability of DCs to stim-

ulate Ag-specific CD8+ T cell proliferation. (A) DCs were infected with

LCMV Cl 13 (MOI = 1) for 1 h and then treated with either 10 mM C8

ceramide (open histogram, right panel) or solvent (filled histogram, left

panel). LCMV-infected DCs were used to stimulate CFSE-labeled, naive

GP33/CD8+Thy1.1+ T cells. Three days poststimulation, proliferation of

Thy1.1+CD8+ T cells was determined by CFSE dilution and flow cytom-

etry. Dotted histograms indicate T cells incubated with uninfected, unsti-

mulated DCs. (B) DCs were incubated with loxoribine and pulsed with

1 mg/ml LCMV GP33–41 peptide (GP33) for 1 h and then incubated in the

presence of either 10 mM C8 ceramide (open histogram, right panel) or

solvent (filled histogram, left panel) for 1 h, washed, and then used to

stimulate CFSE-labeled, naive GP33/CD8+Thy1.1+ T cells for 3 d. Pro-

liferation of CD8+Thy1.1+ T cells was determined by CFSE dilution and

flow cytometry. Dotted histograms indicate T cells incubated with unin-

fected, unstimulated DCs. (C and D) GP33-specific CD8+Thy1.1+ T cells

(1 3 105 cells/mouse) were adoptively transferred into wild-type C57BL/6

recipient mice (n = 3/group). These mice then received LCMV Cl 13–

infected DCs that had been incubated with 10 mM C8 ceramide or solvent.

At day 7 post-DC transfer, splenocytes were isolated and stained with

Thy1.1 and CD8-specific Abs. The frequency and number of Thy1.1+CD8+

T cells in the live lymphocyte gate (determined by forward and side scatter

profiles) were identified by flow cytometry. Data shown are representative

of two experiments conducted independently (n = 3 recipient mice/group).

Significance was determined by Student t test (*p # 0.05, **p # 0.01).
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Although C8 ceramide had a stimulatory effect on DCs, it is
possible that the lipid may have differential effects on CD8+

T cells. To test this, an in vitro T cell proliferation assay was
conducted. LCMV Cl 13–infected DCs were incubated with C8
ceramide as in Fig. 2A and used as a control for the immune-
stimulatory activity of C8 ceramide (29→65%; Fig. 3C). In this

experiment, CFSE-labeled enriched GP33/CD8+Thy1.1+ T cells
were also preincubated with C8 ceramide or the solvent. C8
ceramide–treated or solvent-treated DCs and T cells were mixed
in the combinations as indicated in Fig. 3C. Interestingly, when
naive CD8+ T cells were conditioned with C8 ceramide, fewer live
cells with a diluted CFSE profile were observed in the culture
(14.5%). Furthermore, C8 ceramide–treated T cells proliferated
and/or accumulated less efficiently than solvent-treated T cells,
regardless of DC conditioning with C8 ceramide (Fig. 3C). These
data suggest that exposure to short-chain ceramides prevents naive
CD8+ T cells from proliferating/accumulating.

Locally delivered C8 ceramide improves T cell responses to
a LCMV infection

It is possible that the systemic ceramide treatment failed to im-
prove LCMV-specific T cell responses because of failure to en-
counter DCs in sufficient concentrations or at the appropriate time
and/or location. In an attempt to account for this, mice were infected
with LCMVCl 13 via i.n. instillation and then given a single i.n. dose
of C8 ceramide or solvent. The rationale was to provide ample
exposure of C8 ceramide to the DCs in the infected site by local
administration. Because LCMV Cl 13 was administered locally via
i.n. administration, robust T cell responses were observed in the
lungs of infected mice at 7 d p.i. Importantly, these responses were
significantly increased in the mice that had received an i.n. dose of
C8 ceramide. The data show that mice that were treated with C8
ceramide by local administration exhibited nearly a 2-fold increase
in the frequency and a 4-fold increase in the number of LCMV
GP33-tetramer+CD8+ T cells compared with LCMV-infected mice
that were treated only with solvent (Fig. 4A). C8 ceramide
treatment also significantly enhanced the frequency of CD8+

T cells expressing IFN-g, whereas the number of CD8+ T cells
producing IFN-g following GP33 stimulation increased ∼4-fold
(Fig. 4B). Moreover, both the frequency and number of CD8+

T cells expressing both TNF-a and IFN-g in response to GP33
significantly increased in the lungs of mice locally receiving C8
ceramide (Fig. 4C). Furthermore, the function of these GP33-
specific CD8+ T cells was demonstrated using a CD107a de-
granulation assay. As with cytokine production, the frequency of
CD107a+ cells following GP33 stimulation was increased ∼2-fold,
whereas the number of CD107a+ cells was increased .3-fold in
the ceramide-treated mice compared with those treated with only
solvent (Fig. 4D). In addition, the frequency of CD4+ T cells
responding to an immunodominant LCMV-specific GP61 pep-
tide stimulation was increased from 9 to 17% (Fig. 4E). The
numbers of LCMV GP61–specific CD4+ T cells also significantly
increased (Fig. 4E). Collectively, these data demonstrate the im-
mune stimulatory ability of C8 ceramide when administered to the
site of infection, rather than systemically.
To establish whether the amplification in T cell responses ob-

served in the lungs of ceramide-treated mice is associated with
increases in the activation state of DCs in the lung, groups of -mice
were infected with LCMV Cl 13 by intranasal administration, and
treated with solvent (filled histograms) or ceramide (open histo-
grams). Groups of uninfected mice served as baseline controls
(dashed histograms). At 2 d p.i., cells were isolated from the lungs
and the expression levels of MHC-I, MHC-II, 4-1BBL, and CD40
were determined on the surface of CD11c+ cells (Fig. 5). Following
LCMV Cl 13 infection, the locally instilled ceramide analog ele-
vated the expression levels of these molecules (MHC-I, MFI 24→37;
4-1BBL, MFI 24→44; MHC-IIhi, 38→51%; CD40hi, 34→62%).
This is consistent with the results from the experiments performed
with DCs in vitro (Fig. 1B) and suggests a potential mechanism for
the boosted antiviral T cell responses following ceramide treatment.

FIGURE 3. Systemic ceramide treatment fails to enhance antiviral CD8+

T cell responses. (A and B) Groups of C57BL/6 mice (n = 5/group) were

infected with LCMV Cl 13 via i.v. inoculation. (A) The day of infection

mice received either 0.1 mg/kg C8 ceramide (black bar) or an equivalent

volume of solvent (gray bar) by i.v. administration. (B) Mice received 0.1

mg/kg C8 ceramide (black bar) or solvent (gray bar) at days 1, 4, and 7 p.i.

by i.v. administration. At day 8 p.i., the frequency and number of GP33-

specific CD8+ T cells were determined in the spleens of infected mice by

intracellular cytokine staining (A and B). (C) GP33-specific CD8+ T cells

were purified from GP33-specific TCR tg mice, labeled with CFSE, and

treated with solvent or 10 mM C8 ceramide as indicated for 1 h. GP33/

CD8+Thy1.1+ T cells were then coincubated with LCMV Cl 13–infected

DCs that were treated with solvent or 10 mM C8 ceramide as indicated for

3 d, and proliferation was determined by CFSE dilution and assessed

by flow cytometry (n = 3/group). cytometry (n = 3/group). Data shown are

representative of two to three independently conducted experiments. Sig-

nificance was determined by Student t test (*p # 0.05, ***p # 0.001).
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To further explore the responses in these locally treated mice,
splenocytes were harvested and LCMV-specific T cell responses
were assessed. As shown in Fig. 6A, the local administration of
C8 ceramide increased the frequency of IFN-g–producing CD8+

T cells in spleens following stimulation with GP33 peptide from
10 to 20%, which corresponded to an increase in the number of

GP33-specific IFN-g–producing cells. In addition, the frequency
as well as the number of GP33-specific functional CD8+ T cells
expressing both TNF-a and IFN-g increased in spleens from mice
that had received C8 ceramide (Fig. 6B). C8 ceramide appeared to
have globally increased LCMV-specific CD8+ T cell responses
because it did not alter the dominance of the CD8+ T cell epitopes

FIGURE 4. Locally administered ceramide enhances LCMV Cl 13–specific T cell responses. Groups of C57BL/6 mice (n = 4–5) were infected with

LCMV Cl 13 by intranasal inoculation. The day of infection, mice were treated with either solvent (gray bars) or C8 ceramide (0.1 mg/kg, black bars) by

intranasal administration. At day 7 p.i., LCMV-specific T cell responses were assessed in the lungs. (A) LCMV GP33–specific CD8+ T cells were identified

by tetramer staining. (B and C) CD8+ T cell function was determined by stimulation with GP33–41 (GP33) peptide and IFN-g production (B) or TNF-a and

IFN-g production (C) by CD8+ T cells was determined by intracellular cytokine staining and flow cytometry. (D) Degranulation in response to GP33 peptide

stimulation was assessed by CD107a staining. (E) Functional LCMV-specific CD4+ T cell responses were determined by stimulation with LCMV GP61–80
(GP61) peptide, followed by intracellular cytokine staining for IFN-g. Cell numbers were calculated from the total splenocytes counts. Data shown are

representative of two to three independently conducted experiments. Significance was determined by Student t test (*p # 0.05, **p # 0.01, ***p# 0.001).
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GP33, NP396, and GP276 (Supplemental Fig. 2). Similarly, C8
ceramide treatments also significantly increased the frequency and
number of LCMV GP61–specific CD4+ T cells in the spleens of
infected mice compared with control mice (Fig. 6C). Taken to-
gether, these data demonstrate that administration of C8 ceramide
in proximity to the infection enabled the lipid analog to enhance
systemic adaptive immune responses to a viral infection.
To our surprise, the enhanced antiviral T cell response was not

able to improve the control of the LCMV Cl 13 infection in the
lungs. As shown in Fig. 6D, virus titers in the lungs at 8 d p.i. were
not different between the solvent-treated mice and the C8 ceramide–
recipient mice. Intranasal infection did not appear to have developed
into a systemic infection because no virus was detected in the serum
at 8 d p.i. (data not shown). In addition, LCMV Cl 13 does not
progress to a persistent infection in the lungs following intra-
nasal infection because no virus was detected in the lungs at
14 d p.i. (Fig. 6D).

C8 ceramide displays immune-stimulatory activity in response
to influenza virus infection

C8 ceramide has been shown to be immunostimulatory to DCs in
response to an immunosuppressive LCMV Cl 13 infection. Fur-
thermore, it has demonstrated these properties in vivo when ad-
ministered locally to LCMV Cl 13–infected mice. To determine
whether this effect was specific to an LCMV Cl 13 infection or
whether the lipid analog had broader effects, DCs were infected
with influenza virus A/WSN/33 (H1N1) and treated with C8
ceramide or an equivalent volume of solvent. The expression
levels of both MHC-I (Fig. 7A) and B7-2 (Fig. 7B) have increased

in the C8 ceramide–treated DCs when compared with the solvent-
treated DCs. Therefore, C8 ceramide displays immune-stimulatory
effects during influenza virus infection of DCs.
To determine whether the enhancement of DC responses to

influenza would translate into better stimulation of CD8+ T cell
responses, LCMV GP33/CD8+Thy1.1+ T cells were transferred
into C57BL/6 (Thy1.2+) mice (Fig. 7C). The following day, the
mice were infected with influenza virus expressing the LCMV
epitope GP33 (FLU-LCMV) via i.n. inoculation. The mice re-
ceived an intranasal instillation of C8 ceramide or solvent and the
frequency of GP33/CD8+Thy1.1+ T cells was determined at 6 d
p.i. The data shown in Fig. 7D demonstrate that C8 ceramide
induced a 4-fold increase in the frequency of GP33/CD8+Thy1.1+

T cells in the lungs of the FLU-LCMV–infected mice and a much
greater increase in the accumulation of these cells, suggesting that
C8 ceramide is also immune stimulatory during influenza virus
infections.
To investigate the effects of C8 ceramide during the endogenous

immune response to influenza, C57BL/6 mice were infected with
WSN strain of influenza virus. At day 8 postinfection, the influenza
viral NP–specific CD8+ T cell response in the lungs was assessed.
Similar to the observation with LCMV, C8 ceramide increased the
CD8+ T cell response to influenza in the lungs following local
administration (Fig. 7E). The frequency of NP-specific CD8+

T cells in producing IFN-g in the lungs of infected mice was
significantly increased from 2.1 to 4.3%. This increased frequency
also resulted in a significantly increased number of NP-specific
CD8+ T cells (Fig. 7E). Collectively, these data demonstrate the
immune-stimulatory activity of locally administered C8 ceramide
during an influenza virus infection. Similar to that observed with
LCMV Cl 13, the enhanced, influenza-specific T cell response
appeared unable to accelerate virus clearance because both solvent
and ceramide-treated mice had similar virus titers in the lung at
8 d p.i. (Fig. 7F).

Discussion
The data presented in this study demonstrate a novel DC-stimulatory
function of a synthetic ceramide analog upon virus infection. C8
ceramide enhanced phenotypic maturation and functional activa-
tion of DCs in response to both LCMV Cl 13 as well as influenza
virus infections.
Previously, ceramide and its short-chain synthetic analogs

were reported to have both structural and signaling functions
and inhibit virus replication during HIV or hepatitis C virus
infection (52, 53). However, C8 ceramide did not alter LCMV Cl
13 replication (Fig. 1D, Supplemental Fig. 1). Also, ceramide
molecules have been predominantly shown to act as secondary
lipid messengers to mediate apoptotic signals because of cell stress
(3, 6, 11, 54–56). In contrast to its known roles in the induction of
apoptosis in tumor cells, C8 ceramide did not induce cell death
of DCs in vitro (Fig. 1E). Thus, it should be possible to safely
modulate DCs with short-chain ceramides in vitro/ex vivo or
administer ceramides as immune-therapeutic application. It is
possible, however, that the lipid analog may affect the ability of
DCs to withstand NK cell–mediated killing or suppression in vivo,
which has been shown to regulate immune responses to viral
infections (57, 58). Further studies into the exact effects of ceramide
on DCs in vivo are required to fully use ceramide in immunother-
apeutic applications.
Ceramide and its derivatives have been implicated in immune

regulation. Lipidomic profiling has shown that DCs upregulate the
production of C24 ceramide upon LPS stimulation (17). Further-
more, inflammatory cytokines such as TNF-a elevate the level
of ceramide in DCs (59). However, a role for this increase in

FIGURE 5. Intranasal ceramide administration increases the expression

of activation markers on CD11c+ cells in the lungs upon infection. Groups

of C57BL/6 mice (n = 3–4) were left uninfected (dashed histograms) or

infected with LCMV Cl 13 by intranasal inoculation. The day of in-

fection, mice were treated with either solvent (filled histograms) or C8

ceramide (0.1 mg/kg, open histograms) by intranasal administration. At

day 2 p.i., the surface expression of MHC-I, MHC-II, 4-1BBL, and

CD40 by CD11c+ cells isolated from the lungs was determined by flow

cytometry. Data shown are representative of two independently con-

ducted experiments.
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ceramide content has not yet been elucidated (17). Exogenous C2
ceramide was reported to inhibit the ability of human DCs to take
up soluble Ags to impair their ability to stimulate the Ag-specific
T cell clones in vitro (60). However, the experiment was con-
ducted in the absence of any inflammatory stimulus such as
pathogenic infection. Furthermore, C2 ceramide did not inhibit
conventional MHC-I–mediated peptide presentation pathways to

stimulate T cells (60). In contrast to the immune-suppressive ac-
tivity of C2 ceramide, our paper reports a newly characterized role
of a ceramide analog in the stimulation of DCs upon virus in-
fection by enhancing virus-specific T cell responses both in vitro
and in vivo. It is possible that the presence of inflammatory sig-
nals, the DC source, and the model used may have affected the
differential outcome.

FIGURE 6. Local ceramide treatment amplifies the T cell responses in the spleen upon infection. Groups of C57BL/6 mice (n = 4–5) were infected with

LCMV Cl 13 by intranasal inoculation. The day of infection, mice were treated with either solvent (gray bars) or C8 ceramide (0.1 mg/kg, black bars) by

i.n. administration. At day 7 p.i., LCMV-specific T cell responses in the spleens were determined by intracellular cytokine staining. Splenocytes were

stimulated with LCMV GP33 peptide and IFN-g–producing CD8+ T cells (A) and CD8+ T cells producing IFN-g and TNF-a (B) were identified by flow

cytometry. (C) CD4+ T cells producing IFN-g were determined by stimulation with LCMV GP61 peptide, followed by intracellular cytokine staining. Cell

numbers were calculated from the total splenocytes counts. (D) LCMV Cl 13 titers were measured in the lungs at 8 and 14 d p.i. by plaque assay on Vero

cells. ). Data shown are representative of two to three independently conducted experiments. Significance was determined by Student t test (*p # 0.05,

**p # 0.01; n.d., not detected).
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Our data demonstrate that C8 ceramide increases the surface
expression of MHC-I and MHC-II along with costimulatory markers
in response to virus infection (Figs. 1B, 5, 7A, 7B) and that these
DCs stimulate T cell responses when directly infected or pulsed
with peptides (Fig. 2). Importantly, costimulatory molecules 4-1BBL

and CD40 that were reported to be important for generation of
LCMV-specific T cell responses (61) were increased by ceramide
in vitro and in vivo. However, it is unclear whether the heightened
T cell expansion was due to ceramide-mediated increased prolif-
eration signal and/or enhanced T cell accumulation signal triggered

FIGURE 7. Exogenous ceramide improves influenza-specific immune responses. (A and B) DCs were infected with influenza virus and then coincubated with

10 mM C8 ceramide (open histograms) or solvent (filled histograms) for 24 h. Surface expression of MHC-I (A) and B7-2 (B) was determined by flow cytometry.

(C and D) A total of 53 104 GP33/CD8+Thy1.1+ T cells were adoptively transferred into groups (n = 4) of C57BL/6 recipients. The following day, recipient mice

were infected with 13 105 PFU LCMVGP33–expressing influenza virus (Flu-LCMV) via intranasal inoculation and treated with 0.1 mg/kg C8 ceramide or solvent

by intranasal administration. Uninfected, untreated control mice were used as negative controls. At day 6 p.i., Thy1.1+,CD8+ cells were identified in the lungs by

flow cytometry. (E and F) Groups of C57BL/6 mice (n = 4) were infected with the WSN strain of influenza (1 3 105 PFU) by intranasal inoculation. At 1 h p.i.,

mice were treated with 0.1 mg/kg C8 ceramide by intranasal administration. At day 8 p.i., IFN-g expression by Flu NP366–specific CD8+ T cells was determined

by intracellular cytokine staining (E). Influenza virus titers were determined in the lungs at 8 d p.i. by plaque assay on MDCK cells (F). All data shown are

representative of at least two independent experiments. Significance was determined by Student t test (*p # 0.05).
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in DCs. Thus, ceramide-induced signaling pathways in DCs as
well as the detailed effect of ceramide-conditioned DCs on T cell
activation, proliferation, and accumulation remain to be further
investigated. In addition, it is possible that the lipid analog may
affect Ag uptake by DCs or their ability to cross-present Ag,
which have been shown to be important mechanisms in LCMV
and influenza-specific immune responses (60, 62, 63) and thus
warrants further exploration.
When ceramide was administered systemically, no increase

was observed in LCMV-specific T cell responses (Fig. 3A, 3B).
However, when it was administered locally via intranasal admin-
istration, significant increases of anti-LCMV and anti-influenza
T cell responses were observed (Figs. 4, 6, 7). There are several
possible explanations for this observation. First, systemic ad-
ministration of C8 ceramide may dilute or degrade too rapidly to
reach an effective concentration near populations of DCs. If this
is the case, higher doses with more consecutive administrations
would be required. Second, ceramide appeared to have an inhibitory
effect on naive T cells during their activation in vitro (Fig. 3C),
which may have occurred in the systemically administered experi-
mental regimen. Either of these conditions may have been over-
come by directly administering C8 ceramide to the respiratory tract
at early time points postinfection (Figs. 4–7), which led to more
virus-specific T cells.
Surprisingly, the increased virus-specific T cell responses ob-

served in the lungs following C8 ceramide treatment (Figs. 4, 6, 7)
did not appear to enhance the clearance of LCMV Cl 13 or in-
fluenza (Figs. 6D, 7F). Respiratory infections of these viruses
seem to be efficiently cleared by strong host immune responses
in vivo because no viruses were detected in the serum at 8 d p.i.
(data not shown), and similar level of viruses were found in the
lungs of mice treated with or without ceramide (Figs. 6D, 7F). C8
ceramide treatment did not decrease the functionality of the ac-
tivated CD8+ T cells (Fig. 4) because more CD8+ T cells expressed
functional antiviral cytokines (IFN-g/TNF-a) and exhibited CD107a
positivity, an indication of degranulation. Also, the increased
T cell response was observed both in the secondary lymphoid organ
(spleen) as well as in the peripheral tissue (lungs). In addition, C8
ceramide did not appear to affect the dominance of CD8+ T cell
epitopes during LCMV Cl 13 infections (Supplemental Fig. 2),
indicating that higher numbers of virus-specific CD8+ T cells should
be circulating and able to lyse infected cells. However, high levels
of ceramide accumulation can lead to severe pathological con-
ditions in the lung (64, 65). It is also conceivable that locally ad-
ministered C8 ceramide may affect the nonimmune cells in an
unforeseen harmful manner including enhanced cell death (65).
This may have compromised the increased T cell responses to
clear viruses from the lungs of infected, C8 ceramide–treated
mice.
A method to evade the possibly harmful effect of C8 ceramide on

various cell types and to achieve the critical ceramide concentration
near DCs would be to modulate the form of C8 ceramide and
specifically target C8 ceramide to DCs. This DC-specific targeting
could be achieved using DC-specific Abs, such as DEC-205 (66–68)
linked to ceramide molecules. Alternatively, ceramide-containing
liposomes, which may be efficiently taken up by DCs (69, 70),
could be used or efficiently targeted to DCs using DC-specific Abs
in vivo (71, 72). These approaches remain to be investigated.
Collectively, our findings describe a role for a short-chain

synthetic ceramide analog to enhance the activation of DCs
upon virus infection to induce T cell immunity. These newly
characterized immune-stimulatory effects of synthetic ceramide
analogs may provide a basis to develop a novel immunotherapeutic
against viral infections.
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