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Abstract

Molecules that appear on the surface of tumor cells after their therapy treatment may have

important roles either as damage-associated molecular patterns (DAMPs) or signals for

phagocytes influencing the disposal of these cells. Treatment of SCCVII and CAL27 cells, models

of mouse and human squamous cell carcinoma respectively, by photodynamic therapy (PDT)

resulted in the presentation of ceramide and sphingosine-1-phposphate (S1P) on the cell surface.

This was documented by anti-ceramide and anti-S1P antibody staining followed by flow

cytometry. The exposure of these key sphingolipid molecules on PDT-treated tumor cells was

PDT dose-dependent and it varied in intensity with different photosensitizers used for PDT. The

above results, together with the finding that both ceramide and S1P can activate NFκB signaling

in macrophages co-incubated with PDT-treated tumor cells, establish that these two sphingolipids

can act as DAMPs stimulating inflammatory/immune reactions critical for tumor therapy

response.
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1. Introduction

The concept of damage-associated molecular patterns (DAMPs) was conceived by Polly

Matzinger as a central element of danger model of the functioning of the immune system

[1,2]. This model, which is based on the idea that the immune system recognizes altered self

appearing as a consequence of injury, infection or oncogenic transformation, and the

perception of DAMPs has brought vital insights into innate and adaptive immunity.

According to the danger model, the immune response is mobilized by DAMPs alerting the

host of impending danger of disturbed local homeostasis due to the appearance of distressed

and dying/dead cells [3,4]. Normally, DAMPs are molecules performing non-immunological

functions within cells/tissues that acquire immunomodulatory character once exposed on the

cell surface, released from stressed cells, or dislocated in other way (e.g. extravasated). The

sensors of exposed DAMPs are pattern-recognition receptors (PRRs). They are localized in

the membrane or cytoplasm of immune cells, and include Toll-like receptors (TLRs), NOD-

like receptors (NLRs), RIG-I-like receptors (RLRs), and C-type lectin receptors (CLRs) [4].

Engagement of these receptors by DAMPs triggers the danger signaling processes leading to

inflammatory and immune responses.

Tumor tissue injury induced by certain types of cancer therapy was found to result in the

expression of DAMPs, which emerge as pivotal mediators of host response elicited by these

treatments and subsequent therapy outcome [5,6]. Treatment of solid tumors by

photodynamic therapy (PDT), a clinically established modality producing oxidative stress by

localized photoactivation of administrated photosensitizing drug [7], is particularly effective

in generating an abundance of various DAMPs. These include cell surface-expressed

calreticulin and heat shock proteins, released high-mobility group box-1 (HMGB1) protein

and ATP, extracellular matrix proteins, and extravasated fibrinogen [8–10]. In this report, it

is shown that ceramide and sphingosine-1-phosphate (S1P), two key members of

sphingolipid family, become engaged as DAMPs after PDT treatment. This is indicated by

the detected appearance of these two sphingolipids on the surface of PDT-treated tumor

cells, and the participation of ceramide and S1P from these cells in signaling leading to the

activation of NFκB in neighboring tumor-associated macrophages (TAMs).

2. Materials and methods

2.1. Cell culture and chemicals

The used cells were derived from squamous cell carcinoma (SCC) tumors. Cultures of

SCCVII cells, which originate from a cutaneous SCC that arose spontaneously in C3H mice

[11], were maintained in alpha minimal essential medium (Sigma Chemical Co., St. Louis

MO, USA) supplemented with 10% fetal bovine serum (HyClone Laboratories, Logan UT,

USA). The same medium was used for culturing CAL-27 cells (human SCC of the tongue,

ATCC CRL-2095) that were kindly provided by Dr. Rajan Saini. Both these cell lines are

recognized as good models of human head and neck cancer [11,12]. Mitoxantrone (M6545,

Sigma) was dissolved in ethanol (0.5 mg/ml) and this initial stock was then added to cell

medium for the final concentration of 1 μg/ml. Neutral sphingomyelinase from B. cereus

(S9396, Sigma) was added to serum-free cell medium for final concentration of 250 mU/ml

in Petri dish containing 1×106 cells. The same conditions were applied for exposing cells to
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ceramidase, using the enzyme from Pseudomonas aeruginosa (a homolog of mammalian

neutral ceramidases) that was cloned and expressed in Escherichia coli as described

previously [13,14].

2.2. PDT treatment

Cells growing in 35-mm diameter Petri dishes were incubated with either Photofrin (20 μg/

ml), Temoporfin (0.1 μg/ml, 0.15 μM), Pc4 (1 μg/ml, 1.4 μM) or ce6 (1.5 μg/ml, 2.5 μM).

Cell exposure to Photofrin, Temoporfin and Pc4 was for 18 hours in complete growth

medium, while ce6 exposure was in serum-free medium for 30 min. Photofrin was obtained

from Axcan Pharma (Mont-Saint-Hilaire QC, Canada), Temoporfin (m-

tetrahydrophenylchlorin, mTHPC, marketed as Foscan) was from Biolitec Research GmbH

(Jena, Germany), ce6 (chlorin e6) was purchased from Frontier Scientific Inc. (Logan, UT,

USA), while Pc4 was provided by Dr. Malcolm Kenney (Case Western Reserve University).

After photosensitizer exposure, the medium was removed, the dishes (containing around 1

million cells) were washed, and cold PBS left during illumination. The light was produced

by an integrated ellipsoidal reflector-equipped FB-QTH high throughput illuminator

(Sciencetech, London ON, Canada) based on a 150 W QTH lamp and was delivered through

an 8-mm core diameter liquid light guide (Oriel Instruments, Stratford CT, USA).

Interference filters 630±10 and 650±10 nm were used for Photofrin and Foscan,

respectively, and 665±10 nm for Pc4 and ce6. The fluence rate ranged from 30 mW/cm2 for

ce6- and Pc4-PDT to 50 mW/cm2 for Photofrin-PDT.

2.3. Survival Assay

Survival of PDT-treated SCCVII cells was determined by the conventional survival assay

[15]. After photosensitizer exposure, cells were washed, trypsinized, and exposed to light

while suspended in PBS. Immediately after illumination, the cells were counted and plated

for colony growth. The colonies were stained with malachite green six days later and

counted. The surviving fraction was calculated as a fraction of plating efficiency of PDT-

treated cells.

2.4. Flow cytometry analysis

After PDT treatment, the Petri dishes with cells were returned to the incubator and kept in

culture conditions with complete growth medium until they were collected for antibody

staining. The exception was the exposure to sphingomyelinase or ceramidase, which was

done for 15 minutes in serum-free medium. Intracellular staining for ceramide and S1P was

performed as described previously [16]. Briefly, fixed and permeabilized cells were first

incubated with anti-ceramide monoclonal antibody 15B4 (Enzo Life Sciences, Plymouth

Meeting, PA, USA), anti-S1P monoclonal antibody NHS1P (Cosmo Bio USA, Carlsbad,

CA, USA) or with normal mouse IgM (Santa Cruz Biotechnology Inc., Santa Cruz, CA,

USA) as their isotype control. This was followed by exposure to phycoerythrin (PE)-

conjugated goat anti-mouse IgM antibody conjugated with (Santa Cruz Biotechnology). The

same antibodies were used for detecting cell surface exposed ceramide and S1P, but the

procedure was with non-fixed cells. Staining of calreticulin on cell surface was done with

PE-conjugated polyclonal antibody to calreticulin (US Biological, Swampscott, MA, USA)
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with PE-conjugated normal rabbit IgG (Santa Cruz Biotechnology) used as the isotype

control. To identify viable and nonviable cells, they were also stained with either 7-

aminoactinomycin D (7-AAD, BD Biosciences, San Jose CA, USA) or SYTOX

AADvanced (Molecular probes, Eugene, OR, USA). Flow cytometry was performed using a

Coulter Epics Elite ESP (Coulter Electronics, Hialeah FL, USA). Ceramide, S1P or

calreticulin levels were identified in viable cells based on antibody-associated fluorescence

(mean fluorescence intensity in arbitrary units per cell), which was corrected by values

obtained with the isotype controls. It should be emphasized that the fluorescence level

measured by flow cytometry is in arbitrary units (entirely dependent on the instrument

voltage settings used in taking the measurement) that should not be considered comparable

between different experiments.

2.5. NFκB ELISA

For preparing primary cultures of TAMs, cells obtained by enzymatic disaggregation of

SCCVII tumors and suspended in cell growth medium containing 20% FBS and 1% dispase

II (Roche Diagnostics GmbH, Mannheim, Germany) were placed in 35-mm Petri dishes and

left in a 37°C incubator. After 30 minutes, non-attached cells were washed away leaving

highly enriched populations of attached TAMs [17] as confirmed by flow cytometry

documenting their positive staining with anti-mouse FITC-conjugated GR1 and PE-

conjugated F480 antibodies (both from eBioscience Inc., San Diego CA, USA). Culture 30-

mm inserts with growing SCCVII cells that were treated by Photofrin-PDT (Photofrin 20

μg/ml 18 hours followed by 1 J/cm2) were immediately transferred to Petri dishes containing

freshly-selected TAMs for a 3-hour co-incubation at 37°C in complete growth medium. In

control samples, TAMs were co-incubated with untreated SCCVII cells. In some samples,

anti-ceramide antibody (15B4) or anti-S1P antibody (NHS1P) were present at 20 μg/ml

(azide-free) in the co-incubation medium. After the co-incubation, the inserts and culture

medium were removed, ice-cold lysis buffer (Cell Signaling Technology, Danvers MA,

USA) containing 1 mM phenylmethylsulfonyl fluoride (PMSF, obtained from Sigma) was

added to the dishes, and TAMs collected by cell scraper to be stored at −80°C until further

use. The activity of NFκB in the TAMs was determined using ELISA kit® PathScan

Phospho-NF-κB p65 (Ser536) manufactured by Cell Signaling. Briefly, TAM lysate

samples were added to the wells coated with Phospho-NF-κB p65 (Ser536) mouse

monoclonal antibody. The Phospho-NF-κB p65 protein captured by the antibody was

detected by a rabbit NF-κB p65 detection antibody and recognized by peroxide-linked anti-

rabbit IgG antibody through 3, 3′, 5, 5′-tetramethylbenzydine-based colorimetric reaction at

450 nm.

2.6. Statistical analysis

Mann-Whitney test was used for data evaluation and the significance level threshold of 5%

(two-tailed test) was set for determining whether the groups were statistically different.
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3. Results

3.1. Mitoxantrone and PDT induce cell surface exposure of calreticulin, ceramide and S1P

Calreticulin is a protein residing primarily in endoplasmic reticulum but it can be found

exposed on the cell surface in response to specific stress stimuli, which include the exposure

to anthracyclines and similar drugs such as mitoxantrone or PDT treatment [9,18]. Hence,

surface staining with calreticulin-specific antibody of mouse tumor SCCVII cells 30 minutes

after their treatment by either Photofrin-PDT or 16-hour exposure to 1 μg/ml mitoxantrone

confirmed the appearance of calreticulin exposed on the exterior of these cells that was not

detectable on untreated cells (Fig. 1). Counterstaining for dead cells with 7-AAD or SYTOX

AADvanced dyes allowed determining calreticulin levels for viable cells. Comparative

intracellular staining using the same antibody with permeabilized cells gave around 60%

higher values than surface staining (not shown). The results also reveal that cell surface

expression of two important sphingolipid molecules, ceramide and S1P, which were barely

detectable on untreated cells, changed markedly after PDT treatment. This change was more

pronounced with ceramide. The levels of ceramide exposed on cell surface dramatically

increased after mitoxantrone treatment as well while no significant change was found with

S1P (Fig. 1).

3.2. Cell surface and integral levels of ceramide and S1P after Photofrin-PDT

Comparative intracellular and surface staining with the same anti-ceramide antibody was

performed to assess integral cellular ceramide levels as well as on the surface of same

SCCVII cells. These integral cellular levels of ceramide also increased following PDT

treatment as reported earlier [16] but the rise was not as striking as with the surface-exposed

ceramide (as shown by the relative values depicted in Fig. 2a). Cell surface-exposed

ceramide was detectable already at 15 minutes after Photofrin-PDT, while light alone

treatment had no significant impact on either surface or total ceramide levels. Interestingly,

the exposure to Photofrin resulted in a rise of surface levels and to a lesser extent integral

levels of ceramide even without illumination. Compared to PDT, however, the effect of

Photofrin alone was considerably less pronounced indicating that the induction of ceramide

surface exposure is largely PDT-specific.

The exposure of S1P on the surface of SCCVII was also detectable at 15 minutes after

Photofrin-PDT (Fig. 2b). Its levels, as well as integral S1P, increased even more at 3 hours

post treatment. No significant changes in S1P were induced by the light treatment alone,

whereas a small rise in integral S1P levels was registered after exposure to Photofrin alone.

Further experiments revealed that the extent of increase in surface ceramide levels depend

on PDT dose (Fig. 3a), but the expression of ceramide on the cell surface was highly

pronounced even with the lowest tested PDT dose.

Examined next was the time-dependence of the appearance of ceramide on the SCCVII cell

surface after PDT treatment. While detectable already at 15 minutes after Photofrin-PDT,

the surface exposure of ceramide persisted at similar levels at 3 hours post treatment and

became further elevated at 18 hours after PDT (Fig. 3b). A similar kinetics was observed for

the integral ceramide levels.
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3.3. Cell surface ceramide and S1P exposure on PDT-treated CAL27 cells

To confirm with different cultures the above findings on mouse tumor SCCVII cells, human

squamous cell carcinoma cells, CAL-27, were treated by Photofrin-PDT. Cell surface levels

of ceramide and S1P were assessed at 3 hours post treatment. The appearance of these

sphingolipids was clearly evident following Photofrin-PDT, although the effect was much

more pronounced for ceramide (Fig. 3c). No evidence was detected of difference between

SCCVII and CAL-27 cells.

3.4. Use of sphingomyelinase and ceramidase for validation of ceramide detection

Since it would be of benefit if the 15B4 antibody used cellular ceramide detection could be

more fully validated, this was addressed using sphingomyelinase and ceramidase, the

enzymes involved in ceramide metabolism. Sphingomyelinase (250 mU/ml in serum-free

medium) was added to Photofrin-PDT treated SCCVII cells immediately after the

termination of light treatment and left in contact with cells until they were collected 15

minutes later. This neutral enzyme cleaves membrane-bound sphingomyelin to yield

ceramide and phosphocholine [19]. As expected, ceramide levels detected on the surface of

PDT-treated cells were significantly higher in the presence of sphingomyelinase (Fig. 4a).

For testing the effect of ceramidase, cells were after PDT left in culture for 18 hours. During

the last 15 minutes of this period, cell medium was replaced with a fresh serum-free medium

containing ceramidase (250 mU/ml). The presence of this enzyme, that cleaves the N-acyl

linkage in ceramide to form sphingosine and free fatty acid [20], caused a decrease in the

levels of detected surface ceramide levels (Fig. 4b).

3.5. Cell surface ceramide exposure after PDT with various photosensitizers

Further investigation revealed that the induction of surface ceramide expression can differ

considerably with different photosensitizers used for PDT. The doses of Photofrin-PDT,

Temoporfin-PDT, ce6-PDT, and Pc4-PDT were chosen that attain a similar degree of cell

killing with around 10% surviving fraction based on colony-forming assay. The results for

the chosen time interval (30 min post treatment) show that similar levels of surface-exposed

ceramide can be detected on cells appearing viable (7-AAD unstained) after Photofrin- and

Temoporfin-PDT. A considerably less surface ceramide was found after ce6-PDT, while the

surface ceramide induction appeared not significant after Pc4-PDT treatment (Fig. 5).

3.7. Effect on NFκB activity

Since NFκB is a major regulator of transcriptional activity of genes involved in

inflammatory/immune responses as well as cell proliferation and death [21], its status in

TAMs was examined upon their co-incubation for 3 hours with PDT-treated SCCVII cells.

The TAM populations were selected from cell suspensions obtained from untreated SCCVII

tumors using a standard selective attachment protocol (see Materials and Methods). The

results confirm that NFκB activity in these TAMs increased considerably compared to that

in TAMs incubated alone (Fig. 6) or co-incubated with untreated SCCVII cells (not shown).

We have shown that the rise in NFκB activity is followed by the production of cytokines

such as TNFα by these TAMs [22]. Evidence of NFκB activation in TAMs induced in the

presence of PDT-treated tumor cells was already document in our previous work [22,23]. To
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test whether the presence of SLs in the co-incubation medium may be involved in the

observed activation of NFκB, additional samples were prepared with antibodies neutralizing

either ceramide or S1P in the co-incubation medium. The results reveal that the NFκB

activation in TAMs was completely prevented by neutralizing S1P and strongly diminished

by blocking ceramide (Fig. 6).

4. Discussion

The results of the present study demonstrate that ceramide and S1P become exposed on the

surface of cells treated by PDT. This was found with cultures of mouse and human SCC

cells, SCCVII and CAL27 respectively, both serving as well established models for human

head and neck tumors [11,12]. Such surface expression post PDT is known to occur with

calreticulin, a well known DAMP [9,10], as confirmed in Fig. 1. Moreover, as shown in the

same Figure, mitoxantrone treatment also known to induce calreticulin surface expression

[18] proved effective in prompting surface ceramide exposure as well.

The antibodies used for detecting ceramide and S1P both inside cells and on their surface

were described as highly specific under physiological conditions and have proven valuable

in our earlier work [16]. The anti-ceramide antibody was reported not react with

sphingomyelin, cholesterol or other phospholipids [24], while anti-S1P antibody showed no

cross-reactivity with ceramide, sphingosine, sphingomyelin and other phospholipids [25].

Additional testing of anti-ceramide antibody reliability was done by incubating cells with

either sphingomyelinase or ceramidase, the enzymes that release ceramide or break it down,

respectively. The detected changes with PDT-treated cells had the expected trend, i.e. an

increase in ceramide levels found with sphingomyelinase treatment and an opposite effect

with ceramidase treatment (Fig. 2). However, it is not quite clear why there was no increase

in ceramide signal on untreated cells exposed to sphingomyelinase because this should have

also resulted in the production of sphingomyelin-derived ceramide. A possible explanation

is that the generated ceramide was removed after washing cells repeatedly during the

procedure for antibody staining. Ceramide exposed on the surface of PDT-treated cells

appears not to be attached that loosely. After PDT treatment there are changes in the cell

membrane including possible inner membrane sections flopping outward to the outer surface

(that could not be washed out)[22], which could be responsible for ceramide exposure. In

ongoing studies, we continue investigating the characteristics of ceramide and S1P exposure

on cell surface and reliability of their detection by available antibodies.

The presented results also reveal that ceramide and S1P exposure on cell surface is not only

PDT dose-dependent, but also varies in its intensity depending of the photosensitizer.

Comparing the results with four photosensitizers at the doses producing a similar rate of cell

kill reveals that the strong effect seen with Photofrin and Temoporfin is less pronounced but

still evident with ce6, whereas it was not detectable after Pc4-PDT (Figs.5 and additional

unpublished data). This pertains to cells remaining viable at 30 min after PDT. In contrast,

nonviable cells from the same samples had greatly reduced ceramide staining after

Photofrin- and Temoporfin-PDT but substantially higher than with viable cells after Ce6-

and Pc4-PDT (not shown). However, surface staining of damaged cells is not reliable
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because they can become permeabilized for antibodies or normally internal ceramide-

containing membrane sections can become exposed.

The above differences with photosensitizes could be related to the sites of their intracellular

distribution because PDT-induced oxidative stress is restricted to these sites [7]. One of

critical locations is the endoplasmic reticulum (ER), which is the site of calreticulin

accumulation as well as ceramide and S1P biosynthesis. Among the tested four

photosensitizers, Temoporfin tends to localize mostly in the ER and Golgi apparatus,

Photofrin is found in various cellular membrane structures including ER, while

mitochondrial membranes and ER are the predominant sites for Pc4, and lysosomes for ce6

[7,31,32]. Despite this diversity, the presence of at least minor fractions of all these

photosensitizers in the ER could be sufficient to trigger ER stress pathways, which were

suggested to activate a specific danger signaling module required to emit immune response-

defining DAMPs [29,30]. Hence, it seems unlikely that, the intracellular localization profile

of photosensitizers is a predominant determinant of PDT-induced ceramide/S1P

externalization.

One of the factors likely contributing to a pronounced surface exposure of ceramide after

Photofrin-PDT is the relatively high photosensitizer concentration needed to be used

because of lower potency of Photofrin. As shown in Fig. 3, at the used concentration (20

μg/ml) Photofrin induces the expression of both ceramide and S1P on cell surface even

without light treatment. It is known from the literature that Photofrin treatment can have

significant effects in the dark because of its porphyrin nature it can significantly affect

cellular metabolism [26,27]. Such drug alone effect was not observed with Temoporfin, ce6

and Pc4 at the concentrations used for PDT. The above differences between Photofrin- and

Pc4-PDT in vitro may have relevance for the therapy outcome in vivo, as evidenced by

superior control of SCCVII tumors by Photofrin-PDT compared to Pc4-PDT when

combined with sphingolipid modulating agents [28].

Comparison of ceramide and S1P levels detected by surface and intracellular antibody

staining suggests that the size of surface-exposed fraction is much greater in case of

ceramide than with S1P (Fig. 2). Several explanations are possible for this difference. It is

possible that the rate of the induced translocation from ER to the cell surface is more

efficient for ceramide than S1P. Even more likely possibility is that the surface-exposed S1P

is easier to liberate from cells than ceramide, because S1P is known to be efficiently

secreted from cells in order to act in both paracrine and autocrine manner [33].

After PDT, both ceramide and S1P exposed on the surface of treated tumor cells can get in

contact with neighboring immune effector cells like macrophages and dendritic cells that are

equipped with surface receptors capable of binding these sphingolipids. It was reported that

ceramide can serve as an agonist of Toll-like receptor-4 (TLR4) and activate signaling

associated with this receptor [34]. On the other hand, S1P receptors are ubiquitously

expressed on macrophages and other cells. Our data indicate that both ceramide and S1P

could be involved in triggering NFκB signaling in macrophages co-incubated with PDT-

treated SCCVII cells (Fig. 6). Interestingly, genes involved in de novo ceramide biosynthesis

are also activated through TLR4-NFκB signaling [35].
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In conclusion, this report establishes that both ceramide and S1P can act as DAMPs. Their

engagement is elicited by insults such as oxidative stress, particularly when involving the

ER as is the case with PDT mediated by various photosensitizers. This type of ER

perturbation prompts the activation of unfolded protein response [30]. This response

developed for reestablishing ER homeostasis was found to also serve as a specific danger

signaling module required to emit DAMPs [4]. We suggest that, similarly to the well

established ER-originating DAMP calreticulin, ceramide and S1P could be launched by the

ER stress pathway to act as DAMPs activating inflammatory/immune processes that can

culminate in immune rejection of DAMP-emitting tumor cells.
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Highlights

• Ceramide and sphingosine-1-phosohate (S1P) cell levels change after

photodynamic therapy (PDT)

• Both ceramide and S1P appear on the surface of tumor cells treated by PDT

• Cell surface-exposed ceramide and S1P on PDT-treated tumor cells allows them

to act as DAMPs

Korbelik et al. Page 12

Int Immunopharmacol. Author manuscript; available in PMC 2015 June 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 1. Cell surface expression of calreticulin, ceramide, and S1P on SCCVII cells treated by
mitoxantrone or Photofrin-PDT
After mitoxantrone treatment (1 μg/ml for 16 hours) or PDT treatment (Photofrin 20 μg/ml

for 18 hours followed by 1 J/cm2 of 630±10 nm light), cells were left in culture for 30

minutes before they were collected for 7-AAD and surface antibody staining. For the latter,

cells were either directly stained with PE-conjugated anti-calreticulin or isotype control

rabbit polyclonal antibody, while in other cases anti-ceramide, anti-S1P and or isotype

control IgM exposure was followed by PE-conjugated secondary antibody. The results of

flow cytometry analysis are presented for 7-AAD negative cells and shown as fluorescence

(in arbitrary units per cell) directly corresponding to the levels of calreticulin, ceramide or

S1P on the surface of cells. The bars denote SD, n = 4; * = statistically significant difference

from untreated group levels.
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Figure 2. Ceramide and S1P levels in SCCVII cells treated by Photofrin-PDT determined by
surface and intracellular antibody staining
Shown are changes in ceramide (a) and S1P levels (b) after light alone, photosensitizer

alone, or PDT treatment followed by a post-incubation of 15 min (ceramide) or either 15

min or 3 hours (S1P). Cells were treated with Photofrin-PDT as described for Fig. 1, with

the 1 J/cm2 and 20 μg/ml doses used also for the light alone and Photofrin alone treatments.

Ceramide and S1P levels determination was either as described for Fig. 1 (surface staining)

or with fixed and permeabilized cells using the same antibody (intracellular staining). The

results are presented either as relative values compared to those obtained with corresponding

untreated control samples (a) or the extent of S1P-associated fluorescence per cell (b). The

bars denote SD, n = 4; * = statistically significant difference from corresponding untreated

group levels, ** = statistically significant difference from values obtained with

corresponding light only and Photofrin only groups.
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Figure 3. Ceramide levels in SCCVII and CAL-27 cells treated by Photofrin-PDT with
dependence on PDT dose or time interval after treatment
To determine the changes in ceramide levels dependent on PDT-dose (a), cells were treated

with Photofrin-PDT as described for Fig. 1, except for additional light doses (0.5 and 1.5

J/cm2). For post-treatment time-dependence analysis (b), cells were after PDT light

treatment left in the 37°C incubator for either 15 min, 3 hours, or 18 hours before collected

for antibody staining and flow cytometry. Using CAL-27 instead of SCCVII cells (c) served

to demonstrate the PDT-induced surface ceramide and S1P induction in a different cell line.
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The post-incubation time interval used with these cells was 3 hours. Ceramide and S1P

levels determination was as described for Figs. 1 and 2. The bars denote SD, n = 4; * =

statistically significant difference from corresponding untreated group levels, ** =

statistically significant difference from 15-min group.
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Figure 4. The effect of sphingomyelinase and ceramidase treatment on cell surface ceramide
expression following PDT
SCCVII cells were treated by Photofrin-PDT as described for Fig. 1. For Temoporfin-PDT,

photosensitizer exposure (0.2 μg/ml for 18 hours) was followed by 1 J/cm2 light dose. After

PDT, cells were then kept in culture for 15 minutes (Photofrin-PDT) or 18 hours

(Temoporfin-PDT). During the last 15 minutes of this post-incubation, the cells were

exposed to either sphingomyelinase (a) or ceramidase (b), both at 250 mU/ml, before their

collection. Subsequent cell surface ceramide staining and flow cytometry analysis were as

described for Fig. 1. The results are presented as surface ceramide-associated fluorescence

intensity per cell. The bars denote SD, n = 4; * = statistically significant difference from

untreated group levels, ** = statistically significant difference from corresponding

sphingomyelinase/ceramidase untreated group levels.
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Figure 5. Cell surface ceramide levels induced by PDT mediated by different photosensitizers
SCCVII cells were treated either Photofrin-PDT as described for Fig. 1 or by PDT mediated

by Temoporfin (0.2 μg/ml – 24 hrs), chlorin e6 (1.5 μg/ml – 30 min), or Pc4 (1 μg/ml – 18

hrs), with light dose 1 J/cm2 in all cases. These PDT treatments produced a similar level of

cell killing, as determined by the colony formation assay (insert; ● = Photofrin-PDT, ▲ =

Temoporfin-PDT, ■ = Pc4-PDT, ◆ = ce6-PDT). For surface ceramide analysis, cells were

in all cases collected after 30 min post-PDT incubation for antibody staining as described for

Fig. 1. The results are presented as means of surface ceramide-associated fluorescence

intensity per cell. The bars denote SD, n = 4; * = statistically significant difference from

untreated group levels.
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Figure 6. Activation of NFκB in TAMs induced by co-incubation with PDT-treated SCCVII cells
is blocked by ceramide- or S1P-neutralizing antibodies
Cultures of TAMs obtained from SCCVII tumors were incubated alone or co-incubated with

cultured SCCVII cells treated by PDT as described for Fig. 1. Some samples contained anti-

ceramide or anti-S1P antibody (20 μg/ml) in the co-incubation medium. After 3 hours,

TAMs were collected and their NFκB activity measured using PathScan® Phospho-NF-κB

p65 (Ser536) ELISA. The results are shown as colorimetric readouts (absorbance at 450 nm)

reflecting levels of phospho-NFκB p56 protein at Ser536. The bars denote SD; * =

statistically significant difference from the value in TAMs incubated alone, ** = statistically

significant difference from the value in TAMs co-incubated with PDT-treated SCCVII cells

in the absence of corresponding antibody.
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