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Abstract

Aminolevulinate-based photodynamic therapy (ALA-PDT) selectively eliminates diseased tissues 

primarily through the induction of intrinsic apoptotic pathway. ALA-PDT is a first-line therapy for 

actinic keratosis, however, it is less effective for cutaneous T-cell lymphoma (CTCL). We have 

previously demonstrated that the resistance of CTCL to apoptosis correlates with decreased 

expression of death receptors such as FAS, and that methotrexate functions as an epigenetic 

regulator that re-establishes the susceptibility of CTCL to extrinsic pathway apoptosis. We showed 

previously that MTX augments the effectiveness of PDT by sensitizing cells to apoptosis by 

induction of apoptotic factors, a process we call “epigenetically enhanced” PDT (ePDT). Here, in 

CTCL cell lines, leukemic CTCL cells and normal blood T cells, we analyzed multiple 

components of the FAS, TRAIL and TNF families using multispectral imaging of immunostained 

cytopreparations, a quantitative technique with 5-fold greater sensitivity than standard 

immunocytology. ePDT induced significantly greater FAS, FASL, TRAIL-R1 & -R2, and TNFα 
levels than standard PDT. This correlated with significantly greater induction of extrinsic pathway 

apoptosis and/or overall apoptosis in all CTCL samples. There was no appreciable effect on 

normal T cells. These data set the stage for clinical trials of ePDT as a novel localized treatment of 

CTCL.

Graphical abstract

Aminolevulinate photodynamic therapy induces intrinsic apoptosis in targeted tissues and 

eradicates actinic keratoses but is less effective for cutaneous T-cell lymphoma (CTCL). We have 

previously shown that a) the apoptotic resistance of CTCL correlates with decreased death 

receptor expression, b) methotrexate (MTX) epigenetically enhances extrinsic apoptosis, and c) 

MTX augments PDT by upregulating apoptotic factors, a process called “epigenetically enhanced” 

PDT (ePDT). Here, ePDT induced significantly greater FAS, FASL, TRAIL-R1 & -R2, and TNFα 
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levels as well as extrinsic and/or overall apoptosis than standard PDT in CTCL cell lines/leukemic 

cells. These data support clinical trials of ePDT for CTCL.

INTRODUCTION

In photodynamic therapy (PDT), the build-up of a photosensitizing agent in diseased cells 

followed by exposure to visible light results in intracellular generation of reactive oxygen 

species (ROS) (1–4). ROS induce primarily intrinsic (mitochondrial), caspase 9-mediated 

apoptosis (1–3). In topically applied aminolevulinate (ALA)-PDT, the porphyrin precursor 

ALA is metabolized by the targeted tissue into protoporphyrin IX (PpIX), an endogenous 

photosensitizer (3). The selectivity and the non-invasive nature of topical ALA-PDT as well 

as the absence of serious and/or long-term side effects render this modality one of the most 

attractive treatment options for malignant and benign chronic skin disorders (3, 4). However, 

while actinic keratoses and superficial basal cell carcinomas respond exceedingly well to 

ALA-PDT, comparable results have not yet been achieved in diseases in which neoplastic 

and/or inflammatory T cells play a fundamental role, such as chronic psoriasis, lichen planus 

or cutaneous T cell lymphoma (CTCL) (4–8).

In CTCL, the resistance to apoptosis is inversely correlated with decreased expression of 

several apoptotic factors such as the death receptor FAS (9–11). We have previously 

discovered the function of MTX as an epigenetic regulator that re-establishes the 

susceptibility of treatment-resistant malignant T cells to extrinsic apoptosis (11–13). Using 

pyrosequencing, we showed that MTX reduces methylation of the promoter region of 

apoptosis genes such as FAS. We also have an abstract in press in the Journal of 

Investigative Dermatology that shows MTX as well as knockdown of DNA 

methyltransferases 1 and 3A increase expression of FASL.

Recently, we demonstrated that the combination of MTX with conventional PDT in the form 

of epigenetically enhanced PDT (ePDT) activates both the intrinsic as well as the extrinsic 

apoptotic pathway, thereby inducing significantly greater cell death in CTCL as opposed to 

MTX or ALA-PDT alone (14). Here, we extend our previous studies by analyzing multiple 

components of the FAS, TRAIL and TNF families after PDT alone versus ePDT in CTCL 

cell lines, leukemic CTCL cells and normal blood T cells with multispectral imaging 

analysis (MIA), a quantitative technique that is superior to conventional 

immunohistochemistry for the detection of antigens (15).
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MATERIALS AND METHODS

Human CTCL cell lines

The CTCL cell lines derived from patients with mycosis fungoides (MyLa, HH) or Sézary 

syndrome (Hut78, SZ4 and SeAx) were acquired as outlined elsewhere (11, 13). These cell 

lines are characterized by known anomalies of the FAS gene, including its absence (SeAx 

cells), and therefore show varying levels of FAS expression (11–13). For cell culture, RPMI 

1640 media with 2mM L-glutamine with 10% fetal bovine serum and 1mM sodium pyruvate 

(added to all cell lines) and 10mM 4-(2-hydroxyethyl)-1-piperazine-ethanesulfonic acid (HH 

and SZ4) was used.

Human leukemic CTCL cells

Cryopreserved peripheral blood mononuclear cells were obtained from a woman with 

Sézary syndrome stage IVA. The patient gave written informed consent and all protocols 

adhered to the Declaration of Helsinki principles. At the time of blood collection, the patient 

was 3 months off therapy. Dominant clonality was confirmed by both TCR-beta and TCR-

gamma gene rearrangement analysis. The sample consisted of 97 % tumor cells as assessed 

by flow cytometric detection of the CD3+CD4+CD26− phenotype. After thawing, the cells 

were suspended in warm RPMI 1640 medium with 2mM L-glutamine and 10% FBS, 

pelleted by centrifugation, re-suspended in medium and cultured as described above.

Human normal blood T cells

Cryopreserved, negatively selected human CD4+ T cells from three normal, healthy US 

donors (Precision Bioservices, Frederick, MD) were thawed and cultured in accordance with 

the protocol provided by the manufacturer. Standard ALA-PDT and ePDT: Standard PDT 

was performed by incubating the cells for 6 hours with 1mM 5-aminolevulinate 

hydrochloride (Sigma-Aldrich, Saint Louis, MO) with subsequent illumination with 630 nm 

light at 3.22 J/cm2 via the Luzchem Expo Panel light source, which was outfitted with a red 

filter (Luzchem Research, Ottawa, Canada). Cells were collected at 24 hours after light 

exposure. For ePDT, cells were first exposed to 100 nM methotrexate hydrate (Sigma-

Aldrich) for 48 hours and then treated with ALA-PDT as outlined above. All experiments 

included untreated controls, ALA only, light only as well as MTX only samples. To prevent 

photobleaching, all steps requiring ALA were carried out in the dark. To monitor for cellular 

PpIX, cells were collected after 6 hours of incubation with ALA, centrifuged, re-suspended 

in phosphate-buffered saline (PBS) and transferred onto glass slides to visualize and 

measure the PpIX fluorescence with the Nuance microscope. Using a 405nm light source 

and the fluorescence mode, multispectral images cubes were generated at 20X 

magnification. The spectral library was created by sampling the characteristic fluorescence 

of PpIX. Levels were assessed as average signal/cell.

Immunohistochemistry (IHC)

After collection and washing with PBS, the cells were centrifuged and re-suspended in PBS 

to produce cytopreparations on positively charged microscope glass slides. The following 

panel of primary antibodies was used for biomarker detection: anti-FAS/CD95 antibody 
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clone APO-1-1 (Enzo Life Sciences, Farmingdale, NY), anti-FASL antibody clone 5G51 

(Enzo Life Sciences), anti-TRAIL antibody clone III6F (Enzo Life Sciences), anti-DR4 

antibody clone DJR1 (Thermo Fisher Scientific, Waltham, MA), anti-DR5 polyclonal 

antibody (Novus Biologicals, Littleton, CO), anti-TNF-R1 antibody clone H398 (Enzo Life 

Sciences), anti-TNFα antibody clone 2C8 (Abcam, Cambridge, MA), anti-cleaved caspase-3 

antibody clone 31A1067 (Enzo Life Sciences), anti-cleaved caspase-8 antibody clone 12F5 

(Enzo Life Sciences), anti-cleaved caspase-9 polyclonal antibody (Abcam). Methylene blue 

(MB) was applied to all slides as counterstain. Protein visualization was performed with the 

MACH4 Universal HRP-Polymer detection assay (Biocare Medical, Concord, CA) and 3,3-

diaminobenzidine (DAB).

Multispectral imaging analysis (MIA)

Protein expression was quantitated with Nuance (Perkin-Elmer, Waltham, MA). A detailed 

description is outlined in our previous article (14). Briefly, following the acquisition of 

multispectral image cubes of relevant slide areas, a spectral library with wavelength curves 

of individual dyes was generated using slides stained with MB alone and DAB alone. Blue 

and red pseudo-colors were chosen to represent MB and DAB, respectively. 100–300 cells/

slide were marked for analysis. Nuance determined the amount of target protein (the 

intensity of red color) within each cell using the spectral library as reference, showing final 

measurements as average optical density (OD)/cell. All Tables and Figures are based on 

quantitation of protein expression by MIA.

Statistical analysis

Statistical analysis was performed by using one-way ANOVA followed by Tukey’s multiple 

comparison test. P-values < 0.05 were considered statistically significant.

RESULTS

ePDT induces significantly higher expression of death receptors/ligands in vitro and ex 
vivo than standard PDT

As summarized in Table 1, the levels of various death receptors/ligands in CTCL cell lines 

and leukemic CTCL cells were significantly higher after ePDT versus PDT alone. 

Supporting Information Figure S1 depicts representative microscopic IHC images and high-

power images of biomarker expression generated by Nuance as well as examples of 

quantitative analysis.

FAS and FASL (Figure 1)—In FAS-high MyLa and Hut78 cells, the expression of this 

receptor remained unaffected by all therapies (i.e. MTX alone, PDT alone, ePDT). In the 

FAS-low cell lines HH and SZ4, MTX alone as well as ePDT, but not standard PDT, led to a 

significant upregulation of FAS. The SeAx cells (FAS-null) were not included in this set of 

experiments. In the PBMCs from the patient with Sézary syndrome, baseline FAS 

expression was low and did not change in response to all treatment modalities tested. The 

CTCL cell lines were characterized by low baseline levels of FASL. In contrast, untreated 

leukemic CTCL cells were FASL-high. PDT alone as well as ePDT resulted in an increased 

FASL expression in all five CTCL cell lines, with ePDT inducing significantly higher FASL 
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levels relative to standard PDT in MyLa, Hut78 and SZ4, while neither treatment altered 

FASL expression in leukemic PBMCs.

DR4, DR5 and TRAIL (Figure 2)—Low baseline expression of DR4 and its significant 

induction in response to MTX alone were observed in all cell types. PDT alone led to 

increased DR4 levels in MyLa, SZ4 and SeAx, but not in Hut78, HH and patient-obtained 

cells. In all samples, ePDT led to significantly higher DR4 induction as opposed to standard 

PDT. Four CTCL cell lines (Hut78, HH, SZ4 and SeAx) exhibited high baseline DR5 

expression, which did not change post-treatment. DR5 expression was significantly induced 

in MyLa following MTX exposure as well as post ePDT in MyLa and in leukemic CTCL 

cells. Among untreated samples, SZ4 showed high levels of TRAIL, the binding partner of 

DR4 and DR5. In MyLa, significantly greater TRAIL expression was measured after MTX 

alone as well as after ePDT, but not after PDT alone. In HH and in leukemic PBMCs, 

TRAIL was elevated in response to both standard PDT and ePDT relative to controls, 

however, there was no significant difference in TRAIL induction between the two 

modalities.

TNF-R1 and TNFα (Figure 3)—The baseline levels of TNFR1 were low in all untreated 

samples. The expression of this death receptor was greatly increased following PDT alone 

and ePDT compared with controls, but our data showed no significant difference in TNFR1 

levels between ALA-PDT- versus ePDT-treated cells. Baseline TNFα expression was low in 

all cells and was markedly elevated in all MTX only- as well as all ePDT-treated samples. In 

MyLa, Hut78, SZ4 and SeAx cell lines, TNFα was also upregulated in response to 

conventional PDT. As shown in Table 1, ePDT resulted in significantly higher TNFα levels 

than ALA-PDT in all cells except MyLa.

ePDT results in greater extrinsic pathway apoptosis than standard PDT in CTCL cell lines 
as well as in leukemic CTCL cells

ePDT produced significantly greater caspase 8 activation in CTCL cell lines and in patient-

derived leukemic PBMCs as opposed to standard PDT as well as to MTX alone (Figure 4). 

These data indicate that ePDT induces primarily the extrinsic apoptotic pathway in 

malignant T cells both in vitro and ex vivo.

ePDT results in greater caspase 3 cleavage than standard PDT in CTCL cell lines, and 
induces greater caspase 9 cleavage in Hut78 and HH cells, thereby enhancing the 
apoptotic efficacy of this modality versus standard PDT

Relative to conventional PDT, ePDT resulted in significantly greater overall apoptosis in all 

cell lines as indicated by caspase 3 cleavage following treatment (Figure 5). The greatest 

increase in apoptotic cell death after ePDT as opposed to standard PDT was measured in HH 

and SZ4, the FAS-low CTCL prototypes. Notably, in the ex vivo setting there was also more 

overall apoptosis post ePDT as opposed to PDT alone that was just short of statistical 

significance (p = 0.067). Moreover, ePDT resulted in greater induction of intrinsic apoptosis, 

evidenced by caspase 9 activation, in two CTCL cell lines, namely Hut78 and HH (Figure 

6). Table 2 summarizes the significant differences in the expression of apoptotic markers 

(i.e. cleaved caspase 3-, 8- and 9-products) after ePDT relative to standard PDT.
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ePDT does not significantly affect the expression of death receptor/death receptor ligands 
in normal T cells, nor does it result in a significant increase of cleaved caspase-3, -8 or -9 
products in normal blood T cells

The baseline expression of death receptor/death receptor ligands in normal blood T cells 

remained unchanged after exposure to MTX, ALA-PDT and ePDT. Furthermore, neither 

treatment caused significant apoptosis as assessed by cleavage of caspases in these 

lymphocytes (Figure S2).

DISCUSSION

Curative therapies for MF and its leukemic form, Sézary syndrome (SS), which comprise the 

vast majority of all CTCLs, are currently lacking. Moreover, the indolent clinical course of 

early-stage MF requires effective yet minimally toxic therapeutic strategies. Thus far, the 

application of standard ALA-based PDT in CTCL has resulted in variable clinical outcomes 

despite adequate application of photosensitizer and light (4–8, 16). The sensitivity of 

malignant T cells to PDT-induced apoptotic cell death is well documented (17–22). 

Nevertheless, the underlying biomolecular mechanisms remain to be investigated in detail. 

ALA-PDT activates primarily the intrinsic, caspase 9-mediated apoptotic pathway, however, 

changes in the expression of death receptors/ligands and/or caspase 8-activation have been 

described in oral and lung cancer cells as well as in the setting of PDT with drugs other than 

ALA, respectively (23–28). Furthermore, most studies investigating the response of 

malignant T-lymphocytes to PDT involve the Jurkat cell line, which originates from T-cell 

acute lymphoblastic leukemia and therefore does not represent CTCL concerning its tumor 

biology (17, 29). Our experiments, however, were carried out using human CTCL cell lines 

and ex vivo leukemic CTCL cells characterized by a wide range of death receptor/ligand 

expression, thereby creating ideal conditions to analyze the associations between varying 

levels of the above-mentioned markers and the effectiveness of MTX, PDT and ePDT in 

inducing apoptosis related cytotoxicity in CTCL. Our current report includes data on 

upstream extrinsic (caspase 8) and intrinsic (caspase 9) apoptotic pathways. It also includes 

data on the downstream apoptotic pathway (caspase 3) into which both of these upstream 

pathways flow. Activation of both upstream and downstream apoptotic factors by their 

cleavage is considered reliable evidence of cytotoxicity via apoptosis. Furthermore, our 

earlier ePDT paper demonstrated increased PARP cleavage products accompany the 

cleavage of these apoptotic factors. This is a second independent confirmation of 

cytotoxicity.

Epigenetic alterations involving death receptor/ligand pairs like FAS/FASL, TNF-R1/TNFα 
and TRAIL-R2(DR5)/TNF-related apoptosis-inducing ligand (TRAIL) represent a major 

mechanism of apoptotic resistance in malignant T cells. Moreover, variable expression of 

apoptotic pathway components in lesional skin of patients with MF points to heterogeneity 

of such alterations among individuals (30). Therefore, the relative lack of therapeutic 

success of PDT in CTCL patients could be caused by epigenetic suppression of death 

receptor-/ligand-expression. Our previously published ePDT study (14) supports the above 

hypothesis, demonstrating significantly greater apoptosis in 5 human CTCL cell lines post 

ePDT versus PDT or MTX alone. Specifically, we observed that a) the apoptotic response of 
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CTCL correlated positively with baseline FAS expression and that ePDT reestablished FAS 

expression in FAS-low cell lines while simultaneously upregulating FASL, b) ePDT also 

increased some other extrinsic apoptotic pathway components in different CTCL cell lines 

(although non-FAS pathway analysis was limited in our earlier study), and c) ePDT 

enhanced primarily extrinsic as opposed to intrinsic apoptosis in CTCL. Thus, ePDT 

eliminates the targeted cells by inducing both the extrinsic as well as the intrinsic apoptotic 

pathways, whereas standard PDT induces primarily intrinsic apoptosis. These studies led to 

the introduction of ePDT as a novel therapeutic tool for disorders in which apoptosis-

resistant T-lymphocytes play a major role (14).

The data presented in the current manuscript expands our previous work on ePDT that was 

purely an in vitro study of CTCL cell lines and examined only a few apoptosis factors. In 

addition to confirming this prior work, the current paper extends our findings to the wide 

array of death receptor/ligand pairs like FAS, TRAIL and TNF apoptotic pathways. 

Importantly, it also adds ex vivo data from CTCL leukemic blood cells and normal blood T 

cells. These are primary isolates, not cell lines. They are the closest substitutes for actual 

clinical data because no good animal models of human CTCL exist.

As demonstrated in Table 2, Figure 4 and Figure 5, ePDT led to greater extrinsic and overall 

apoptosis both in vitro and ex vivo as compared to standard PDT. This corresponded with 

markedly greater induction of various death receptor/death receptor ligands post ePDT 

versus PDT alone, as summarized in Table 1. The histograms in Figures 1–3 illustrate the 

changes of death receptor/death receptor ligand expression observed post exposure to the 

single components of ePDT. Standard PDT did not affect the expression of FAS in CTCL. 

However, ePDT upregulated FAS in FAS-low HH and SZ4 cells. While PDT alone resulted 

in increased levels of FASL in all 5 CTCL cell lines, ePDT induced significantly more in 

MyLa, Hut78 and SZ4. In contrast, FAS/FASL expression remained unchanged from 

relatively high baseline levels in the leukemic CTCL cells, suggesting the involvement of 

additional death receptor/ligand pairs in the enhanced response to ePDT ex vivo in this 

particular CTCL patient. Relative to standard PDT, ePDT led to significantly increased 

expression of DR4 (all five CTCL cell lines, leukemic CTCL cells), DR5 (MyLa, leukemic 

CTCL cells) and TRAIL (MyLa). Furthermore, in all CTCL samples except MyLa, ePDT 

induced greater TNFα levels than PDT. Collectively, these results show that the combination 

of MTX and traditional PDT in the form of ePDT results in greater induction of various 

death receptor/ligand pairs. Moreover, while all malignant T cells demonstrated increased 

cleavage of caspase 9 in response to MTX, PDT and ePDT, intrinsic apoptosis was 

significantly greater post ePDT versus standard PDT in two of the cell lines tested (Table 2, 

Figure 6). This could be due to the fact that MTX, independently of its epigenetic actions, 

also tends to induce ROS production, and/or that caspase 8-cleavage is known to activate the 

intrinsic pathway, e.g. via the truncation of BID (BH3 interacting-domain death agonist) (31, 

32). Since MTX is known to increase PpIX in tumor cells, increases in cleaved caspase 9 

could also be due to this mechanism (33, 34). This is consistent with MTX’s known effect 

on inducing intrinsic (mitochondrial) apoptosis through increased reactive oxygen species 

resulting in cleavage of caspase 9. However, this effect does not alter our findings showing 

that MTX in the context of ePDT augments apoptosis by increasing death receptor/ligand 

pairs resulting in increased extrinsic apoptosis. Our current data clearly demonstrate that 
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ePDT increases cleaved caspase 8 (the hallmark of extrinsic apoptosis). If increasing PpIX 

was the main effect of MTX, then cleaved caspase 8 should not be increased because PpIX 

does not act through the caspase 8 pathway. Importantly, as shown in Figure S2, neither 

ePDT nor its single components caused significant apoptosis or measurable changes in the 

expression of death receptors or their respective ligands in normal blood T cells derived 

from healthy individuals. These observations suggest that the selective elimination of 

malignant versus normal cells, which represents an especially advantageous attribute of PDT 

over conventional chemotherapy, applies to ePDT as well.

The current report, along with our previous studies, sets the stage for clinical trials of ePDT. 

Animal studies are also an option; however, there are really no good animal models of 

human CTCL. In addition, both MTX and PDT are FDA-approved therapies, and both have 

been used separately to treat CTCL patients. Therefore, we believe that our current data 

provide a rationale for proceeding with early phase clinical trials. Nevertheless, it is 

important to emphasize that initial human trials should focus on establishing a dose-range 

that minimizes clinical toxicity before proceeding to trials focused on clinical efficacy. ePDT 

might benefit especially patients with uni-/oligolesional patch-/plaque-stage MF in whom 

minimally toxic treatment options are preferable. Notably, ePDT could be successful in 

cases that previously failed standard PDT. In this context, quantitative IHC of skin biopsies 

with MIA would serve as an optimal tool to pre-select individuals for whom ePDT would be 

most beneficial and to monitor its effects by objective assessment of relevant proteins 

directly in situ (11, 15, 35–37). Thus, the high response rates of AKs to ALA-PDT might be 

reproduced in subjects with CTCL. In particular, individuals with follicular MF located in 

problematic areas, i.e. face, scalp, hands and feet, would represent ideal candidates for 

ePDT. The range of available therapeutic options in such cases is limited due to the complex 

topography of the lesions. Using standard ALA-PDT, Pileri et al reported partial and 

complete remissions of MF patches in difficult-to-treat sites (16). Goddard et al have 

demonstrated that low-dose, high dose-rate brachytherapy, i.e. the administration of 

radiation via flexible catheters secured within customized surface molds, can lead to 

prolonged remission in patients with facial and acral CTCL lesions (38, 39). Brachytherapy 

has also been used to treat other skin malignancies, such as squamous and basal cell 

carcinoma as well as cutaneous metastases of Merkel cell carcinoma (40, 41). However, 

although radiotherapy is effective in the treatment of CTCL, it carries the risk of significant 

acute/chronic toxicity and of inducing other cancers. In addition, cumulative toxicity limits 

the number of treatments to the same area over time. Here, ePDT would serve as a non-

invasive and non-carcinogenic as well as a cost-effective alternative to brachytherapy. Lastly, 

it is possible that ePDT could also surpass the effectiveness of standard PDT in the 

management of other cutaneous cancers, such as basal cell or squamous cell carcinoma, 

which are frequently characterized by epigenetic dysregulations of apoptotic pathway 

components, and it would be especially useful in patients with cancers located in 

anatomically challenging areas.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Quantitative analysis of FAS and FASL-expression in CTCL cell lines and leukemic CTCL 

cells: untreated samples (1), post 48h incubation with 100 nM MTX (2), 24 hours after 

standard PDT (3), and 24 hours following ePDT (4). * p < 0.05 as compared to untreated 

samples; # p < 0.05 relative to standard PDT.
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Figure 2. 
Expression of DR4, DR5 and TRAIL in CTCL cell lines and leukemic CTCL cells as 

determined by MIA, showing untreated cells (1), cells post 48h incubation with 100 nM 

MTX (2), cells 24 hours after PDT alone (3), and cells 24 hours after ePDT (4). * p < 0.05 

as compared to untreated samples; # p < 0.05 relative to standard PDT.
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Figure 3. 
MIA-quantitated expression of TNFR1 and TNFα in CTCL cell lines and leukemic CTCL 

cells: untreated samples (1), after 48h incubation with 100 nM MTX (2), 24 hours after 

standard PDT (3), and 24 hours after ePDT (4). * p < 0.05 as compared to untreated 

samples; # p < 0.05 relative to standard PDT.
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Figure 4. 
Assessment of cleaved caspase 8 levels in CTCL cell lines and leukemic CTCL cells based 

on MIA: untreated samples (1), post MTX alone (2), post standard PDT (3) and post ePDT 

(4). * p < 0.05 as compared to untreated cells; # p < 0.05 relative to standard PDT.
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Figure 5. 
MIA-assessed cleaved caspase 3 expression in CTCL cell lines and leukemic CTCL cells, 

showing untreated samples (1), cells post MTX alone (2), cells post standard PDT (3) and 

cells post ePDT (4). * p < 0.05 as compared to untreated samples; # p < 0.05 relative to 

standard PDT.
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Figure 6. 
MIA-determined levels of cleaved caspase 9 in CTCL cell lines and leukemic CTCL cells: 

untreated samples (1), post MTX alone (2), post PDT alone (3) and post ePDT (4). * p < 

0.05 as compared to untreated samples; # p < 0.05 relative to standard PDT.
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