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Abstract

Photodynamic therapy (PDT) is an emerging treatment for malignant and inflammatory dermal 

disorders. Photoirradiation of the silicon phthalocyanine (Pc) 4 photosensitizer with red light 

generates singlet oxygen and other reactive oxygen species to induce cell death. We previously 

reported that Pc 4-PDT elicited cell death in lymphoid-derived (Jurkat) and epithelial-derived 

(A431) cell lines in vitro, and furthermore that Jurkat cells were more sensitive than A431 cells to 

treatment. In this study, we examined the effectiveness of Pc 4-PDT on primary human CD3+ T 

cells in vitro. Fluorometric analyses of lysed T cells confirmed the dose-dependent uptake of Pc 4 

in non-stimulated and stimulated T cells. Flow cytometric analyses measuring annexin V and 

propidium iodide (PI) demonstrated a dose-dependent increase of T cell apoptosis (6.6–59.9%) at 

Pc 4 doses ranging from 0–300 nM. Following T cell stimulation through the T cell receptor using 

a combination of anti-CD3 and anti-CD28 antibodies, activated T cells exhibited increased 

susceptibility to Pc 4-PDT-induced apoptosis (10.6–81.2%) as determined by Pc 4 fluorescence in 

each cell, in both non-stimulated and stimulated T cells, Pc 4 uptake increased with Pc 4 dose up 

to 300 nM as assessed by flow cytometry. The mean fluorescence intensity (MFI) of Pc 4 uptake 

measured in stimulated T cells was significantly increased over the uptake of resting T cells at 

each dose of Pc 4 tested (50, 100, 150 and 300nM, p<0.001 between 50 and 150nM, n=8). Treg 

uptake was diminished relative to other T cells. Cutaneous T cell lymphoma (CTCL) T cells 

appeared to take up somewhat more Pc 4 than normal resting T cells at 100 and 150nm Pc 4. 

Confocal imaging revealed that Pc 4 localized in cytoplasmic organelles, with approximately half 
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of the Pc 4 co-localized with mitochondria in T cells. Thus, Pc 4-PDT exerts an enhanced 

apoptotic effect on activated CD3+ T cells that may be exploited in targeting T cell-mediated skin 

diseases, such as cutaneous T cell lymphoma (CTCL) or psoriasis.
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 Introduction

Photodynamic therapy (PDT) uses visible light to activate a photosensitizing compound to 

generate cytotoxic reactive oxygen species that damage target and surrounding cells through 

apoptosis as well as other cell death processes. This technique has been demonstrated to be 

effective in non-melanoma skin cancers (NMSCs) (1–5) as well as other non-oncogenic skin 

conditions such as acne (6–8) and warts (9–11). Silicon phthalocyanine (Pc) 4 is a second-

generation PDT photosensitizer discovered and developed at Case Western Reserve 

University (5) that has been recently shown to be safe in Pc 4-PDT-treated patients with skin 

neoplasms and to produce clinical improvement in cutaneous T cell lymphoma lesions (12–

14). Pc 4 offers several advantages for PDT: 1.) It can be synthesized in high purity; 2.) The 

far-red absorption peak of Pc 4 has a high extinction coefficient, allowing efficient 

absorption of light at depth; 3.) Favorable pharmacodynamics allow for rapid clearance from 

the skin, minimizing post-treatment cutaneous photosensitivity. The use of Pc 4-PDT in 

clinical trials for psoriasis and cutaneous T-cell lymphoma has demonstrated this modality to 

be safe (12), with a maximum tolerated dose identified in CTCL, but not reached in 

psoriasis.

Pc 4 has been shown to preferentially bind to mitochondrial, lysosomal and endoplasmic 

reticulum (ER) membranes in lymphoid-derived (Jurkat) and epithelial-derived (A431) cell 

lines in vitro (15, 16) as well as in numerous other cancer cell lines (reviewed in ref. 15). 

However, whether or not there is differential uptake and function as PDT on primary human, 

resting, activated, and malignant T cells is unknown. Therefore, we examined the 

effectiveness of Pc 4-PDT on such primary human CD4+ T cells in vitro. In this paper, we 

found that Pc 4 is preferentially taken up by activated and malignant T cells, which are rich 

in mitochondria, with a resultant associated increased Pc 4-PDT mediated apoptosis.

 Materials and Methods

 Human subjects

All studies of human subjects were approved by the Institutional Review Board of 

University Hospitals Case Medical Center (Cleveland, OH). Peripheral blood samples and/or 

punch biopsies were obtained from volunteer healthy controls and CTCL patients with 

Sezary Syndrome following informed consent.
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 Cell Isolation

Peripheral blood mononuclear cells (PBMCs) were isolated from heparinized peripheral 

blood by Histopaque (Sigma-Aldrich), according to the manufacturer’s instructions. CD3+ 

or CD4+ cells were separated from PBMCs by negative selection on MACS LS separation 

columns (CD3+/CD4+ T cell isolation kit; Miltenyi Biotec), according to the manufacturer’s 

instructions. CD4+ cells were used for regulatory T cell (Treg) uptake experiments (see 

Figure 3). For Treg specific experiments, after overnight incubation, CD4+ T cells were 

incubated with phycoerythrin (PE)-labeled anti-CD25 mAb (BD Biosciences). Based on 

isotype comparators and expression levels, cells were then sorted into CD25high, CD25mid 

and CD25− subsets using a BD FACSAria cell sorter (Case Comprehensive Cancer Center 

Imaging and Cytometry Core Facility).

 Cell Culture

For all experiments, cells were cultured in RPMI 1640 (HyClone) supplemented with 10% 

fetal bovine serum (Lonza), 1% L-glutamine (HyClone), 1% penicillin-streptomycin and 0.2 

mM beta-mercaptoethanol (Sigma-Aldrich). To activate the sorted CD25high, CD25mid and 

CD25− cells, 24-well cell culture plates (Costar) were coated with 0.5–5 μg/mL anti-CD3 

mAb (BD Pharmingen). Cells were cultured for 3–5 days in 500 μL complete medium in the 

presence or absence of 1 μg/mL soluble anti-CD28 mAb (BD Pharmingen).

 Apoptosis Assay

CD25high, CD25mid and CD25− cells were cultured at 3–4 × 105 cells per well with or 

without CD3/CD28 stimulation for 48 h. After resting an additional 24 h, cells were 

incubated with varying doses of Pc 4 (50–300 nM) in RPMI complete medium for 2 h, 

followed by irradiation with red light using a light-emitting diode array (EFOS, Mississauga, 

Ontario, Canada) at a fluence of 200 mJ/cm2 (1 mW/cm2, λmax ~670–675 nm) at room 

temperature. After 4h, cells were harvested and stained with fluorescein isothiocyanate 

(FITC)-labeled anti-Annexin V mAb and PI), according to the manufacturer’s instructions 

(Annexin V-FITC Apoptosis Detection Kit I; BD Biosciences). Flow cytometric analysis 

was performed using the BD FACSAria Flow Cytometer.

 Pc 4 uptake into T-cells

T cells were cultured at 3–4 × 105 cells per well with or without CD3/CD28 stimulation for 

48 h. After resting an additional 24 h cells were incubated with the indicated concentration 

of Pc 4 (50–300 nM) in complete medium for 2 h. Cells were then harvested and washed 

with Hanks’ Balanced Salt Solution (1 mL) twice. Flow cytometric analysis was performed 

using a LSR II Flow Cytometer (Case Comprehensive Cancer Center Imaging and 

Cytometry Core Facility). Pc 4 was excited by a broadband UV laser (335–365 nm) and 

fluorescence emission was collected with a 650-nm long-pass filter. Autofluorescence of 

control cells was subtracted. In a subset of cells, cells were harvested, washed with Hanks’ 

solution (1 mL) twice and then lysed in sodium dodecyl sulfate (SDS; 2 mL of 0.5%). The 

SDS concentration was above the critical micelle concentration (SDS CMC = 0.24%). Cell 

lysates were collected, and fluorescence was measured (Vector X3 Spectrophotometer, 
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Perkin Elmer). A standard curve was constructed from cells lysed without Pc 4 to which 

known concentrations of Pc 4 (0–300 nM) were added.

 Confocal Microscopy

T cells were cultured at 2 × 106 cells/mL with stimulation for 72 h. After this period, cells 

were incubated with the indicated concentration of Pc 4 (0–300 nM) in complete medium 

for 2 h. Cells (100 μL) were incubated with 50 nM MitoTracker Green (Invitrogen) for 30 

min at 37°C, then counterstained with 10 μg/mL Hoechst 33342 (Sigma-Aldrich) for an 

additional 15 min at 37°C. Five to 10 μL of stained cells were then placed on a slide with a 

glass coverslip and confocal images were acquired using an UltraVIEW VoX spinning disk 

confocal system (PerkinElmer) mounted onto a Leica DMI6000B microscope (Leica 

Microsystem, Inc.) equipped with a HCX PL APO 100X/1.4 oil immersion objective. 

Confocal images of Pc 4 fluorescence were collected using a solid state diode 640 nm laser 

and a 705(W90) band pass filter. Images of MitoTracker Green fluorescence and Hoechst 

33342 were collected using a solid state diode 488 nm laser with a 527(W55) band pass 

filter and 405 nm laser with a 445(W60) band pass filter, respectively.

 Results

 Activated T cells incorporate higher levels of Pc 4 than resting T cells

CD3+ T cells were cultured with or without anti-CD3/CD28 stimulation and then exposed to 

various concentrations of Pc 4 in complete medium for 2 h. Cells were then harvested and 

washed to remove the medium and any associated non-internalized Pc 4. Internalized Pc 4 

was quantified by flow cytometry as described in Methods. Activated T cells incorporated 

up to 4-fold higher levels of Pc 4 compared to resting T cells (Figs. 1A & B). Cumulative 

data for Pc 4 uptake are indicated in Fig. 1C. T cells incorporated Pc 4 in a dose-dependent 

manner; at each Pc 4 concentration, activated cells incorporated more Pc 4 than resting cells 

(p≤0.001 at each of 50, 100 and 150nM Pc 4, n=8). Note the double peak in the activated 

samples. There was variation in the degree of activation in this population such that, the 

larger peak correlated with more activated cells, while the smaller correlated with less 

activated cells.

 Activated T cells exhibit greater susceptibility to Pc 4-PDT-induced cell death than 
resting T cells

We next sought to determine whether or not the increased uptake of Pc 4 translated into 

more effective cell killing following photoirradiation of the cells. CD3+ T cells were 

cultured with or without anti-CD3/CD28 stimulation for 48 h. Following stimulation, cells 

were incubated with Pc 4 (50–300 nM) in complete medium for 2 h, followed by irradiation 

with 200 mJ/cm2 of 675 nm red light. Four h after irradiation, T cells were harvested and 

stained with fluorescein isothiocyanate (FITC)-labeled anti-Annexin V monoclonal antibody 

and PI (Fig. 2A, quadrant 2). Activated T cells exhibited substantial apoptosis (Annexin V) 

and cell death (PI uptake) at or above 100nM Pc 4 PDT, whereas resting T cells were 

relatively resistant to Pc 4 PDT at the 50, 100 and 150 nM doses (p< 0.01, n=8). At 300nM 

Pc 4, the differential cytotoxicity was lost (Fig. 2B). To confirm that apoptosis was the 

preferential cell killing method induced by Pc 4, we measure Caspase-3 induction in 
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activated versus regulatory T cells from healthy controls (Fig. 2C, n=2). We next determined 

whether activated T cells preferentially uptake Pc 4 relative to regulatory T cells, potentially 

targeting pathogenic T cells while sparing T regulatory cells. Indeed, as shown in Figure 3 

representative Treg samples from healthy control individuals demonstrate that both CD4+ 

CD25neg and CD4+ CD25mid cell populations (recently activated cells), take up more Pc 4 

than their corresponding Treg (CD4+ CD25+) population.

 Activated T cells incorporate more total Pc 4 than resting T cells

Only single Pc 4 monomers have significant fluorescence, while aggregated Pc 4 molecules 

are essentially non-fluorescent. Thus, the measurement of cellular Pc 4 by fluorescence may 

not account for all of the intracellular photosensitizer. Therefore, the total amount of Pc 4 in 

cells (Fig. 4A) was determined in the same cell populations described above by lysing an 

aliquot of cells in SDS, which solubilizes and monomerizes all Pc 4, and measuring the 

fluorescence emission after excitation of Pc 4 at 610 nm. The level of total Pc 4 increased in 

a dose dependent manner (Fig. 4A, B), as observed in the intact cell flow cytometry based 

assays (Fig. 1C); this observation rules out the possibility that differential Pc 4 fluorescence 

by flow cytometry is due to differences in aggregated monomeric Pc 4 when it is present and 

distributed in living T cells.

 Activated T cells are larger and contain proportionally increased levels of Pc 4 in 
mitochondria

Activated or resting cells were treated with 150 nM Pc 4 in complete medium for 2 h. Prior 

to imaging, 50 nM MitoTracker Green and 10 μg/mL Hoechst 33342 were loaded into the 

cells for 15 min at 37°C. As indicated in Fig. 5, activated T cells were larger and appeared to 

have internalized more Pc 4 compared to unstimulated cells. Intracellular Pc 4 demonstrated 

striking co-localization with mitochondria at a higher rate in activated compared to non-

activated T cells, suggesting that once internalized, Pc 4 is associated primarily with the 

mitochondrial membrane of T cells (Fig. 5). It has been reported that oncogenes and tumor 

suppressors can modulate signaling pathways that regulate mitochondrial dynamics and that 

mitochondrial mass and function vary between tumors and individuals (17–19). Therefore, 

the efficacy of Pc 4 PDT in CTCL patients may be related to enhanced uptake of Pc 4. At 50 

and 100nM Pc 4, resting CTCL T cells appeared to take up more Pc 4 than resting T cells 

isolated from healthy control individuals (Supplementary Figure 1A, B), with an average of 

953 MFI in CTCL versus 529 MFI in controls (50nM) and 1280 MFI in CTCL versus 893 

MFI in controls (100nM), in 2 paired patient and control samples. Upon activation, the 

difference in Pc 4 uptake between CTCL T cells and T cells from healthy control individuals 

is lost.

 Discussion

Pc 4 has been found to be highly effective against numerous human cancer cells in vitro and 

model tumor systems (20–25). PDT with Pc 4 is currently in clinical trials for psoriasis and 

CTCL (14, 26, 27), and other applications are being developed. Pc 4 has been shown to bind 

preferentially to mitochondrial, lysosomal and ER membranes (28, 27, 16). Interestingly, 

recent publications have suggested that PDT leads to an antigen-specific immune response 
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(29), which, taken together with our data indicating less Pc 4 uptake by Treg cells than by 

activated T cells, suggests a potential for rebalancing the ratio of Treg to Teff. For example, 

if Pc 4-PDT were applied during an ongoing effector T cell-mediated immune response, it is 

likely that more Tregs would be found at the response site due to less apoptosis associated 

with phototherapy due to less uptake of Pc 4. Therefore, in addition to having less effector T 

cells due to increased Pc 4 uptake and PDT-dependent apoptosis, there would be a higher 

ratio of Treg:Teff cells and a net suppressive environment which would result in a more 

effective suppression of a responding effector T cell response. Whether this will be 

demonstrable in autoinflammatory disorders and cancer remains to be seen, as a decrease in 

Treg in situ in esophageal cancer following PDT with Photofrin was not observed (30). 

Extensive investigations using various PDT photosensitizers have previously revealed 

preferential uptake of photosensitizers by 1.) leukemic cells (31–35); and 2.) activated 

lymphocytes compared to resting cells (36–39). The use of PDT for treatment of skin 

cancers has been slowly increasing with advances in light delivery systems and improved 

photosensitizers (40). The use of PDT in non-oncogenic skin disorders, such as the treatment 

of psoriatic plaques, has been evaluated > 25 years ago, and recent meta analyses have 

concluded that PDT may not be effective for psoriasis (41). One possible explanation for this 

lack of efficacy may be the uptake of the photosensitizer aminolevulinic acid (ALA) 

predominantly by keratinocytes of the skin (42), in essence acting as a sink for the 

photosensitizer following oral delivery. However, these same authors also demonstrated that 

oral delivery of the ALA also induced T lymphocyte apoptosis in psoriasis patients (43). 

Given new information regarding the potential target cells and immune response in psoriasis 

(e.g., Th17) differential uptake by activated lymphocytes compared to regulatory T cells, and 

the potential to one day specifically target Th17 cells, may present a viable attack strategy 

for PDT on psoriasis.

The mechanism of action of Pc 4 involves absorption of a photon by Pc 4, resulting in Pc 4 

emerging as a triplet-state photosensitizer that transfers energy to ground state oxygen (Type 

II photochemistry), generating singlet oxygen, a highly reactive form of oxygen that reacts 

with many biological molecules, including lipids, proteins, and nucleic acids, producing an 

oxidative stress and eventually leading to cell death (44). Cell types and states of activation 

vary significantly in their susceptibility to oxidative stress, which may account for our 

previous observation that a human acute T-cell leukemia cell line (Jurkat) was far more 

susceptible to Pc 4-PDT-induced cell death than was a human epidermoid carcinoma cell 

line (A431) (15). Interestingly, within populations of normal human T cells, we observed a 

hierarchy in which the highest uptake of Pc 4 occurred in activated T cells with large 

numbers of mitochondria, the next highest uptake was in resting T cells, with the lowest Pc 4 

uptake occurring in Treg. The high uptake of Pc 4 by activated T cells suggests that reactive 

T cells in chronic inflammatory conditions or neoplastic T cells in T cell lymphomas/

leukemias may be highly susceptible to Pc 4-PDT-induced cell death, with a potential 

therapeutic window where resting naïve and memory T cells are left alive, along with 

sparing of Treg cells that may be able to restore quiescence once the auto-reactive 

inflammatory population numbers are reduced.

To quantify the susceptibility of primary resting versus activated T cells to Pc 4-PDT, we 

negatively selected CD3+ T cells from normal peripheral blood samples, rested half of the T 
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cells for 24 h and stimulated the other half with CD3/CD28. Resting or activated T cells 

were then treated with various doses of Pc 4 for 2 h followed by photoirradiation. In 

response to PDT, we observed a Pc 4 dose-dependent increase in the percentage of cell death 

in both resting and activated T cells. Interestingly, activated T cells exhibited greater 

sensitivity than resting cells, a difference that was statistically significant at all except the 

highest dose of Pc 4.

Because activated T cells appear to be more susceptible to Pc 4-PDT than their resting 

counterparts, confirming observations by other investigators (34), we then determined 

whether there was any difference in the ability of activated and resting T cells to incorporate 

Pc 4 (45). Flow cytometric analysis of Pc 4 demonstrated that T cells incorporate Pc 4 in a 

dose-dependent manner and that activated cells incorporate more Pc 4 compared to resting 

cells. Using light scatter characteristics of T cells, it was apparent that larger, more granular 

cells (likely more activated) exhibited the most significant Pc 4 uptake (Fig. 1B).

This suggested that Pc 4 might localize in different sites in resting and activated T cells. 

Since Pc 4 preferentially binds to mitochondrial membranes, we used a mitochondrial 

marker (MitoTracker Green) to simultaneously visualize the mitochondria of the targeted T 

cells (28). Upon analysis of the confocal images, it was apparent that activated T cells are 

larger. Additionally, mitochondria were more numerous in activated T cells and contained 

proportionally increased levels of Pc 4. The increased numbers of mitochondria associated 

with activated T cells suggests that a mitochondrion-induced apoptosis may occur in T cells 

as observed for other cell types. Specifically, Pc 4-PDT has been demonstrated to damage 

the anti-apoptotic proteins Bcl-2 and Bcl-XL when they are bound to the mitochondrial or 

ER membranes, resulting in Bax translocation from the cytosol to mitochondria, and the 

release of cytochrome c and induction of the intrinsic apoptosis pathway that may be 

enhanced by lysosomal disruption (46, 15, 47–51).

In conclusion, these results suggest that a window exists in which activated normal primary 

T cells are more susceptible to Pc 4-PDT-induced cell death compared to their resting 

counterparts. Additionally, our flow cytometry and fluorometry experiments demonstrate 

that activated cells incorporate more Pc 4 proportionally to size and granularity. The 

presence of activated T cells in T cell-mediated skin diseases, such as CTCL, may provide a 

favorable therapeutic window in which Pc 4-PDT may act. Lastly, confocal imaging appears 

to indicate an increase of mitochondria and thus a proportional increase in Pc 4 levels. Our 

results indicate that activation of T cells provides an increased target area (mitochondria) 

upon which Pc 4 may act, and that apoptosis induction by Pc 4 may be useful in skin 

diseases where T cell proliferation is ongoing. These observations may account for the 

increased sensitivity of activated T cells to Pc 4-PDT.

 Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig 1. Activated T cells incorporate higher levels of monomeric Pc 4 than resting T cells
Activated or resting T cells were incubated with Pc 4 (0–300 nM) in complete medium for 2 

h. To measure monomeric Pc 4 levels, flow cytometric analysis was performed using a LSR 

II Flow Cytometer to obtain the mean fluorescence intensity (MFI) for each sample. Pc 4 

was excited by a broadband UV laser (335–365 nm) and fluorescence emission was 

collected with a 650-nm long-pass filter. Autofluorescence was subtracted from each 

sample. (A & B) Representative examples of the resting (A) and activated (B) populations 

are shown from 8 independent experiments (individuals). (C) Quantitative data 

demonstrating the average Pc 4 MFI ± SEM in resting and activated T cells.
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Fig 2. Activated T cells exhibit greater susceptibility to Pc 4-PDT induced cell death
Activated or resting T cells were incubated with varying doses of Pc 4 (0–300 nM) in 

complete medium for 2 h, followed by irradiation with 200 mJ/cm2 of red light (λmax = 675 

nm). After 4 h, cells were harvested and stained with fluorescein isothiocyanate (FITC)-

labeled anti-Annexin V mAb and PI. Flow cytometric analysis was performed using the BD 

FACSAria flow cytometer. Baseline levels of cell death (~7% and ~15% in Q1 and Q2, 

respectively) were subtracted for each sample. (A) Representative histograms are shown for 

Annexin V and PI staining following 150 nM treatment of resting vs. activated T cells. (B) 
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Data from 8 independent experiments were combined and analyzed for significance by 

paired Student’s t test.) Activated T cells exhibit a greater sensitivity than resting cells, a 

difference that was statistically significant at all Pc 4 concentrations except the highest (300 

nM), where cell death was extensive in both cell populations. (C) Representative histograms 

(n=2) are shown for Caspase-3 staining following 100 nM treatment of activated T cells 

versus regulatory T cells.
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Fig 3. Treg take up less Pc 4 than activated dividing T cells
Treg cells from 3 subjects (defined as the highest 5% of CD4 cells expressing CD25) were 

sorted by flow cytometry and then incubated with Pc 4 (0–300 nM) in complete medium for 

2 h. To measure monomeric Pc 4 levels, flow cytometric analysis was performed using a 

LSR II Flow Cytometer to obtain the mean fluorescence intensity (MFI) for each T cell 

subset. Pc 4 was excited by a broadband UV laser (335–365 nm) and fluorescence emission 

was collected with a 650-nm long-pass filter. Autofluorescence was subtracted from each 

sample. Three independent experiments are shown (A–C), indicating that CD4+ CD25high 

Treg cells incorporate less Pc 4 (lower Pc 4 MFI) than the proliferative populations of CD4+ 

CD25mid or CD4+ CD25neg T cells from the same subjects.
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Fig 4. Activated T cells incorporate more total Pc 4 than do resting T cells
Activated or resting T cells were incubated with Pc 4 (0–300 nM) in complete medium for 2 

h. To analyze total Pc 4 levels, cells were lysed in SDS. The SDS concentration was above 

the critical micelle concentration (SDS CMC = 0.24%). Cell lysates were collected, and 

fluorescence was measured. (A) A representative example of one experiment with resting T 

cells shows the level of total Pc 4 increased in a dose-dependent manner. (B) Cumulative 

data indicated that activated T cells incorporate more total Pc 4 than resting cells at each 

concentration, although this became less distinct at 300 nM Pc 4.
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Fig. 5. Activated T cells are larger and contain proportionally increased levels of Pc 4 in 
mitochondria
Activated or resting T cells were treated with Pc 4 (0–300 nM) in complete medium for 2 h. 

Prior to imaging, 50 nM MitoTracker Green and 10 μg/mL Hoechst 33342 were added to the 

cell culture for 15 min at 37°C. Stained cells were placed onto a slide with a glass coverslip 

and all images were acquired using the UltraVIEW VoX spinning disk confocal system 

mounted on a Leica DMI6000B microscope equipped with a HCX PL APO 100×/1.4 oil 

immersion objective. Confocal images were collected using solid-state diode lasers, with 

640 nm, 488 nm and 405 nm excitation light for Pc 4, MitoTracker Green and Hoechst 

33342, respectively, and with appropriate emission filters. Pc 4 (pseudo red) preferentially 

binds to mitochondrial membranes; mitochondria are marked using MitoTracker Green 

(pseudo green) and cell nuclei are marked with Hoechst 33342 (pseudo blue). The merged 

images in the right panel demonstrate that activated T cells, which are larger in size, as 

indicated by the scale bars, contain more mitochondria and proportionally increased levels 

of Pc 4. The yellow arrows indicate areas of co-localization between Pc 4 and MitoTracker 

Green.
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