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ABSTRACT 

 

T lymphocytes play a central role in many human immunologic disorders, including 

autoimmune and alloimmune diseases. In hematopoietic stem cell transplantation, acute 

graft-versus-host-disease (GVHD) is caused by an attack on the recipient's tissues from 

donor allogeneic T cells. In cutaneous T cell lymphoma (CTCL), malignant T cells 

migrate throughout the skin to mediate the disease. Consequently, developing new 

therapeutics to selectively target pathogenic and malignant T cells may improve clinical 

outcomes. In the work presented here, we have created a series of photosensitizers with 

the ability to target oxidative phosphorylation (OXPHOS) in pathogenic and malignant T 

cells. The photosensitizers are also potent stimulators of P-glycoprotein (P-gp). 

Enhanced P-gp activity promotes the efficient removal of photosensitizer not 

sequestered in mitochondria, and protects resting lymphocytes that are essential for 

antipathogen and antitumor responses. To evaluate the selective depletion of 

alloimmune responses, donor C57BL/6 splenocytes were cocultured for 5 days with 

irradiated BALB/c splenocytes and then photodepleted (PD) with the best-in-class 

photosensitizer, 2-Se-Cl. PD-treated splenocytes were infused into lethally irradiated 

BALB/c (same-party) or C3H/HeJ (third-party) mice. Same-party mice that received PD-

treated splenocytes at the time of transplant lived 100 days without evidence of GVHD. 

In contrast, all mice that received untreated primed splenocytes and third-party mice that 

received PD-treated splenocytes died of lethal GVHD. However, 2-Se-Cl was not highly 

effective in targeting malignant T cells. Consequently, we developed a series of 

photosensitizers with increased lipophilicity, which facilitated greater selectivity towards 

malignant T cells. Selenorhodamine 6 was selected as the best-in-class photosensitizer 

in this series, and was rapidly extruded from resting cells, which resulted in 60 – 80% 

survival of all resting T cells populations. In contrast, the high retention of 
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selenorhodamine 6 resulted in only a 5% cell survival of malignant T cells after light 

exposure. Collectively, our work provides insight into the development of selective 

therapeutics that stimulate P-gp and inhibit OXPHOS, and which may be designed with 

tissue specificity. The high selectivity of our photosensitizers may have broad 

applications and provide alternative treatment options for patients with T lymphocyte-

mediated diseases. 

 

 



 
 

INTRODUCTION 

 

The curative potential of hematopoietic stem cell transplantation (HSCT) resides 

in the successful transfer of donor immunity against pathogens and the patient’s primary 

malignancy. For this to occur, antipathogen and antitumor immune responses must 

rapidly develop early after transplantation to protect against opportunistic infections and 

eradicate malignant cells. Failure of successful immune reconstitution limits the success 

of current HSCT approaches in use today and leads to poor outcomes, including graft 

rejection, opportunistic infections, and malignancy relapse. Currently, one third of 

patients undergoing an HSCT from HLA-matched adult donor do not survive beyond 1 

year after transplantation. Of these patients, approximately 40% die of severe infection 

or graft-versus-host disease, while nearly 40% die from relapse of their primary 

malignancy (1). 

Graft-versus-host disease (GVHD) is a significant barrier to successful HSCT, 

and is associated with delayed immune reconstitution and worse overall survival (2). 

GVHD is the result of excessive alloreactivity occurring early after transplantation, and is 

caused by donor T cells responding to antigens presented on recipient tissues. Under 

chronic stimulation, these alloreactive T cells become pathogenic, proliferate, and 

release cytokines that further stimulate immune responses to induce tissue damage. 

Multiple organs are targeted including the skin, liver, lungs and gut (3). Despite 

prophylaxis with calcineurin inhibitors, acute GVHD occurs in up to 60% of patients 

receiving transplants from HLA-identical siblings, and up to 80% of patients receiving 

transplants from HLA-matched unrelated donors (4). High-dose corticosteroids are the 

first-line treatment for acute GVHD, but are associated with limited efficacy and 

significant infection-related mortality. Only 50% of patients with severe acute GVHD 
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respond to treatment, and only 10% of patients with steroid refractory GVHD may 

survive long term (4).  

Prevention of GVHD is the first step in promoting rapid immune reconstitution 

and improving HSCT outcomes. Successful strategies to prevent GVHD without 

impeding immune reconstitution are limited. Central to the development of new tools that 

selectively eliminate the pathogenic T cells that mediate GVHD is a complete 

understanding of T cell biology. For this purpose, a brief review of T cell development, 

activation, and differentiation is included in this work, and a description of alloreactivity 

as it relates to normal T cell biology is provided. However, the reader is referred to other 

important reviews for a more detailed description of these subjects (5-8).  

T cell development. T cells derive from multipotent hematopoietic stem cells in 

the bone marrow that migrate via blood to the thymus. Once in the thymus these 

progenitors interact and receive signals from the thymic stroma that commit them to 

differentiation along the T cell lineage pathway (9). Early in thymic development, these 

thymocytes lack most of the surface markers characteristic of mature T cells, and their 

receptor genes are not rearranged.  Upon arrival in the thymus, thymocytes proliferate 

rapidly and give rise to the major population of α:β T cells, and the minor population of 

γ:δ T cells (10). At this early stage, these thymocytes begin to express cell surface 

molecules specific for T cells such as CD2 and CD3, but lack CD4 and CD8 expression, 

and are therefore referred to as double negative (DN) thymocytes. As these DN 

thymocytes develop into mature T cells, four stages can be identified based on the 

expression of the adhesion molecule CD44, and the expression CD25, the α-chain of the 

IL-2 receptor (11). During the first stage, DN thymocytes express CD44 but not CD25 

and are called DN1 cells. Throughout this stage, the genes encoding both chains of the 

T cell receptor are in germline configuration.  As thymocytes mature, they gain 

expression of CD25 and are referred to as DN2 cells, and then later lose expression of 
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CD44 and are called DN3 cells. Rearrangement of the T cell receptor β-chain begins in 

DN2 cells, and then continues through the DN3 stage of development where binding 

with a surrogate pre-T cell receptor α chain (pTα) occurs (11). Cells that fail to make a 

successful rearrangement of the β-chain locus at the DN3 stage die. In contrast, a 

successfully produced β-chain will pair with the surrogate pTα to assemble a complete 

pre-T cell receptor (TCR) expressed on the cell surface in a complex with CD3 

molecules. With successful expression of the pre-TCR complex, cells enter into the DN4 

stage of development where CD25 is lost and induction of ligand-independent 

dimerization occurs. Dimerization of the pre-TCR leads to the arrest of further β-chain 

gene rearrangement, cell proliferation, and expression of both CD4 and CD8.  In this 

stage of development, these cells are referred to as double positive (DP) and represent 

the majority of thymocytes. At the end of proliferation, the α-chain locus rearranges in 

DP cells. A successfully produced α-chain will replace the pTα in the pre-TCR to 

produce a complete α:β TCR complex expressed on the cell surface (12). 

After expression of the TCR on the cells surface, further T cell development is 

dependent on antigen:TCR interactions (13). However, unlike the analogous assembly 

of immunoglobulins in B cells, the expression of the TCR is not sufficient to shut off α-

gene rearrangements. Continued gene rearrangements allows several different α-chains 

to be produced simultaneously in developing thymocytes, which increases chances of 

cell survival by self MHC peptide complex recognition (14). At this stage, these DP cells 

have a life span of 3 – 4 days unless rescued by engagement of their T cell receptor, a 

process referred to as positive selection (7). Self MHC peptide complex recognition by 

the α:β TCR complex rescues DP cells from programmed cell death, and triggers the 

maturation into CD4 or CD8 single-positive cells. Cells that are unable to recognize self 

MHC peptide complex by their expressed α:β TCR undergo apoptosis and die. 

Approximately 10 – 30% of developing thymocytes sufficiently recognize and bind self-
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MHC peptide complex to survive positive selection, and go on to provide the self-MHC 

restricted T cell immune responses required for adaptive immunity (15). 

However, selecting cells that react with self MHC peptide complexes may lead to 

a repertoire of mature T cells that includes cells with the potential for autoreactivity. 

Therefore, before emigration from the thymus, thymocytes with the potential for self-

reactivity must be eliminated by a process referred to as negative selection. Negative 

selection occurs throughout thymocyte development in both the thymic cortex and 

medulla, and like positive selection, requires the TCR recognition of a self MHC peptide 

complex. The choice between positive and negative selection depends on the TCR 

affinity for the self MHC peptide complex. In contrast to the low-affinity interactions that 

mediate positive selection and result in cell survival, high-affinity interactions between 

developing thymocytes and thymic stromal cells result in clonal deletion by apoptosis. 

Consequently, negative selection is essential for successful T cell development, and 

serves to eliminate self-reactivity in the mature T cell repertoire (7).  

T cell activation and differentiation. After development, thymic emigrants enter 

the blood stream as naïve T cells and circulate through the lymphatic system in search 

of their specific antigen (16). To become activated and participate in an adaptive 

immune response, a naïve T cell must encounter its specific antigen presented in self 

MHC peptide complex on the surface of an antigen presenting cell (APC) (17). Upon 

antigen recognition, the T cell will become activated and differentiate. Naïve CD8+ T 

cells recognize peptides presented by MHC class I molecules and differentiate into 

cytotoxic effector cells that recognize and kill infected cells. In contrast, CD4+ naïve T 

cells recognize peptides presented by MHC class II molecules and differentiate down 

distinct pathways with different immunological functions (17). The main CD4+ effector 

subsets include Th1, Th2, Th17, and TFh, and regulatory T cells (Tregs) (18). 
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Successful T cells responses require separate signals for activation, survival, and 

differentiation (19). “Signal 1” activates the T cells, and refers to the signal the cell 

receives when the TCR engages its specific self MHC peptide complex. However, TCR 

ligation alone is not sufficient to induce T cells to fully proliferate and differentiate. T cell 

expansion and differentiation requires 2 additional signals. “Signal 2” occurs upon 

ligation of co-stimulatory molecules, such as CD28, and is required to promote the 

survival and expansion of T cells.  However, without a third signal, activated T cells will 

fail to optimally develop, become anergic, and do not survive long term. Inflammatory 

cytokines provide “signal 3”, further promoting cell survival, effector function, and 

memory formation. Signal 3 is different for CD4+ and CD8+ T cells. IL-12 and type I INF 

(INFα/β) are the major sources of signal 3 in CD8+ T cells.  In CD4+ T cells, IL-1 may 

provide this signal (20). 

The cytokine IL-2 promotes T cell survival and expansion. At rest, naïve T cell 

express a moderate affinity IL-2 receptor (CD25). When a T cell encounters its specific 

peptide in the presence of a co-stimulator molecule, the T cell becomes activated and 

enters into the G1 phase of the cell cycle.  At the same time, synthesis of IL-2 and an 

associated high affinity receptor (also known as CD25) begins (21). The synthesis and 

expression of high affinity IL-2 receptors allow the activated T cell to respond efficiently 

to low concentrations of the cytokine and progress rapidly through the rest of the cell 

cycle.  As a result, activated T cells can divide 2 – 3 times a day for several days, 

allowing one cell to clonally expand and give rise to thousands of cells that express the 

same antigen-specific TCR. In this manner, naïve T cells require IL-2 to expand and 

differentiate into effector cells, and effector cells require IL-2 for survival. Removal of IL-2 

from activated T cells results in cell death (22). 

Various co-stimulator molecules are expressed on naïve T cells upon activation, 

with many of these proteins belonging to either the CD28 or the tumor necrosis factor 
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(TNF)/TNF receptor families (23, 24). When expressed, these costimulatory molecules 

can modify signals as the T cell develops. Such co-stimulatory molecules include the 

inducible costimulatory (ICOS), cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), 

CD27, and CD40 (25). CD27 expressed on naïve T cells binds to CD70 on dendritic 

cells to deliver a potent co-stimulatory signal to T cells early in the activation process. 

Similarly, binding of CD40 on T cells to the receptor expressed on dendritic cells 

transmits activating signals to the T cell to induce proliferation. ICOS expressed on naïve 

T cells binds to its ligand expressed on activated APCs to induce T cell proliferation.  

However, ICOS ligation does not induce IL-2, but regulates the expression of other 

cytokines made by CD4+ T cells subsets such as IL-4 and INF-ᵞ. In this way, ICOS 

induces CD4+ helper T cell functions which promote B cell responses such as isotype 

switching.  In contrast, CTLA-4 (CD152) is inhibitory. CTLA-4 is expressed on activated  

T cells, but not naïve T cells, making activated T cells less sensitive to stimulation by 

APCs. Binding of CTLA-4 is essential for limiting the proliferation of activated T cells to 

antigen. CTLA-4 knockout animal models have demonstrated that a fatal disorder 

develops that is characterized by massive overgrowth of lymphocytes. However, 

transitory inhibition of CTLA-4 ligation has recently been used to promote endogenous 

anti-tumor immune responses.  Within a new class of novel therapeutics call “checkpoint 

inhibitors”, antibodies that block CTLA-4 are currently in use clinically to treat cancer 

(26). 

Once a T cell has differentiated into an effector cell, a subsequent encounter with 

its specific antigen will result in an immune attack without the need for co-stimulation. 

After differentiation in the lymphoid tissue, effector T cells emigrate from their site of 

activation in lymphoid tissues and migrate via the blood stream in search of target cells 

that display its specific MHC:peptide complex.  Effector T cells are guided to sites of 

infection by adhesion molecules on the endothelium of the local blood vessels, and by 
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local chemotactic factors expressed as a result of infection (27). Once at the site of 

infection, T cell effector functions are elicited only when the peptide:MHC complexes on 

the surface of the target cell are recognized by the TCR on the effector T cell. Binding of 

the TCR to the specific peptide:MHC complex causes the effector cell to adhere more 

strongly to the target cell, and release immunologically active molecules. CD8+ cytotoxic 

T cell release cytotoxins from cytotoxic granules, such as perforin and granzymes, which 

penetrate the lipid bilayer and induce apoptosis directly in the target cell (28). Ligation of 

the Fas ligand (CD95L) expressed on the surface of cytotoxic T cells may also occur to 

induce cell death via the extrinsic pathway of apoptosis in Fas (CD95) receptor 

expressing target cells (29). Cytokines such as INF-ᵞ, TNF-α, and LT-α may also be 

released by cytotoxic T cells to contribute to host defense by inhibiting viral replication 

directly, inducing increased expression of MHC class I and similar molecules involved in 

antigen presentation, and recruiting additional macrophages to the site of infection to 

further promote innate immune responses (24).   

In contrast to CD8+ effector T cells, CD4+ effector T cells act mainly through the 

production of cytokines and membrane-associated proteins when they encounter cell 

bearing the peptide:MHC class II complex specific for their TCR. CD4+ TH1 effector cells 

secrete IFN-ᵞ to activated macrophages, and lymphotoxin-α, which inhibits B cells and is 

cytotoxic to other lymphocyte subsets.  Similarly, CD4+ TH2 cells secrete IL-4, IL-5, and 

IL-13, which stimulate eosinophils and mast cells, and activate B cells, and secrete IL-

10, which inhibits the development of TH1 cells. Th17 cells secrete IL-17, which recruits 

acute inflammatory cells such as neutrophils, to the site of infection early in the adaptive 

immune response (30). The cytokines released by effector T cells may also have more 

distant effects. IL-3 and GM-CSF are released by TH1 and TH2 cells, and act on bone 

marrow cells to promote the release of macrophages and neutrophils to the systemic 
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circulation, and to stimulate the production of dendritic APCs from bone marrow 

precursors (31). 

Activation-inducted metabolic reprogramming of T cells. Upon T cell 

activation, metabolic reprogramming occurs to meet the different biosynthetic and 

energy demands of cell growth and function required for each pathway of differentiation. 

Naïve T cells are involved in antigen surveillance and therefore minimally stimulated, 

and consequently require only small amounts of energy to support housekeeping 

functions. As a result, naïve T cells mainly use oxidative phosphorylation (OXPHOS) and 

fatty acid oxidation (FAO) for energy production (32). Upon activation, signaling from the 

TCR, costimulatory molecules, and cytokine receptors drive quiescent naïve T cells to 

proliferate rapidly, which results in a dramatic increase in bioenergetic and biosynthetic 

demands. Once activated, catabolism of glucose and glutamine is markedly increased, a 

moderate elevation in oxygen consumption occurs, and a significant decrease in the 

uptake and catabolism of free fatty acids by β-oxidation can also be observed (33).  

After activation, effector T cells possess a glycolytic profile where catabolic 

pathways are not optimized to produce ATP. Glycolysis is a much less efficient pathway 

for producing ATP, yielding only 2 ATP per molecule of glucose compared to the 

possible 36 ATP generated by OXPHOS.  However, in rapidly dividing cells, glucose 

catabolism provides the macromolecules and reducing equivalents required to support 

cell growth (33). Through interconnections of the metabolic pathways, carbon molecules 

derived from glucose feed into synthetic pathways of hexamine, amino acids and lipids 

precursors, and pyruvate is converted to lactate by lactate dehydrogenase (LDH). 

Although pyruvate may enter the TCA cycle and be utilized for energy production, in 

aerobic glycolysis, conversion of pyruvate to lactate promotes the oxidation of NADH to 

NAD to support further glucose catabolism, and in this manner, cell growth (34).  

Glutaminolysis is also significantly elevated following T cell activation. In activated T 
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cells, glutamine catabolism does not only contribute to amino acids synthesis, but may 

also be converted to α-ketoglutarate, an anapleurotic substrate of the TCA cycle. In this 

way, glutamine can fuel mitochondrial ATP production in activated T cells when the vast 

majority of glucose is converted to lactate by aerobic glycolysis. Consequently, effector T 

cell function is highly dependent on both glucose and glutamine. In the absence of either 

substrate, cell growth, proliferation, and cytokine production are significantly 

compromised following T cell activation (34). 

Whether memory T cells develop from a subset of effector cells after loss of 

antigen stimulation, or through the process of asymmetric cell division occurring at the 

time of activation, once developed they possess a unique bioenergetic phenotype to 

support the rapid and prolonged proliferation required for secondary immune responses 

(35). Memory T cells utilize both glycolysis and OXPHOS to a greater extent than naïve 

T cells, are less glycolytic than effector cells, and maintain a greater spare respiratory 

capacity (SRC) compared to both naïve and effector cells. The SRC is the extra 

mitochondrial capacity available for energy production under conditions of increased 

work or stress, and is believed to be important for long-term cellular functions and 

survival. The increased SRC of memory T cells is the result of increased mitochondrial 

cell content, which is modulated by IL-15 (36). The rapid recall response of memory T 

cells is the result of the increased cellular mitochondria mass and the associated 

bioenergetic advantage. Consequently, the increase in cellular content of mitochondria 

provides flexibility to use diverse substrates for energy production, such as oxidation of 

fatty acids and amino acid catabolism, which promotes cell survival in the absence of 

pro-glycolysis signals (37).  

 Naïve CD4+ and CD8+ T cells are equally quiescent and predominantly use 

oxidative metabolism to fuel migration and homeostatic proliferation. However, upon 

activation, both T cell subsets proliferate rapidly, but differentiate along separate 
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pathways associated with different bioenergetics profiles (38). CD8+ T cells grow and 

proliferate faster, and predominantly possess a glycolytic phenotype. In contrast, 

activated CD4+ T cells are more diverse, are more dependent on OXPHOS for energy 

production, and have increased SRC and mitochondrial mass compared to CD8+ T cells. 

As a possible consequence of the greater OXPHOS dependency, CD4+ T cells are more 

sensitive to OXPHOS inhibitors that block activation-induced proliferation. Within the 

CD4+ population, Th1, Th2, and Th17 T cells are highly glycolytic effector cells, while 

regulatory T cells maintain a predominantly oxidative phenotype with low rates of 

glucose uptake and high rates of fatty acid oxidation. The distinct metabolic phenotypes 

of CD4+ and CD8+ T cells facilitate specific functional responses. Higher rates of 

glycolysis in CD8+ T cells facilitate the production of biosynthetic intermediates required 

for rapid cell growth.  The high OXPHOS and SRC in CD4+ T cells promote cell survival 

by enabling flexibility in substrates utilized for energy production to efficiently generate 

ATP (38). 

Pathogenic T cells that mediate tissue damage in inflammatory diseases possess 

a distinct metabolic phenotype that reflects the chronicity of the disease (39). Rates of 

glycolysis are 2 – 3 times lower in pathogenic cells than in acutely activated effector T 

cells (40). As a result, pathogenic T cells primarily rely on OXPHOS and FAO for 

synthesis of ATP. The increase in OXPHOS and FAO for energy production may be 

compensatory due to limited glucose availability in inflammatory environments, but also 

supports a survival advantage that may be reflexive under chronic stimulation.  However, 

in general, high rates of glycolysis in proliferating cells not only supports biomass and 

ATP production, but also facilitates antioxidant production to protect against reactive 

oxygen species (ROS) induced apoptosis. Glutathione is the most abundant antioxidant 

in mammalian cells, and requires NADPH to be active in a reduced state (34, 41). 

Consequently, inhibition of glycolysis decreases NADPH available for reduction of 
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glutathione to its activated form. As a result, pathogenic T cells possess less active 

glutathione, higher levels of ROS, and are more susceptible to ROS-induced apoptosis 

than non-pathogenic lymphocytes (34). 

Regulation of metabolic pathways in T cells. The catabolic and synthetic 

pathways in T cells are regulated at the transcriptional level. Naïve T cells maintain a 

catabolic metabolism, which is enforced by several prominent transcription factors. The 

Forkhead box (Fox) and Kruppel-like family of transcription factors (KLF) preserve T cell 

quiescence by inhibiting cell activation, and regulating the survival, and migration of T 

cells (32). In the Fox family, Foxo1 promotes the expression of enzymes involved in 

FAO, the TCA cycle, and mitochondrial homeostasis required maintaining metabolic 

quiescence (42). Transcription factors Foxo1 and Foxp1 both compete to regulate IL-

7Rα expression, which is critical for naïve T cell survival. Inhibition of Foxo1 leads to 

impaired survival and differentiation of CD8+ T cells, while Foxp1 deficiency induces 

proliferation. Members of the KLF family appear to alter homing receptor expression, 

and in this manner, influence trafficking patters of naïve T cells to affect exposure to 

growth factors and entrance into the associated metabolic pathways. Although KLF2 

deficient CD8+ T cells demonstrate a normal proliferative capacity, expression of homing 

receptors S1P1 and CD62L are diminished, and an increase in homeostatic proliferation 

is observed (32). 

The most prominent pathway responsible for upregulating glycolysis is the 

P13K/AKT pathway. During T cell activation, ligation of the TCR and CD28 leads to the 

phosphorylation of phosphatidylinositol-4-bisphosphate (PIP2) by phosphoinositide 3-

kinase (PI3K), resulting in increased levels of phosphatidylinositol-3,4,5 triphosphate 

(PIP3). AKT is then translocated to the plasma membrane by binding PIP3, where it is 

phosphorylated by PDK1 and mTOR complex 2. Activation of AKT results in the 

upregulation of the glucose transporter 1 (GLUT1), which facilitates the transport of 
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glucose across the plasma membrane. Increased intracellular glucose directly engages 

rate-limiting enzymes hexokinase and phosphofructokinase to induce glycolysis. 

Although AKT has been shown to be dispensable for regulation of glucose uptake in 

effector CD8+ T cells, suggesting the existence of compensatory mechanisms, AKT is 

required for regulating the expression of cytolytic molecules, cytokine receptors, and 

adhesion molecules in cytotoxic T cells (43). Inhibition of T cells through ligation of 

inhibitory receptors PD-1 and CTLA-4 decrease AKT activity and glycolysis, underlining 

the importance of the P13/AKT pathway for T cell activation (44). 

The mammalian target of rapamycin (mTOR) is an evolutionarily conserved 

serine/threonine kinase that is essential for a diversity of cellular functions including 

CD4+ T cell metabolism (45). mTOR is present in two different complexes required for T 

cell differentiation. mTOR complex 1 (mTORC1) drives Th1 and Th17 lineage 

differentiation, and mTOR complex 2 (mTORC2) promotes Th2 development. TCR 

ligation and costimulation induce mTOR kinase activity via the P13K/AKT pathway. 

Upon activation, PDPK1 partners with mTORC2 to phosphorylate AKT, which in turn 

activates mTORC1. By activating multiple downstream pathways, mTORC1 activation 

increases protein translation and promotes lipid synthesis to support effector T cell 

differentiation, growth, and function. Consequently, inhibition of mTOR prevents T cell 

growth and differentiation. However, cells with an oxidative phenotype are less 

susceptible to mTOR inhibition. Forkhead box protein 3 (Foxp3)+ regulatory T cells 

(Tregs) and memory CD8+ T cells possess increased OXPHOS compared to other cell 

subsets, with less dependency on glycolysis for survival.  As a result, mTOR inhibition 

with rapamycin selectively impedes the development of effector T cells, allowing Tregs 

and memory T cells to proliferate uninhibited (34, 46). 

The LKB1/AMPK pathway is also important in controlling T cells metabolism 

during the activation-induced reprogramming process (47). In contrast to the anabolic 
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effects of the P13/AKT pathway, AMPK promotes catabolism and inhibits cell growth 

pathways. Activation of AMPK promotes FAO by directly inactivating acetyl-CoA 

carboxylase to inhibit fatty acid synthesis, and by suppressing mTOR activity. AMPK is 

activated by an increase in AMP:ATP ratio, followed by phosphorylation by the 

serine/threonine kinase LKB1. LKB1 is essential for the survival of thymocytes and 

development of T cell progenitors, and is required for CD4+ and CD8+ T cell 

differentiation. LKB1/AMPK activation directly antagonizes the PI3K/AKT/mTOR 

pathway, and LKB1/AMPK inhibition leads to enhanced glucose uptake and increased 

glycolytic rates (32). Additionally, AMPK is required for memory T cell development. 

Recent experiments have demonstrated that AMPK activation by the drug metformin 

promotes fatty acid oxidation and increases the number memory T cell after 

immunizations (45, 48). 

T cell alloreactivity and GVHD. GVHD is the result of excessive alloreactivity 

occurring early after transplantation, and is caused by donor T cells responding to 

antigens presented on recipient tissues. Allorecognition occurs when donor T cells 

recognize and bind to peptipe-allogeneic-MHC complexes that were not encountered 

during their thymic development. The molecular basis of alloreactivity is determined by 

the interactions between the TCR and the peptide-allogeneic MHC complex. Both the 

peptide and the MHC molecule contribute to this interaction, and therefore may influence 

allorecognition (8).  

MHC compatibility is the most powerful determinant of GVHD. In humans there 

are more than 200 genes located on chromosome 6 that encode the MHC molecules. 

These genes are called Human Leukocyte Antigen (HLA) genes, and in the mouse they 

are known as the H-2 genes. In humans, the HLA molecules are classified as either 

class I or class II. The three α-chain genes that comprise the class I HLA molecules are 

called HLA-A, -B, and –C. The three HLA class II α- and β-chain genes are referred to 
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as HLA-DR, -DP, and -DQ. Frequently the HLA-DR cluster contains an extra β-chain 

gene whose product can pair with the DRα chain which results in possibility of three sets 

of genes giving rise to four types of MHC class II molecules.  All the MHC class I and 

class II molecules function to present peptides to T cells, and the different MHC 

molecules bind a different range of peptides (49). In this manner, the existence of 

multiple genes allows for a larger range of peptides to be presented than if there were 

only one gene within each class of MHC expressed on the cell surface. 

MHC molecules are highly polymorphic, resulting in multiple variants of each 

gene within the population as a whole (50). Although T cells emerge from the thymus 

with the ability to interact with self-MHC molecules, no selective process exists to 

eliminate cells that recognize MHC molecules not expressed in the individual. 

Consequently, alloreactivity is the result of the inherent affinity of the TCR for the MHC 

surface structures conserved among a multitude of MHC alleles, but induced by amino-

acid polymorphisms in the peptide-allogeneic MHC complex that influence TCR 

recognition. Polymorphic MHC α- helical residues may be recognized by the allogeneic 

TCR, whereas polymorphisms in the peptide-binding groove affect which peptides bind 

and the overall confirmation of the peptide-MHC complex (8). A polymorphic difference 

in MHC between donor and recipient may lead to a shared peptide inducing a unique 

peptide-MHC complex configuration expressed on recipient cells and available for 

allorecognition. Consequently, the surface that is recognized by the TCR is influenced by 

both the bound peptide and the MHC molecule, and any amino-acid polymorphisms in 

the peptide-MHC complex may induce a strong alloresponse. 

Although peptide-free MHC allorecognition can occur, no peptide-free MHC class 

II molecules are stably expressed on cell surfaces, and empty MHC class I molecules 

are rarely detected (51). These observations suggest that both the allogeneic MHC 

molecule and the bound peptide contribute to the peptide-MHC surface recognized by 
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the TCR of the donor T cell, and that allorecognition is peptide-MHC complex specific. 

However, allorecognition may be polyspecific, where each alloreactive T cell recognizes 

a limited number of peptides presented on the same allogeneic MHC molecule (52). This 

polyspecificity may directly contribute to the development of alloreactivity by increasing 

the probability of allorecognition. The ability of a single allogeneic TCR to respond to 

multiple peptides presented in the same MHC molecule may explain the high precursor 

frequency of alloreactive T cells frequently observed, which may be a 1000-fold higher 

than the precursor frequency of T cells specific for any single peptide presented in a self-

MHC complex. Consequently, a small number of allogeneic T cells may recognize a 

large number of peptides presented in allogeneic MHC molecules and induce significant 

alloreactivity (53).  

Minor histocompatibility antigen (MiHA) disparity may also induce significant 

alloreactivity to cause GVHD. MiHAs are peptide products from polymorphic genes that 

differ between recipient and donor presented in the allogeneic MHC complex. These 

polymorphic differences may arise by a variety of mechanisms that impart DNA 

structural and sequence variations, but are most commonly caused by single nucleotide 

polymorphisms (SNP) (54).  With the use of whole-genome association scanning 

(WGAs), numerous MiHAs have been identified that affect HSCT outcomes (55). For 

example, the male-specific antigen (HY) is a relevant MiHA in the HSCT setting when a 

male recipient receives cells from a female donor. Because females lack the Y 

chromosome, peptides encoded by this chromosome are seen as foreign to the female 

cells.  When these peptides are presented in the recipient self MHC class I and class II 

molecules, allorecognition occurs. Consequently, the HY disparity between female 

donors and male recipients is associated with high rates of GVHD (56, 57). The tissue 

distribution of MiHAs is also a relevant factor in determining clinical outcomes. Donor 

cells recognizing MiHAs with restricted expression on hematopoietic cells, including 
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malignant cells, are expected to induce antileukemic immune responses without GVHD. 

In contrast, donor T cells recognizing MiHAs on non-hematopoietic tissues will induce 

GVHD. Consequently, mismatches of MiHAs ubiquitously expressed, including HA1, 

HA2, and HA8 have been associated with both and increased risk of GVHD and lower 

rates of leukemia relapse (58). 

The classic view of acute GVHD is a progression through a five step process 

(59). In this model, GVHD is initiated by tissue damage caused by the conditioning 

regimen (either radiation or chemotherapy) administered prior to HSCT. Tissue damage 

results in the release of proinflammatory cytokines (such as TNF-α, IL-1, and IL-6) and 

host antigens derived from extracellular, transmembrane, and intracellular proteins, and 

presented on both class I and class II HLA molecules. Translocation of LPS from the GI 

tract may also occur, which can activate innate immunity through Toll-like receptors and 

enhance further cytokine release. In the second step of GVHD, donor T cells recognize 

recipient antigens presented in the peptide and allogeneic HLA complex within the 

lymphoid organs, and become activated. In step 3, naïve T cells proliferate and 

differentiate into effector subsets. During this phase, functional and metabolic changes 

conform to the pathway of differentiation. In the fourth step, alloreactive T cells migrate 

from lymphoid tissues to target organs including skin, liver, and gut. During this 

migration, a combination of chemokine receptors, selectin-ligand, integrin-ligand 

interactions guide alloreactive T cells. During the fifth step, alloreactive T cells cause 

tissue damage through direct cytotoxic activity mediated by Fas:Fas ligand and 

perforin/granzyme pathways, further promoting host antigen and cytokine release.  

Chronic stimulation of alloreactive T cells induces the characteristic metabolic adaptation 

of pathogenic T cells that promote cell survival and propagate tissue damage. With 

continued tissue destruction, organ dysfunction occurs that manifest clinically as GVHD 

(60). 
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Targeting Pathogenic T cells. Pathogenic T cells play a central role in many 

human immunologic disorders, including autoimmune and alloimmune diseases. New 

therapeutics to target and selectively remove pathogenic T cells are required to improve 

clinical outcomes. In the HSCT setting, the pathogenic T cells that mediate GVHD also 

impede the immune reconstitution of antitumor and antipathogen immune responses. 

Consequently, the selective removal of the pathogenic, GVHD-causing T cells from the 

HSCT graft prior to transplant may not only prevent GVHD, but also enhance 

reconstitution of important immune responses to cure patients of their cancer and protect 

them against infections.  Pre-clinical experiments demonstrate that when GVHD-causing 

cells are selectively eliminated, healthy lymphocytes remain that may mediate anti-

leukemia, antiviral, and antifungal immune responses (61, 62). This approach requires 

the co-culturing of leukemia-free, patient-derived antigen presenting cells with donor 

lymphocytes. Alloactivated donor lymphocytes can then be selectively targeted for 

removal.  Recently, two methods have been successfully employed to selectively 

remove alloreactive T cells: 1) use of monoclonal antibodies against activation markers 

such as CD25, or FasL-mediated induction of apoptosis, and 2) use of ex-vivo 

photodepletion (PD) (63, 64). Although these SD models effectively decreased the 

incidence of severe acute GVHD, insufficient depletion of alloreactive cells and non-

specific depletion of cells important for regulatory, antiviral, and antifungal immunity 

occurred, resulting in persistent, chronic GVHD and recurrent infections (65). 

While training as a hematologist at the National Lung, Blood, and Heart Institute I 

was the principle investigator of a clinical trial employing ex-vivo PD to prevent GVHD. 

This trial used 4,5-dibromorhodamine methyl ester (TH9402) to target p-glycoprotein 

differences between stimulated and non-stimulated T cells. Using this technique, a low 

incidence of acute GvHD was observed, comparable to pan-T cell-depletion techniques. 

However, the trial was closed early due to poor immune reconstitution and poor overall 
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survival. After the trial, investigations revealed that differences in p-glycoprotein activity 

of various T cell subsets led to excessive toxicity and resulted in non-specific depletion 

of antipathogen immune responses (66). Accordingly, we concluded that p-glycoprotein 

differences limit selectivity, and should be avoided in designing future PD therapeutics. 

The first step to develop a new therapeutic is identifying a target unique to 

pathogenic T cells. As described above, pathogenic T cells are highly dependent on 

OXPHOS for energy production and long-term survival. A novel therapeutic with the 

ability to selectively impede OXPHOS possesses the potential to selectively induce 

apoptosis in pathogenic T cells. OXPHOS occurs in the mitochondria, where ATP 

production is driven by the electrochemical gradient across the mitochondrial inner 

membrane (IM).  Early after T cell activation, the mitochondrial IM becomes 

hyperpolarized and negatively charged (67). As a result, cationic molecules have an 

affinity for mitochondria, and may be designed to be highly dependent on mitochondrial 

IM potential for intracellular accumulation. With the appropriately designed cationic 

agent, cells that possess greater mitochondrial mass and activity, such pathogenic and 

alloreactive T cells will experience greater intracellular accumulation.  

Photosensitizers are associated with controlled toxicity occurring only with light 

exposure. Upon exposure to light, a well-designed cationic photosensitizer will produce 

reactive oxygen species that disrupt the mitochondrial IM to induce apoptosis in parallel 

to the degree of photosensitizer accumulation, and therefore may be applied to 

selectively eliminate pathogenic T cells. However, none of the photosensitizers in use 

today have demonstrated selectivity without significant toxicity occurring in resting cells. 

We have previously demonstrated that P-gp ATPase stimulation protects resting cells 

from the toxicities of photosensitizers (65). Recent work by Michael Detty (collaborator 

on this project) with rhodamine and rosamine-related molecules has shown that small 

structural changes may affect P-gp activity by >1000-fold (68, 69). Consequently, these 
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molecules may be designed 1) to stimulate P-gp ATPase activity for efflux of 

photosentizer and 2) to give slow rates of influx to limit cytoplasmic concentrations. Both 

of these design features protect non-pathogenic cells from non-selective accumulation 

(figure 1).   
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Figure 1:  Model of photosensitizer 2-Ce-Cl accumulation in oxidative dependent 
pathogenic T cells vs. naïve T cells. The intracellular concentrations of the photosensitizer are 
at an equilibrium involving continual influx and efflux, which are determined by the opposing 
forces of OXPHOS and P-glycoprotein activity (P-gp). The cationic photosensitizers are 
concentrated in the hyperpolarized mitochondrial IM of pathogenic T cells to an extent dependent 
on the degree of OXPHOS. Due to the highly oxidative status, OXPHOS is the main determinant 
of intracellular concentrations of photosensitizer in pathogenic T cells.  The stimulation of P-gp by 
the photosensitizer results in rapid extrusion, which is the dominant force in determining 
intracellular concentrations in naïve T cells.  As a result, pathogenic T cells have high intracellular 
concentrations of photosensitizer while naïve T cells have low cytoplasmic and mitochondrial 
concentrations. The large retention differential facilitates a high degree of selective depletion of 
pathogenic T cells.  
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Summary. The goal of our work is to develop a novel approach to prevent and 

treat human disease mediated by pathogenic T cells. Based on their unique metabolic 

profile, we hypothesize that OXPHOS inhibition may be applied to selectively target 

pathogenic T cells. Additionally, we also hypothesize that modulation of P-gp may 

protect non-pathogenic cells from the risk of toxicity associated with a new therapeutic. 

Accordingly, we have designed and evaluated a novel class of photosensitizers with the 

ability to inhibit OXPHOS and modulate P-gp. The following questions guide our 

investigations: 1) Will inhibition of OXPHOS selectively eliminate pathogenic T cells? 2) 

Will modulation of P-gp protect non-pathogenic T cells from toxicity? 3) Will ex vivo 

application of the “best in class” selective photosensitizer prevent lethal GVHD while 

promoting the development of antitumor and antipathogen immune responses in vivo? 4) 

Will OXPHOS inhibition coupled with P-gp modulation also facilitate the selective 

elimination of malignant T cells? 
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INTRODUCTION 

 

T lymphocytes are central to the development of adaptive immune responses, but they 

may also become pathologic and mediate many human immunologic disorders, 

including autoimmune and alloimmune diseases. In hematopoietic stem cell 

transplantation (HSCT), acute graft-versus-host disease (GVHD) is associated with 

significant morbidity and mortality and is caused by an attack on the recipient’s tissues 

by donor allogeneic T cells (2). Multiple organs are targeted, including the skin, liver, 

lungs, and gut (3). Depletion of T lymphocytes, by two to three logs, from the HSCT graft 

prior to transplant effectively reduces the incidence of acute GVHD (70). However, this 

approach has been associated with graft failure and an increased risk for disease 

recurrence (71, 72). The goal of selective depletion is to prevent acute GVHD by 

removing only the GVHD-causing T cells from the graft prior to transplant. Preclinical 

experiments demonstrate that, when GVHD-causing cells are selectively eliminated, 

healthy lymphocytes remain that may mediate antileukemia, antiviral, and antifungal 

immune responses (61, 62). This technique requires the coculturing of leukemia-free, 

patient-derived APCs with donor lymphocytes. Alloactivated donor lymphocytes can then 

be selectively targeted for removal. Recently, two methods were used to selectively 

remove alloreactive T cells: the use of mAbs against activation markers (e.g., CD25) or 

FasL-mediated induction of apoptosis and the use of the photosensitizer 4,5-

dibromorhodamine methyl ester (TH9402) to target P-glycoprotein (P-gp) differences in 

activated cells (63, 64, 73). Although these techniques effectively decreased the 

incidence of severe acute GVHD, insufficient depletion of alloreactive cells and 

nonspecific depletion of cells important for regulatory, antiviral, and antifungal immunity 

occurred, resulting in persistent chronic GVHD and recurrent infections (65, 66). 
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Consequently, further efforts are required to improve selective depletion by building on 

the successes and overcoming the limitations of these prior techniques. 

A challenge in developing a new selective-depletion technique is identifying a 

target unique to activated cells. We hypothesize that the increased oxidative 

phosphorylation (OXPHOS) of activated cells may be used to identify and remove 

alloreactive GVHD-causing cells prior to HSCT. In general, cells generate ATP by 

aerobic glycolysis and OXPHOS. In 1924, Otto Warburg observed that cancer cells have 

a unique bioenergetic profile with an increase in aerobic glycolysis over OXPHOS 

compared with cells in normal tissues; this is often referred to as the “Warburg effect” 

(13). Although aerobic glycolysis is less efficient, yielding only 2 ATP compared with the 

possible 36 ATP generated by OXPHOS, increased aerobic glycolysis may provide the 

macromolecules and reducing equivalents required to support proliferation (74). More 

recently, this bioenergetic configuration was identified in pathogenic T cells and may 

represent metabolic adaptations to chronic stimulation (39, 75). Additionally, memory T 

cells recently were shown to use glycolysis and OXPHOS to a greater extent than naive 

T cells to support the rapid and prolonged proliferation required for secondary immune 

responses (36). The rapid recall response of memory T cells is the result of increased 

cellular mitochondria content and the associated bioenergetic advantage. The greater 

mitochondrial mass in memory cells facilitates a rapid induction of OXPHOS to produce 

substantial ATP upon activation. ATP production promotes conversion of glucose into 

glucose-6-phosphate by mitochondria-associated ATP-dependent hexokinases, which is 

required for the first step of glycolysis (76). As a result, the rapid induction of OXPHOS 

directly engages glycolysis in memory T cells, creating the bioenergetic configuration 

seen in malignant cells and pathogenic T cells. This observation suggests that the 

Warburg effect is not unique to pathogenic cells but represents a bioenergetic 

reconfiguration that may occur in all cells to support rapid proliferation (36, 39). 
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None of the photosensitive agents in use today have demonstrated selectivity for 

activated cells without significant toxicity occurring in resting cells. We demonstrated 

previously that prolonged intracellular resident times associated with the photosensitive 

agent TH9402 resulted in nonselective depletion of susceptible lymphocyte subsets (66). 

TH9402 is highly dependent on P-gp for cell extrusion, and cells that express low P-gp 

activity are susceptible to increased intracellular accumulation. Consequently, 

lymphocyte subsets with low P-gp activity, such as CD4+ and memory T cells, are 

disproportionately depleted when using this photosensitizer. In the clinical setting of 

HSCT, the use of TH9402 resulted in the nonselective depletion of lymphocytes 

important for normal immune responses and poor patient outcomes (65). 

The ability of chalcogenorhodamine photosensitizers to modulate P-gp activity 

and inhibit OXPHOS provides the basis for our new approach to selective depletion. In 

this study, we evaluated whether a novel photosensitizer with these dual properties 

would improve selectivity for activated T lymphocytes and protect resting cells important 

for normal immune responses. For this purpose, we created an in vitro model with a 

bioenergetic profile similar to pathogenic T cells. We then designed a small library of 24 

photosensitive chalcogenorhodamines (Supplemental Fig. 1A) and measured their 

effects on the bioenergetics of resting T cells to determine potential for toxicity. We 

identified a photosensitizer (2-Se-Cl) from this library that potently stimulates P-gp to 

protect resting cells and selectively inhibits OXPHOS of activated cells. We then 

confirmed selectivity by evaluating 2-Se-Cl for the ability to selectively deplete an 

immune response and prevent GVHD. 
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MATERIALS AND METHODS 

Nomenclature 

Compound 2-Se-Cl is shown in Fig. 2, and the 24 photosensitizers investigated in this 

study are shown in Supplemental Fig. 1A. Compounds are identified by the degree of P-

gp ATPase stimulation and are referred to as “strong” or “weak” P-gp stimulators. 

 

Cell isolation and stimulation 

To examine the effects of our photosensitizers on human T cells, PBMCs were 

separated using Ficoll-Hypaque density gradient centrifugation (Organon Teknika, 

Durham, NC) and rested in RPMI 1640 supplemented with 10% heat-inactivated FCS. 

To produce stimulated T cells, human PBMCs were cultured in RPMI 1640 (Life 

Technologies, Gaithersburg, MD) with 50 ng/ml Staphylococcus enterotoxin B (SEB; 

Toxin Technology, Sarasota, FL) for 72 h. 

 

Photodepletion 

For all photodepletion (PD) experiments, cells were suspended in a photosensitizer-rich 

medium (5.0 × 10−8 M) for 20 min, followed by 30 min in a photosensitizer-free medium. 

Cells were then exposed to 5 J/cm2 of light (600 nM, 65-W equivalent LED) and 180 

rotations per minute and washed twice to facilitate photosensitizer removal in RPMI 

1640 supplemented with 10% heat-inactivated FCS. 

 

Animals 

All studies were approved by the Animal Care and Use Committees of Wake Forest 

University. Female BALB/c, C57BL/6, and C3H/HeJ mice (The Jackson Laboratory, Bar 

Harbor, ME) were 8–12 week of age at the time of transplant.  
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Figure 2. The chalcogenorhodamine photosensitizer 2-Se-Cl. The photosensitizer 2-Se-Cl 
accumulates in stimulated T cells in proportion to the degree of OXPHOS and potently stimulates 
P-gp to protect resting lymphocytes essential for antipathogen and antitumor responses.  
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Thy1.1+ P14-transgenic mice were generated by crossing P14 mice onto a B6.PL-

Thy1a/Cy (H-2b and Thy1.1+) background, as described previously (77). All mice were 

housed in a specific pathogen–free facility for the duration of the study. 

 

Bone marrow transplantation 

To evaluate the selective depletion of alloimmune responses, a well-established 

complete MHC Ag-mismatched murine model of HSCT was used (78). To prepare the 

photodepleted (PD)-treated primed splenocytes, donor C57BL/6 splenocytes were 

cocultured for 5 d with irradiated (20 Gy) BALB/c splenocytes and then PD. On the day 

of HSCT, 10 × 106 donor C57BL/6 T cell–depleted bone marrow cells (<0.1% mature 

CD3+ T cells), together with 5 × 106 PD-treated (treatment group) or untreated (control 

group) primed splenocytes, were infused via tail vein injection into irradiated same-party 

BALB/c (9 Gy) or third-party C3H/HeJ (9.5 Gy) recipients. All mice were monitored for 

signs of GVHD according to an established mouse GVHD grading system, and mice with 

severe GVHD (overall score > 5) were euthanized (79, 80). 

 

P14 cell isolation, transfer, and viral infection 

Splenocytes were isolated from naive P14 Thy1.1+ mice, PD, and rested overnight. Cells 

were enumerated by staining with anti-CD8α and DbGP33–41, followed by i.v. transfer of 

105 naive GP33-specific CD8+ T cells into naive C57BL/6 Thy1.2+ hosts. Mice were then 

infected i.p. with 2 × 105 PFU of lymphocytic choriomeningitis virus (LCMV)-Armstrong. 

LCMV was prepared and quantitated as described previously (77). Animals were 

sacrificed 8 d later, and FACS analysis was performed on splenocytes for enumeration 

and function. Viral levels in spleens were determined by plaque assays, as previously 

described (77). 
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Reagents for flow cytometry 

The following mAbs were used (eBioscience): mouse anti-human anti-CD3–Cy7–

allophycocyanin (clone OKT3), anti-CD4–Pacific Blue (clone RPA-T4), anti-CD8–FITC 

(clone SK1), anti-CD25–Cy7–PE (clone BC96), rat anti-mouse anti-CD19–PE (clone 

1D3), anti-CD3–FITC (clone 17AD), anti-CD90.1–PerCP–Cy5.5 or anti-CD90.1–FITC 

(clone HIS51), anti-CD8–Pacific Blue or anti-CD8–PE or anti-CD8–V500 (clone 53-6.7), 

anti-CD27–PE–Cy7 (clone LG.7F9), anti-CD44–FITC or anti-CD44–PerCP–Cy5.5 (clone 

IM7), anti-CD62L–allophycocyanin–Cy7 (clone MEL-14), anti-CD127–FITC (clone 

A7R34), anti-KLRG1 (clone 2F1), INF-γ–FITC (clone XMG1.2), MIP-1α–PE (clone 

DNT3CC), TNF–anti-PE–Cy7 (clone MP6-XT22), and IL-2–allophycocyanin (clone 

JES6-5H4). The following mAbs were used to identify naive and memory T cell subsets 

(BD Pharmingen): mouse anti-human anti-CD27–PE (clone M-T271) and anti-CD45RO–

FITC (clone UCHL1). Apoptosis was assessed by FACS analysis of annexin V– and 7-

aminoactinomycin D (7AAD)–stained cells (BD Pharmingen), as previously described 

(81). MitoTracker Red (MTR), MitoTracker Green (MTG), and LysoTracker Green (LYS) 

were purchased from Life Technologies. 

 

Cell-proliferation assay 

Measurement of in vitro proliferation was performed by the method of CFSE dilution. 

Human PBMCs or mouse splenocytes were stained with 0.5 μM CFSE (Invitrogen) and 

incubated at 37°C for 7 min. CFSE was quenched by adding 1 ml normal AB serum 

(Gemini Bio-Products) for 2 min, and the cells were washed twice in RPMI 1640 

containing 10% normal AB serum. A total of 1–5 × 105 cells was stimulated in a 48-well 

plate for 5–6 d, stained with mAb to CD3, and acquired on a BD FACS Canto II flow 

cytometer. Data were analyzed using FlowJo software, and the division, proliferative 
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indices, and the percent divided parameters were calculated using the Proliferation 

Platform in the FlowJo software package. 

 

Photosensitizer retention and extrusion experiments 

For experiments comparing the retention of the different photosensitizers, SEB-

stimulated human PBMCs were stained with mAb to CD3 and CD25. Cells were then 

washed and suspended at a concentration of 2 × 106 cells/ml in PBS containing 2.5 × 

10−8 M the photosensitizer for 20 min. Then cells were washed and suspended in 

photosensitizer-free medium for 30 min (RPMI 1640 supplemented with 10% heat-

inactivated FCS). To measure extrusion kinetics, HUT-78 cells (American Type Culture 

Collection, Manassas, VA) were suspended at a concentration of 2 × 106 cells/ml in PBS 

containing 2.5 × 10−7 M the photosensitizer for 20 min. HUT-78 cells were washed and 

suspended in photosensitizer-free media for 18 h. Data were acquired on a BD 

FACSCanto II flow cytometer and analyzed using FlowJo software. 

 

Measuring T cell bioenergetics 

For experiments on resting T cells, CD3+-selected cells were immediately purified from 

human PBMCs. For experiments on SEB-stimulated T cells, CD25+-selected T cells 

were isolated from culture and compared with the CD25− fraction. Isolated T cells were 

then exposed to photosensitizer alone for 20 min (coloration only) or PD, as described 

above. Cells were washed twice in a protein-rich medium (10% FCS) to absorb and 

remove all photosensitizer and kept in the dark (37°C, 5% CO2). Real-time analysis of 

the extracellular oxygen consumption rate (OCR) and extracellular acidification rate 

(ECAR) of isolated T cells was performed with the XF24 Extracellular Flux Analyzer 

(Seahorse Bioscience, North Billerica, MA) according to the manufacturer’s protocol, 1 h 

after coloration or PD. In brief, cells were plated in XF24 culture plates at 1.5 × 106 T 
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cells/well. At the indicated time points, cells were washed and analyzed in XF Running 

Buffer, per the manufacturer’s instructions. Bioenergetic profiles of the T cells were 

measured in a basal state, as well as after the addition of 1 M oligomycin (to block ATP 

synthesis), 1.5 M fluoro-carbonyl cyanide phenylhydrazone (FCCP; to uncouple ATP 

synthesis from the electron transport chain), and 100 nM rotenone (to block complex I of 

the electron transport chain) (all from Sigma-Aldrich). 

 

Statistical analysis 

Unless otherwise stated, all experiments were performed in triplicate. Data are 

presented as mean ± SE. Graphs were generated using GraphPad Prism (GraphPad). 

For comparison of bioenergetics, the area under the curve for basal OCR and ECAR 

was calculated and adjusted for baseline (after oligomycin injection), and the difference 

between groups was determined by one-way ANOVA and the Tukey honest significant 

difference method for post hoc analysis. Survival data were analyzed by the log-rank 

test. All t tests were two sided, and p values ≤ 0.05 were considered significant. 
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RESULTS 

 

Bioenergetics of superantigen-stimulated T cells resemble the Warburg effect. 

Alloreactive T cells that mediate GVHD increase aerobic glycolysis and 

OXPHOS, which is also the bioenergetic phenotype of pathogenic T cells seen in other 

disease settings (39, 82, 83). Consequently, we hypothesized that this bioenergetic 

configuration results from a chronic or robust stimulation in the context of disease and, 

therefore, may be induced in vitro. For this purpose, we used staphylococcal 

superantigens to create a model of robust T cell stimulation (Fig. 3). To test our 

hypothesis, human PBMCs were cultured with 50 ng/ml of SEB for 72 h, at which time 

the bioenergetic profiles were measured by real-time analysis. For this analysis, we used 

extracellular OCR as an indicator of OXPHOS and ECAR as an indicator of aerobic 

glycolysis. After 3 d of stimulation, 80% of T cells expressed CD25 (Fig. 3A), 

representing an activated population. The OCR of CD25+ T cells was 3–4-fold higher 

than in the CD25− T cell population, indicating increased OXPHOS in response to SEB 

stimulation (Fig. 3B). However, no difference in spare respiratory capacity (SRC) was 

noted between activated and resting T cells, as indicated by the similar percentage of 

OCR in response to the uncoupler FCCP compared with baseline (measured after 

oligomycin injection) (Fig. 3C). SRC is the extra capacity available in cells to produce 

energy in response to increased stress or work, and it may reflect increased 

mitochondrial mass (36). To evaluate differences in cellular mitochondrial content, we 

quantified mitochondrial mass with MTG. Fluorescence intensity of MTG was 3–4-fold 

greater in CD25+ T cells compared with CD25− T cells (Fig. 3D). These results indicate 

that superantigen stimulation with SEB rapidly expands T cells with greater 

mitochondrial content compared with resting cells and that the increased mitochondrial 

mass of SEB-stimulated T cells enables increased basal OCR. In the setting of similar 



33 
 

SRCs between the populations, the increased mitochondrial content and baseline OCR 

of activated T cells indicates a greater degree of mitochondrial inner membrane (IM) 

uncoupling and IM instability at baseline. Consistent with the recent observations that 

the increased OXPHOS of proliferating cells directly engages aerobic glycolysis, we 

observed a parallel increase in OXPHOS and ECAR after SEB stimulation (Fig. 3E, 3F). 

As observed in the Warburg phenomenon, aerobic glycolysis increased to a greater 

extent than OXPHOS, as evidence by a lower OXPHOS/ECAR ratio in CD25+ T cells 

(Fig. 3G). These results demonstrate that superantigen stimulation with SEB produces a 

bioenergetic profile shared with highly proliferative malignant cells and chronically 

activated T cells in the setting of disease, as well as that the relatively uncoupled IM of 

cells with this bioenergetic configuration may be susceptible to targeted therapy (39, 82-

84). 

 

Modulation of P-gp improves the selectivity of photosensitizers for activated T 

cells. 

We demonstrated previously that lymphocytes with low P-gp activity may be 

disproportionately depleted by phototherapy (66). P-gp (also known as MDR1 or 

ABCB1) is a member of the ATP-binding cassette superfamily and was the first efflux 

protein identified (69). Recently, simple substitutions in a series of 

chalcogenorosamine/rhodamine structures were shown to create molecules that 

possess a high affinity for P-gp and are either highly stimulating or inhibiting for ATPase 

activity (69, 85). Based on this observation, we developed a small library of 24 

photosensitive agents that modulate P-gp. We hypothesized that P-gp stimulation would 

decrease photosensitizer accumulation in resting cells and improve selectivity for 

stimulated T cells. To measure differences in cell-extrusion kinetics between 

photosensitizers, the T cell line HUT-78 was used for uniform P-gp expression (86).  
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Figure 3. Bioenergetic profile of superantigen-stimulated T cells resembles the Warburg 
effect. PBMCs were stimulated with SEB for 72 h. (A) Activated (CD3+CD25+) and resting 
(CD3+CD25−) T cells were identified by FACS analysis, as shown for one representative 
experiment. Activated and resting T cells were then isolated, and bioenergetics were measured 
by real-time extracellular flux analysis. OCR (B) and SRC (C) were measured in a basal state, as 
well as after the addition of oligomycin (to block ATP synthesis), FCCP (to uncouple ATP 
synthesis from the electron transport chain), and rotenone (to block complex I of the electron 
transport chain), as shown for one representative experiment. Mean fluorescent intensity (MFI) of 
MTG (D), basal OCR (E), basal ECAR (F), and OCR/ECAR ratio (G) for activated and resting 
cells. Mean ± SE are plotted from five independent experiments. *p < 0.05, **p < 0.01. 
  



35 
 

Of the photosensitizers analyzed in this study, the weak P-gp–stimulating 

photosensitizers (thioamide scaffolds 1, 3, 5, and 7 and the collected julolidine 

rhodamines 5, 6, 7, and 8 in Supplemental Fig. 1, Supplemental Table I) were 

associated with prolonged intracellular retention compared with their paired P-gp–

stimulating analogs (amide scaffolds 2, 4, 6, and 8 and the collected half-julolidyl 

rhodamines 1, 2, 3, and 4). These results demonstrate that small structural changes in 

our photosensitizers dictate P-gp ATPase activity to determine cell-extrusion kinetics 

(Supplemental Table I). 

We next evaluated whether SEB-stimulated T cells preferentially retain 

photosensitizers with the potential to inhibit OXPHOS. The ATP production of OXPHOS 

is driven by the electrochemical gradient across the mitochondrial IM. Early after T cell 

activation, the mitochondrial IM becomes hyperpolarized and negatively charged (87). In 

this activated state, mitochondria attract positively charged molecules (88). With an 

appropriately designed cationic photosensitizer, cells that possess greater mitochondrial 

mass and activity, such as effector and alloreactive cells, experience increased 

intracellular accumulation. Upon exposure to light, a well-designed photosensitive agent 

produces reactive oxygen species that uncouple the mitochondrial IM and selectively 

impede OXPHOS. Based on this reasoning, we also designed the 24 photosensitizers 

with the potential for intramitochondrial accumulation. To evaluate for selective uptake in 

activated T cells, SEB-stimulated cells were washed and suspended at a concentration 

of 2 × 106 cells/ml in 2.5 × 10−7 M photosensitizer for 20 min, followed by suspension in 

photosensitizer-free media for 30 min. Fluorescence intensity of the photosensitizers 

was 5–7-fold higher in CD25+ T cells compared with CD25− T cells (Fig. 4A) and was 

proportionate to the extent of P-gp modulation. Strong P-gp stimulators were associated 

with a significantly higher retention differential between stimulated and resting T cells 

(Fig. 4B). These results demonstrate that the photosensitizers investigated in this study  
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Figure 4. Photosensitizers are preferentially retained in stimulated T cells. Stimulated T 
cells were identified by FACS analysis for CD3+ and CD25+ coexpression. Resting T cells were 
identified as CD3+ without expression of CD25. (A) Representative graph of photosensitizer 
fluorescence. (B) Bar graph shows the ratio of the mean fluorescent intensity (MFI) of 
CD25+/CD25− T cells for the strong and weak P-gp–stimulating photosensitizers. Mean ± SE are 
plotted from three independent experiments. **p < 0.01.  
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are preferentially retained in stimulated T cells and that P-gp stimulation further 

increases this retention differential and, therefore, may improve the selectivity of 

phototherapy. 

 

Photosensitizers with rapid extrusion kinetics minimally impede the bioenergetics 

of resting T cells. 

None of the photosensitive agents in use today have demonstrated selectivity for 

activated cells without significant toxicity occurring in resting cells. We hypothesized that 

if longer intracellular resident times were associated with greater toxicity, then the 

photosensitizers associated with rapid extrusion kinetics would have lower potential for 

toxicity. To test our hypothesis, we next compared the influence of the 24 

photosensitizers on the bioenergetics of resting T cells. For these experiments, ex vivo–

selected T cells were exposed to 5 × 10−7 M photosensitizer for 20 min in the absence of 

light, followed by the real-time measurement of OCR and ECAR. The weak P-gp 

stimulators, which are associated with slower cell-extrusion kinetics, affected T cell 

bioenergetics to a greater extent than did the strong P-gp–stimulating photosensitizers 

(Fig. 5A). These results demonstrate that photosensitizers that are rapidly extruded from 

resting cells are associated with a low potential for bioenergetic impedance and dark 

toxicity. To better understand the toxicity profile of our photosensitizers, we evaluated 

the effects of increasing concentrations. For this purpose, we used the photosensitizer 2-

Se-Cl and found no change in the bioenergetics of resting T cells at 5 × 10−7 M 

concentration. However, an initial increase in OCR at 6 × 10−7 M was followed by a linear 

decline, where OXPHOS was inhibited in proportion to 2-Se-Cl and accompanied by an 

increase in aerobic glycolysis (Fig. 5B, 5C). The decrease in OXPHOS with an increase 

in aerobic glycolysis was evidenced by a decrease in the OCR/ECAR ratio (Fig. 5D). 
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These results demonstrate that OXPHOS inhibition is associated with a compensatory 

increase in aerobic glycolysis in resting T cells. 

Based on the rapid extrusion kinetics and low potential for toxicity in resting cells, 

we selected four strong P-gp–stimulating photosensitizers for further analysis (2-S-Cl, 2-

Se-Cl, 4-S-Cl, and 4-Se-Cl) and evaluated the effects of PD on the bioenergetics of 

resting T cells. For all PD experiments, immunomagnetically selected CD3+ cells were 

suspended in a photosensitizer-rich medium of 5.0 × 10−8 M for 20 min, followed by 30 

min in a photosensitizer-free medium. Cells were then exposed to 5 J/cm2 of light, 

followed by real-time measurement of OCR and ECAR. SRC was decreased in resting 

cells after PD with all four photosensitizers (Fig. 5E); however, of the four 

photosensitizers, only the two selenorhodamine analogs (2-Se-Cl and 4-Se-Cl) did not 

significantly impede the basal OCR (Fig. 5E, 5F). We next evaluated the effects of PD 

on cell survival. For these experiments, FACS analysis was performed 18 h after PD. 

Cell survival was identified by failure to bind annexin V and 7AAD, and percentage 

survival was calculated as the difference in the absolute number of cells between PD 

and control (non-PD) samples. Significant cell death occurred with the use of 2-S-Cl and 

4-S-Cl. In contrast, minimal cell death was observed when 2-Se-Cl or 4-Se-Cl was used 

for PD, without selectivity for CD4+, CD8+, naive, or memory cell subsets in resting T 

lymphocytes (Fig. 5F). These results demonstrate that photosensitizers that stimulate P-

gp ATPase are rapidly extruded from cells and protect resting cells from dark and 

phototoxicity. When using these photosensitizers, suppression of basal OCR, but not 

SRC, affected survival. These findings indicate that basal OXPHOS is sufficient to 

support cell homeostasis and survival with a reduced SRC. After PD, the suppression of 

SRC reflects mitochondrial respiratory inhibition due to uncoupling and loss of the 

electron gradient across the mitochondrial IM. However, in the case of PD with 2-Se-Cl  
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Figure 5. Stimulation of P-gp protects cells from toxicity. For photosensitizer-alone 
experiments, isolated T cells were exposed to 5 × 10−7 M photosensitizer or PBS (control) for 20 
min. For PD experiments, isolated T cells were exposed to 5 × 10−8 M photosensitizer or PBS 
(control) for 20 min, washed, and exposed to 5 J/cm2 light. (A) Bar graph showing mean OCR of 
24 photosensitizers as a percentage of control in resting T cells for the strong and weak P-gp 
stimulators. OCR (B), ECAR (C), and OCR/ECAR ratio (D) for increasing concentration of 2-Se-
Cl for one representative experiment. (E) Effects of PD on the bioenergetics of resting T cells 
using 2-Se-Cl and 2-S-Cl compared with control in a basal state and after the addition of 
oligomycin (to block ATP synthesis), FCCP (to uncouple ATP synthesis from the electron 
transport chain), and rotenone (to block complex I of the electron transport chain) for one 
representative experiment. (F) Bar graph showing the effects of PD on the OCR and survival of 
cells compared with control for photosensitizers 2-S-Cl, 2-Se-Cl, 4-S-Cl, and 4-Se-Cl. Three 
donors were used in four independent experiments. Mean ± SE are plotted. *p < 0.05. 

 

  



40 
 

and 4-Se-Cl, the degree of mitochondrial IM uncoupling was insufficient to induce 

apoptosis. 

 

PD with 2-Se-Cl selectively affects the bioenergetics and survival of activated T 

cells. 

We next evaluated the selectivity of PD for activated T cells. Although the 

photosensitizers 2-Se-Cl and 4-Se-Cl demonstrated a high degree of selective 

accumulation in activated T cells and a low potential for toxicity in resting T cells, we 

focused on 2-Se-Cl. To confirm intracellular localization of 2-Se-Cl, FACS analysis using 

ImageStream technology (Amnis) was performed (Fig. 6A). Colocalization of MTG with 

2-Se-Cl in the mitochondria of HUT-78 T cells (Fig. 6B, similarity score = 2.56 ± 0.30) 

was clearly evident. A statistical analysis of the similarity of localization of MTG and MTR 

gave a mean bright detail similarity score of 3.06 ± 0.38 for 2420 cells, indicating a high 

degree of colocalization of these two agents. In contrast, a low similarity score between 

LYS and MTR of 0.55 ± 0.21 for 2590 cells was observed, demonstrating differences in 

the accumulation of the reporter fluorescent dyes in mitochondria and lysosomes. The 

high similarity score of 2-Se-Cl and MTG (Fig. 6C) demonstrates the specific localization 

of 2-Se-Cl in mitochondria. These results confirm the mitochondrial specificity of 2-Se-Cl, 

as well as the absence of any significant localization of this photosensitizer in the 

lysosomes of T cells. 

Next, we evaluated the differential effects of PD on bioenergetics of activated 

and resting T cells. For these experiments, immunomagnetically selected CD25+ and 

CD25− T cells were isolated (>95% purity) after SEB stimulation. PD was performed, and 

bioenergetics were measured within 1 h. We hypothesized that the greater 

intramitochondrial accumulation of 2-Se-Cl in activated T cells would selectively  
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Figure 6. Photosensitizer 2-Se-Cl localizes in mitochondria. Malignant T cells (HUT-78) were 
stained with MTG, MTR, LYS, and 2-Se-Cl for comparison by FACS analysis. (A) Bright-field 
image (BF), MTG fluorescence, 2-Se-Cl fluorescence, (Dye), and a merged image of MTG/2-Se-
Cl fluorescence (MTG/Dye) of one representative sample. (B) Graph of the pixel-by-pixel 
statistical analysis of each cell analyzed (n = 2205); the y-axis is the number of cells, and the x-
axis is the similarity coefficient between MTG and 2-Se-Cl. (C) Bar graph showing the average 
similarity score for colocalization of 2-Se-Cl and MTG, LYS and MTR, and MTR and MTG. Mean 
± SE are plotted.  
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uncouple the mitochondrial IM to impede basal ATP production required for cell survival. 

The percentage of basal OCR devoted to ATP production was determined by comparing 

basal OCR with baseline OCR (after oligomycin injection). PD with 2-Se-Cl significantly 

impeded OXPHOS-associated ATP production in activated T cells but not in resting T 

cells from the same culture (Fig. 7A) and did not affect aerobic glycolysis of either 

population (Fig. 7B). These results indicate that the increased mitochondrial metabolism 

drives the potential for greater photosensitizer accumulation. Upon exposure to light, the 

higher concentration of 2-Se-Cl selectively disrupted OXPHOS in activated T cells. 

To determine whether the selective impedance of basal ATP production affected 

cell survival, we next performed FACS analysis 18 h after PD (Fig. 7C). Cell survival was 

identified by a failure to bind annexin V and 7AAD, and percentage survival was 

calculated as the difference in the absolute number of cells between PD and control 

(non-PD) samples. More than 90% of activated T cells were eliminated from culture, with 

minimal to no cell death occurring in the resting T cell population (Fig. 7D). The 

CD4+ and CD8+ cell compartments were depleted equally. These results demonstrate 

that PD with 2-Se-Cl selectively disrupts OXPHOS in activated T cells to induce cell 

death, whereas resting T cells remain intact. 

 

PD with 2-Se-Cl selectively depletes immune responses. 

To directly test the hypothesis that PD with 2-Se-Cl selectively eliminates an 

immune response, PBMCs were stimulated with 50 ng/ml SEB for 72 h and PD using 2-

Se-Cl, as described above. Cells were rested overnight, stained with CFSE, and 

rechallenged with SEB or toxic shock syndrome toxin 1 (TSST-1) in culture for 6 d. After 

PD, no proliferation occurred in response to SEB (Fig. 8A, upper right panel). In contrast, 

when challenged with TSST-1, a superantigen that stimulates a different range of the 

TCR repertoire compared with SEB, a robust response was observed (Fig. 8A,  
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Figure 7. PD with 2-Se-Cl selectively affects the bioenergetics and survival of activated T 
cells. PBMCs were stimulated with 50 ng/ml SEB for 72 h and then PD with 5 × 10−8 M 2-Se-Cl 
and 5 J/cm2 light. Bar graphs showing the average area under the curve (AUC) summations for 
basal OCR/baseline OCR (A) and the ECAR measurements (B) for resting and activated T cells 
of PD and non-PD (control) samples. Nine donors were used in three independent experiments. 
(C) Cell survival was measured 18 h after light exposure and enumerated by FACS analysis by 
exclusion of annexin V and 7AAD. (D) Percentage survival compared with control was 
determined in three independent experiments. Mean ± SE are plotted. **p < 0.01. 
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lower right panel). SEB and TSST-1 bind to specific TCR sequences, which represent 

∼20% of the TCR repertoire. The loss of SEB-specific T cells enriched the TSST-1–

specific T cells in the remaining PBMCs and accounts for the increased percentage of 

dividing cells and the higher division index (average number of cell divisions for all cells) 

in response to TSST-1 (Fig. 8B, 8C). Although the average proliferation index (average 

number of divisions for proliferating cells) for T cells responding to TSST-1 after PD was 

lower than that of the control (3.9 versus 2.6), a robust response to TSST-1 was 

maintained, demonstrating that the resting T cells remain intact and functional after PD 

(Fig. 8C). 

Next, selective depletion of an allogeneic immune response was evaluated. For 

these experiments, an MHC-mismatched murine model was used. Responder 

splenocytes from C57BL/6 mice (H-2b) were cultured with irradiated (2000 cGy) 

stimulator BALB/c (H-2d) splenocytes for 5 d and then PD. Cells were rested overnight, 

stained with CFSE, and rechallenged with same-party BALB/c or third-party C3H.HeJ 

(H-2k) splenocytes for 5 d. Similar to the results of our superantigen model using human 

cells, no proliferation occurred after PD in response to same-party cells (Fig. 8D, upper 

right panel, Fig. 8E). In contrast, after PD, a robust proliferative response was observed 

against third-party cells (Fig. 8D, lower right panel, Fig. 8F). These studies demonstrate 

that our novel photosensitizer 2-Se-Cl, designed to stimulate P-gp, selectively 

accumulates in activated T cells to inhibit OXPHOS and, as a result, selectively depletes 

an alloimmune response while leaving intact resting cells with a normal response 

potential. 

 

PD with 2-Se-Cl selectively prevents GVHD. 

To determine whether selective depletion of Ag-specific alloreactive T cells by 

PD with 2-Se-Cl prevents GVHD in vivo, a complete MHC-mismatched murine model of  
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Figure 8. PD with 2-Se-Cl selectively depletes immune responses. (A) PBMCs were 
stimulated with 50 ng/ml SEB for 72 h and then PD with 5 × 10−8 M 2-Se-Cl and 5 J/cm2 light. 
Cells were rested overnight, stained with CFSE, and rechallenged with SEB or TSST-1 in culture 
for 6 d. Graphs of CFSE fluorescence for stimulated and nonstimulated T cells are shown for one 
representative sample. (B) Bar graph showing the percentage of total cells proliferating in 
response to SEB or TSST-1 for PD and control (non-PD) samples. (C) Bar graph showing the 
division index (average number of cell divisions for all cells) and proliferation index (average 
number of divisions for proliferating cells) for TSST-1–stimulated cells. (D) Responder 
splenocytes from C57BL/6 mice (H-2b) were cultured with irradiated (2000 cGy) stimulator 
BALB/c (H-2d) splenocytes for 5 d and then PD. Cells were rested overnight, stained with CFSE, 
and rechallenged with same-party BALB/c or third-party C3H.HeJ (H-2k) splenocytes for 5 d. 
Graphs of CFSE fluorescence for stimulated (dashed lines) and nonstimulated (solid lines) T cells 
for one representative sample. (E) Bar graph showing the percentage of total cells proliferating in 
response to same-party BALB/c or third-party C3H.HeJ for PD and control samples. (F) Bar 
graph showing the division index and proliferation index for third-party C3H.HeJ-stimulated cells. 
Three donors were used in three independent experiments. Mean ± SE are plotted. *p < 0.01.  



46 
 

rapidly lethal acute GVHD was used. To prepare the PD-treated primed splenocytes, 

donor C57BL/6 (H-2b) splenocytes were cocultured for 5 d with irradiated (20 Gy)  

BALB/c (H-2d) splenocytes and then PD. On the day of HSCT, C57BL/6 PD-treated 

splenocytes were infused into lethally irradiated BALB/c (same-party) or C3H/HeJ (H-2k) 

(third-party) mice. Same-party mice that received PD-treated splenocytes at the time of 

transplant lived 100 d without evidence of GVHD (Fig. 9C) and with <10% weight loss 

occurring throughout the 100-d posttransplant period (Fig. 9A), which was equivalent to 

the mean weight loss noted in the same-party control groups (T cell–depleted bone 

marrow only). In contrast, all mice that received untreated primed splenocytes (Fig. 

9C, 9D) and third-party mice that received PD-treated splenocytes (Fig. 9D) died of 

lethal GVHD. These results demonstrate that inhibition of OXPHOS by 2-Se-Cl 

selectively depletes pathogenic T cells and associated immune responses and may be 

applied to effectively prevent GVHD after MHC-mismatched HSCT. 

 

PD with 2-Se-Cl preserves antiviral immunity. 

Finally, to verify the retention of antipathogen immune responses after PD, 

splenocytes were harvested from CD90.1+ P14 TCR-transgenic mice and PD. Eighteen 

hours after PD, 105 naive GP33-specific PD or non-PD CD8+ T cells were transferred i.v. 

into naive C57BL/6 CD90.2+ hosts. Mice were infected i.p. with 2 × 105 PFU of LCMV-

Armstrong. Animals were sacrificed 8 d later, and FACS analysis was performed on 

splenocytes for enumeration and function. Recipient mice of PD-treated cells had an 

equivalent expansion of GP33-specific CD8+ T cells in response to LCMV infection 

compared with recipients of non-PD–treated cells (Fig. 10A), with an expected 

CD44high activated/memory T cell phenotype. Cytokine production is critical for T cell 

function and control of virus. Consequently, to confirm T cell function, postharvest 

splenocytes were treated with GP33–41 or NP396–404 peptides for 5 h in vitro and then  
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Figure 9. Ex vivo PD with 2-Se-Cl selectively depletes alloimmune responses to prevent 
GVHD. Donor C57BL/6 splenocytes were cocultured for 5 d with irradiated (20 Gy) BALB/c 
splenocytes and then PD. On the day of HSCT, 5 × 106 PD-treated or untreated primed 
splenocytes were infused into irradiated same-party BALB/c (9 Gy) or third-party C3H/HeJ (9.5 
Gy) recipients, together with 10 × 106 donor C57BL/6 T cell–depleted bone marrow (TCD BM) 
cells. Body weight (A) and survival (C) for first-party mice. Body weight (B) and survival (D) for 
third-party mice. Three to five mice were transplanted in each group in three independent 
experiments.  
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stained for intracellular cytokines IFN-γ, TNF-α, MIP1-α, and IL-2. All PD and non-PD 

CD90.1+ transferred CD8+ T cells produced IFN-γ and MIP1-α in response to GP33–41  

peptide stimulation and demonstrated an equivalent polyfunctional response, with 

coproduction of IFN-γ, TNF-α, and MIP1-α (Fig. 10B). Additionally, to determine the 

effect of PD treatment on viral clearance, virus titers of spleens were measured in 

recipients of PD and non-PD cells. Low virus levels (mean 2.53 versus 2.58 × 

103 PFU/g; Fig. 10C) were measured 8 d postinfection in both groups, consistent with 

rapid clearance of the virus and full retention of antiviral immunity. These results confirm 

that antipathogen immune responses remain fully intact after PD with 2-Se-Cl and may 

be efficiently transferred at the time of transplant. Collectively, these results demonstrate 

that PD with 2-Se-Cl is highly selective for pathogenic T cells that cause GVHD after 

MHC-mismatched HSCT and, via P-gp stimulation, actively protects nonpathogenic T 

cells central to a successful immune reconstitution after transplant. 
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Figure 10. Antipathogen immunity is fully retained after ex vivo PD with 2-Se-Cl. 
Splenocytes were isolated from naive P14 Thy1.1+ mice, PD, and rested overnight. Cells were 
enumerated by staining with anti-CD8α and DbGP33–41, followed by i.v. transfer of 105 naive 
GP33-specific CD8+ T cells into naive C57BL/6 Thy1.2+ hosts. Mice were infected i.p. with 2 × 
105 PFU of LCMV-Armstrong. Animals were sacrificed 8 d later, and FACS analysis was 
performed on splenocytes for enumeration (A) and function (B) and compared with control. Mean 
± SE are plotted. (C) Viral levels in spleens were determined by plaque assays. Five mice were 
used in each group, in two independent experiments with similar results.  
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DISCUSSION 

 

We designed and evaluated 24 photosensitive chalcogenorhodamines for the 

ability to selectively deplete activated T lymphocytes and associated immune responses. 

These photosensitizers specifically target T cell bioenergetics and accumulate in 

proportion to OXPHOS. In this study, we demonstrate that photosensitizers with 

increased intracellular residence times nonselectively impede OXPHOS and may be 

toxic to resting cells. Consequently, we selected a photosensitizer that potently 

stimulates P-gp to protect against toxicity occurring in resting cells. To our knowledge, 

this is the first time that a therapeutic has been designed with the dual properties of P-gp 

stimulation and OXPHOS inhibition. Applying this novel agent selectively depleted 

alloreactive T cells and prevented GVHD in a complete MHC-mismatched murine model 

of lethal GVHD, leaving intact resting cells with a robust response potential. 

Having an OXPHOS-specific photosensitizer facilitates increased uptake in 

activated T cells relative to resting T cells, offering a unique target to enable selective 

depletion. In this article, we present a model describing the determinants of 

photosensitizer selectivity, and one that may be followed in the design of future 

therapeutics selective for OXPHOS inhibition. In this model, the intracellular 

concentrations of a selective therapeutic are at an equilibrium involving influx and efflux, 

and the cytoplasmic concentration is determined by a balance between the opposing 

forces of OXPHOS and P-gp activity. All of the photosensitizers investigated in this study 

are highly dependent on the mitochondrial IM potential for intracellular accumulation 

(Figs. 4, 6). Consequently, we selected 2-Se-Cl because of its potent ability to stimulate 

P-gp and low potential for toxicity in resting cells. With 2-Se-Cl, increased OXPHOS of 

activated T cells slows cell extrusion and is the main determinant of intracellular 

accumulation. 
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Using staphylococcal superantigens to illustrate pathogenic T cells provided a 

mechanistic model to efficiently evaluate and identify the determinants of selectivity of 

our novel photosensitizers. In this study, we used superantigens to stimulate T cells with 

a restricted TCR repertoire. Superantigens induce a robust T cell response by cross-

linking the TCR with an MHC class II product on an APC (89). In this model, responding 

T cells are highly proliferative with uniform high CD25 expression, representing a 

terminal effector population (90). Using extracellular flux analysis, we show that the 

effector cells undergoing clonal expansion in response to SEB stimulation increase 

aerobic glycolysis and OXPHOS to support the rapid cell growth. This bioenergetic 

phenotype is similar to the Warburg effect in cancer cells and was recently identified in 

pathogenic T cells in autoimmune and alloimmune diseases (39). Alloreactive T cells in 

vivo minimally increase glycolysis above resting cells as a result of a limitation of 

substrate compared with in vitro models (40). However, the recent discovery that the 

increased OXPHOS enables increased aerobic glycolysis suggests that a novel 

therapeutic with the ability to inhibit OXPHOS will impede both metabolic pathways and 

starve cells of ATP to induce apoptosis in in vitro and in vivo systems (36). Furthermore, 

the specificity of our PD technique selectively impedes OXPHOS in the effector cells to 

inhibit the ATP production associated with SRC and basal OCR. The SRC of 

mitochondria is the extra capacity available in cells to produce energy in response to 

increased stimulation (91) and may be reduced after PD (Fig. 5E). However, only a 

decrease in basal OCR was associated with cell death, consistent with basal OCR 

reflecting the ATP production required for cell survival in our model. 

Evaluating our small library of photosensitizers to identify the determinants of 

selectivity enabled the rapid translation of findings into an in vivo system. For this 

purpose, a well-established complete MHC-mismatched murine model of GVHD was 

used (78). This model was selected for study because of the very high rate of lethal 
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GVHD. In this model, same-party recipients that received PD-treated primed splenocytes 

survived >100 d after HSCT without evidence of GVHD. In contrast, third-party mice that 

received an equivalent PD-treated product developed lethal GVHD and died within 35 d 

of HSCT. Similar to our in vitro findings, the high selectivity of 2-Se-Cl for pathogenic T 

cells was evidenced in vivo by the robust response potential retained in resting and 

nonpathogenic T cells after PD, which resulted in the rapid onset of lethal GVHD in the 

third-party system. Similarly, antiviral immunity was maintained after PD using a 

transgenic murine model specific for LCMV, underscoring the selectivity of our approach 

for stimulated and pathogenic T cells. 

The goal of our work is to improve selective depletion and to prevent GVHD after 

HSCT. Despite prophylaxis with calcineurin inhibitors, acute GVHD occurs in up to 60% 

of patients receiving transplants from HLA-identical siblings and in up to 80% of patients 

receiving transplants from HLA-matched unrelated donors (4). High-dose corticosteroids 

are the first-line treatment for acute GVHD but are associated with limited efficacy and 

significant toxicity. Only 50% of patients with severe acute GVHD respond to treatment, 

and only 10% of patients with steroid-refractory GVHD survive long-term (92). For many 

patients, this risk for GVHD prohibits the curative option of HSCT. This is further 

compounded by the fact that the risk for GVHD increases with HLA disparity between 

the donor and patient, and many patients are unable to find a fully HLA-matched donor. 

Only 30% of patients have an HLA-identical sibling, requiring the majority of patients to 

consider higher-risk alternative donor options (93). For many, especially patients of 

ethnic minority backgrounds, a fully HLA-matched unrelated donor cannot be found; 

merely 6% of African Americans are expected to find an HLA-matched adult donor by 

high-resolution molecular typing (94, 95). 

Haploidentical HSCT is an alternative donor option for patients without a fully 

HLA-matched donor, but it is associated with a high risk for GVHD due to significant HLA 
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disparity. Almost all patients have an available HLA-haploidentical familial donor, which 

may include a parent, sibling, or child. Early attempts at performing T cell–replete 

haploidentical transplantations using conventional preparative regimens were associated 

with very high rates of GVHD and graft rejection (96). However, we propose that 

selective depletion with 2-Se-Cl may successfully prevent GVHD and make 

haploidentical transplantations a safer curative option for more patients. 

In conclusion, we present a new class of photosensitizers with a high potential for 

selectivity, and present a model that may be followed to develop new therapeutics to 

target cell bioenergetics. We identified 2-Se-Cl as a superior agent in this class with the 

ability to modulate P-gp to selectively deplete stimulated T lymphocytes and associated 

immune responses. The mitochondrial specificity of 2-Se-Cl impedes OXPHOS of 

stimulated cells to induce apoptosis. Future applications for our approach are broad and 

may include targeting OXPHOS in alloimmune, autoimmune, and malignant T cells to 

provide alternative treatment options and improve clinical outcomes for patients with 

diseases such as GVHD, systemic lupus erythematosus, or peripheral T cell lymphoma. 
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INTRODUCTION 

 

Extracorporeal photopheresis (ECP) has been used successfully for more than 30 years 

in the treatment of erythrodermic cutaneous T cell lymphoma (CTCL), and more recently 

has shown promising results in several T cell-mediated disorders, including systemic 

sclerosis, treatment and prevention of solid organ rejection, graft-versus-host disease, 

and Crohn’s disease (97). Although response rates vary, the use of ECP may facilitate 

control of disease and improve overall survival. However, not all patients obtain a 

significant or durable response, indicating that improvements in the procedure warrant 

investigation (98). In particular, the design of photosensitizers that spare desirable 

lymphocytes while targeting malignant or pathogenic T cells would be an important 

advance. 

ECP is an immunomodulating procedure in which peripheral blood mononuclear 

cells (PBMCs) are separated from pheresed whole blood ex vivo. The lymphocytes are 

collected and exposed to the photosensitizer 8-methoxypsoralen (8-MOP) and are then 

irradiated with UVA (PUVA), which cross-links DNA within the nuclei of the cells and 

induces apoptosis. The subsequent reinfusion of the apoptotic lymphocytes produces 

the immunomodulatory effect. Although the mechanism of ECP is not well established, a 

vaccination effect is hypothesized to occur against the pathogenic T cells. After 

photodepletion, phagocytosis by antigen-presenting cells of membrane markers derived 

from apoptotic pathogenic cells induces cytotoxic T cell responses. Disease control is 

then mediated through cytotoxic T cells with disease specificity (99). However, 8-MOP is 

non-selective and DNA cross-linking by 8-MOP is indiscriminate and occurs in all cells 

resulting in non-malignant and resting lymphocytes significantly contributing to the 

apoptotic milieu. Reinfusion of these non-targeted cells may serve to limit the production 
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of disease-specific cytotoxic T lymphocytes (100, 101). Consequently, the efficiency of 

ECP may be improved with the use of a more selective photosensitizer. 

We have previously demonstrated that prolonged intracellular resident times of a 

photosensitive agent were associated with non-selective depletion of susceptible 

lymphocyte subsets (66). Dibromorhodamine-123 methyl ester is a photosensitizer that 

is highly dependent on P-glycoprotein (P-gp) for cell extrusion, and cells that express 

low P-gp activity are susceptible to increased intracellular dye accumulation (73, 102). 

Consequently, lymphocyte subsets with low P-gp activity, such as CD4+ and memory T 

cells, are disproportionately depleted when using this agent (65). In the clinical setting of 

immunotherapy, the use of dibromorhodamine-123 methyl ester resulted in the non-

selective depletion of lymphocytes important for normal immune responses, and poor 

patient outcomes (66). A more selective photosensitizer that protects healthy 

lymphocytes from non-selective depletion will lead to improvements in ECP. 

In prior studies we examined stimulation and inhibition of P-gp ATPase activity 

within several series of photosensitizers (69, 85, 103, 104). In particular, simple 

substitutions within a series of chalcogenorhodamine structures gave molecules that 

bind P-gp but can be either highly stimulating or inhibiting for P-gp ATPase activity (103, 

104). Specific tertiary amide substitutions are ATPase stimulating while specific tertiary 

thioamide substitutions inhibit ATPase activity (69, 85). The thioamide/amide 

modification effectively controls transport rates of rhodamine derivatives in both 

absorptive and secretory directions in the cell. 

Selenorhodamine analogues are more effective photosensitizers in vitro than 

rhodamines bearing the lighter chalcogens O and S for photodynamic therapy of both 

chemoresponsive and P-gp-expressing, drug-resistant cancer cells (105, 106). This, 

perhaps, is a consequence of the increased quantum yields for the generation of singlet 

oxygen [Φ(1O2)] in the Se-containing analogues relative to the S-containing analogues 
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(105, 107). Singlet oxygen is one of the reactive oxygen species responsible for 

phototoxicity in photodynamic therapy (PDT) including the purging of cells using 

dibromorhodamine-123 methyl ester in ECP (73, 88, 102). Studies of whole-cell 

cytochrome c oxidase activity suggest that the mitochondria are targets for the 

chalcogenorhodamine dyes 1 and 2 (Chart 1) (105). Thioamide-containing 

selenorhodamine 3 (Chart 1) is an effective photosensitizer for PDT of P-gp-expressing 

Colo-26 cells (108). In contrast, amide-containing 4 (Chart 1) is much less phototoxic 

and is extruded from Colo-26 cells presumably due to its ability to stimulate ATPase 

activity in P-gp. Thioamide 5 (Chart 2) is also an effective photosensitizer for PDT of 

Colo-26 cells (109). 

One approach to improve ECP is to develop a photosensitizer that accumulates 

in malignant T cells while having limited uptake or retention in healthy lymphocyte 

subsets. In order to evaluate the performance of some new photosensitizers for ECP, we 

developed a model of ECP using resting, pathogenic, and malignant T cells. Non-

stimulated and staphylococcal enterotoxin B (SEB)-stimulated human lymphocytes were 

mixed with malignant T cells (HUT-78, human CTCL Sezary cells). 

Selenorhodamines 5–10 (Chart 2) related in structure to the Texas reds were then 

evaluated for selectivity towards malignant T cells, and for the ability to spare resting T 

cells. A comparison of thioamide/amide pairs within this series allowed the identification 

of a lead photosensitizer, which may present an alternative to 8-MOP to increase the 

efficiency of ECP and to improve clinical outcomes. 
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Chart 1.  

Structures of chalcogenorhodamines 1–4. 

 

 

 

 

Chart 2.  

Structures of selenorhodamines 5–10 with variations of the Texas red core.  
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RESULTS AND DISCUSSION 

 

Synthesis of selenorhodamines 5–10 

The syntheses of 9-(5-(piperidylcarbamothioyl)thiophen-2-yl)-

2,3,6,7,12,13,16,17-octahydro-[1H,5H,11H,15H]-10-selenoxantheno[2,3,4-ij:5,6,7-

i′j′]diquinolizin-18-ium chloride (5) and 9-(5-(piperidylcarbamoyl)thiophen-2-yl)-

2,3,6,7,12,13,16,17-octahydro[1H,5H,11H,15H]-10-selenoxantheno-[2,3,4-ij:5,6,7-

i′j′]diquinolizin-18-ium chloride (6) have been previously described and a similar synthetic 

approach was employed for the synthesis of 7–10. Xanthones 11 and 12 were prepared 

as previously described (109, 110). Deprotonation of thiophene derivative 13 with LDA 

gave 2-lithiothiophene 14, which was then added to THF solutions of 11 and 12 at 

−78 °C (Scheme 1) (108, 110). Workup with aqueous HPF6 gave 7 and 9 in 88% and 

79% isolated yield, respectively, as the PF6salts. Both 7 and 9 were converted to 

amides 8 and 10, respectively, with trifluoroacetic anhydride (TFAA) in refluxing 

CH2Cl2 (Scheme 1). Workup with aqueous Na2CO3 gave 8 and 10 in 56% and 55% yield, 

respectively. All PF6 salts of the rhodamines were converted to the chloride salts 7–

10 with a chloride ion exchange resin. 

 

Electronic absorption spectra 

Absorption maxima (λmax) and molar extinction coefficients (ε) in MeOH for 5–

10 are compiled in Table I. In all three thioamide/amide pairs, values of λmax were the 

same for each pair. The Texas red analogues 5 and 6 gave λmax of 626 nm with values 

of ε of 9.9 × 104 and 1.35 × 105 M−1 cm−1, respectively. Replacing one julolidyl fragment 

of 5 and 6 with an N-methyl tetrahydroquinoline gave λmax of 620 nm for 7 and 8 while 

replacing both julolidyl fragments with N-methyl tetrahydroquinolines gave λmax of  
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Scheme 1.  

Synthesis of selenorhodamines 7–10 from selenoxanthones 11 and 12. 
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614 nm for 9 and 10. Rhodamines 7–10 also absorb light strongly at λmax with values 

of ε between 9.2 × 104 and 1.10 × 105 M−1 cm−1. 

 

Fluorescence yields 

Steady-state fluorescence spectra for 5–10 were acquired with excitation at 

532 nm using 2 as a standard (ΦFL = 0.009) (107). Selenorhodamines 5–10 are weakly 

fluorescent (ΦFL of 0.006–0.012) as would be expected from the presence of selenium 

as a heavy atom (Table I). However, the nominal fluorescence of 5–10 (Supplemental 

figure 2) is sufficient to visualize the dyes in cells as described below. 

 

Singlet oxygen yields 

Quantum yields for the generation of 1O2 [Φ(1O2)] by 5–10 were measured by 

time-resolved spectroscopy at 1270 nm of 1O2 phosphorescence in air-saturated 

methanol using 2 [Φ(1O2) = 0.87] as a standard (Supplemental figure 3) (107, 110). 

Values of Φ(1O2) fall in the range of 0.51–0.95 (Table I). 

 

n-Octanol/water partition coefficients 

Values of the n-octanol/water partition coefficient (log P) for 5–10 were measured 

using the ‘shake flask’ method (Table I) (111). Selenorhodamines 5–10 are lipophilic 

with values of log P in the range 3.4–4.1. Values of log P for amides 6, 8, and 10 are 

significantly lower (p <0.05, Student’s t-test) than log P for thioamides 5, 7, and 9 in pair-

wise comparisons of each thioamide/amide pair. Among the amides, 

log P for 6 (log P = 3.71) is significantly higher (p ⩽0.018) than log P for 8 (log P = 3.51) 

or 10 (log P = 3.42). 
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Table I. Physical characteristics of selenorhodamines 5 – 10. Absorption maxima 
(λmax) and molar extinction coefficients (ε) in CH3OH, fluorescence emission maxima 
(λFL) and quantum yields for fluorescence (ΦFL) in CH3OH, quantum yields for the 
generation of singlet oxygen [Φ(1O2)] in CH3OH, n-octanol/water partition coefficients 
(log P) for selenorhodamines 5-10.a 

 

compd λmax, 

nm 

ε,  

M-1 cm-1 

λFL, 

nm 

ΦFL
b Φ(1O2)a log P 

3c 608 8.11 × 104 634 0.008 ± 0.001 0.44 ± 0.03 1.61 ± 0.06 

4c 609 8.73 × 104 634 0.009 ± 0.001 0.48 ± 0.03 2.23 ± 0.04 

5d 626 9.9 × 104 660 0.010 ± 0.002 0.51 ± 0.03 4.1 ± 0.2 

6d 626 1.35 × 105 660 0.012 ± 0.001 0.64 ± 0.03 3.71 ± 0.08 

7 620 9.2 × 104 650 0.008 ± 0.001 0.54 ± 0.03 3.78 ± 0.03 

8 620 1.10 × 105 650 0.009 ± 0.001 0.64 ± 0.03 3.51 ± 0.04 

9 614 9.3 × 104 645 0.006 ± 0.001 0.64 ± 0.03 3.7 ± 0.1 

10 614 1.05 × 105 645 0.007 ± 0.001 0.95 ± 0.03 3.42 ± 0.06 

 

a Error limits are ± SD. b Excitation at 532 nm.  c Data from reference 18. d Data from 
reference 19. 
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P-gp transport studies of selenorhodamines 5–10 in monolayers of MDCKII-MDR1 

cells. 

To identify the effects of the selenorhodamines 5–10 on P-gp activity, the 

transport of these dyes was examined in monolayers of MDCKII-MDR1 cells, which 

overexpress P-gp (112). Since P-gp is present only at the apical membrane, monolayers 

of these cells are a good model for determining rates of transport of various molecules 

across a P-gp-containing membrane. The three thioamide/amide pairs of this study 

(5/6, 7/8, and 9/10) provide further examples of thioamide inhibition and amide 

stimulation of ATPase activity in rhodamine derivatives (69, 85, 108). Transport was 

measured both in absorptive (PAB) and secretory (PBA) directions of the cell monolayer. 

The assay was repeated with 5 × 10−6 M 15 (IC50 = 4 × 10−7 M, Chart 3), which 

completely inhibits P-gp. Compound 15 is related to the P-gp-specific inhibitor 

zosuquidar (113-116). Values of PAB and PBA in the absence of inhibitor, passive 

transport (PPassive) in the fully inhibited system, and the PBA/PAB ratio are compiled 

in Table II. Values of these same parameters previously reported for 3 and 4 are also 

compiled in Table II (108). For all of 5–10, PAB and PPassive were slow at 

⩽2.1 × 10−9 m s−1. In comparison, transport in the secretory direction was rapid, and was 

faster for amides 6 (PBA = 78 × 10−9 m s−1), 8 (PBA = 66 × 10−9 m s−1), 

and 10 (PBA = 65 × 10−9 m s−1) than for 

thioamides 5 (PBA = 18 × 10−9 m s−1), 7 (PBA = 8.8 × 10−9 m s−1), 

and 9 (PBA = 6.3 × 10−9 m s−1). This observation is consistent with prior studies of the 

thioamide/amide switch in rhodamines (including 3 and 4) in which amide analogues 

stimulate P-gp activity while thioamide derivatives do not (69, 85, 108). 
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Table II. Transport studies of selenorhodamines 3-10 with MDCK-MDR1 cells.a   

Compd PAB, 

× 10-9 m s-1 

PBA, 

× 10-9 m s-1 

PBA/PAB  PBA/PAB 
(uninhib/ 
inhib) 

PPassive,b 

× 10-9 m s-1 

3c 

(+ inh) 

1.9 ± 0.5 

1.7 ± 0.2 

29 ± 3 

1.8 ± 0.1 

15 

 

14  

~2 

4c 

(+ inh) 

0.9 ± 0.3 

1.0 ± 0.1 

164 ± 4 

11.1 ± 0.2 

182 

 

17  

~6 

5 

(+ inh) 

0.3 ± 0.3 

0.51 ± 0.3 

18 ± 2 

0.57 ± 0.1 

57 

 

52  

<1 

6 

(+ inh) 

2.1 ± 0.1 

0.24 ± 0.1 

78 ± 12 

4.8 ± 0.1 

37 

 

1.7  

~2 

7 

(+ inh) 

0.44 ± 0.1 

0.46 ± 0.1 

8.8 ± 0.3 

0.32 ± 0.2 

20 

 

29  

<1 

8 

(+ inh) 

1.4 ± 0.8 

0.18 ± 0.1 

66 ± 10 

2.8 ± 0.2 

48 

 

3  

~1 

9 

(+ inh) 

1.5 ± 1.8 

0.51 ± 0.1 

6.3 ± 1.2 

0.13 ± 0.1 

4 

 

16  

<1 

10 

(+ inh) 

1.8 ± 1 

0.51 ± 0.1 

65 ± 6 

4.0  ± 0.7 

36 

 

4.5  

~2 

 
a Experiments were run with 5 × 10-6 M dye and 4.3 mg mL-1 BSA. Values of transport in 
the absorptive (PAB) and secretory (PBA) mode in the absence or presence of inhibitor, 
the ratio PBA/PAB, the % cell associated rhodamine analogue in the absence or presence 
of inhibitor, and the ratio of cell associated rhodamine in the presence or absence of 
inhibitor are reported. Details for methods are provided in Experimental Procedures.  
Error limits represent ± standard deviation.  b PPassive represents the mean of PAB and PBA 
in the fully inhibited system.  c Data from reference 18. 
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Chart 3.  

Structure of 15. 

 

 

 

 

 

 

 

 

 

 

 

Chart 4.  

Structures of 16 (MTG), 17 (MTR) and 18 (LYS).  
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Localization of 3–6 in the mitochondria of malignant T cells 

Lipophilic cationic photosensitizers are concentrated in the mitochondria of 

cancer cells due to the increased mitochondrial IM potential and one might expect the 

selenorhodamine series of cationic photosensitizers to also localize in the  

malignant T cells targeted by ECP (117, 118). To investigate mitochondrial targeting of 

HUT-78 cells by 3–6, ImageStream multispectral imaging flow cytometry was employed 

using MitoTracker Green (16, MTG), MitoTracker Red (17, MTR), and LysoTracker (18, 

LYS) for reference (Chart 4) (108, 109). Both 16 and 17 are mitochondrial-specific 

reporters, and 17 is similar in structure to selenorhodamines 5 and 6. A statistical 

analysis of the similarity of localization of 16 and 17 in HUT-78 cells incubated with both 

agents gave a mean bright detail similarity score of 3.1 ± 0.7 for 2419 cells, indicating a 

high degree of co-localization of these two reporters (Fig. 11a) (119). In contrast, HUT-

78 cells incubated with 17 and the lysosome-specific reporter 18 demonstrated a low 

bright detail similarity score of 0.6 ± 0.4 for 2592 cells (Fig. 11a), indicating low co-

localization of these reporters (18 to the mitochondria, 19 to the lysosomes). 

HUT-78 cells were incubated for 15 min with a 2 × 10−7 M of photosensitizers 3–

6 and 5 × 10−7 M 16. High bright detail similarity scores were observed for 3–6 with 16, 

ranging from 2.4 to 3.1, suggesting a high degree of mitochondrial localization in HUT-78 

cells (Fig. 11a). A histogram of localization of 16 and 6 in HUT-78 cells is shown 

in Figure 11b. Similar histograms of the similarity of localization of MTG and 3–5 are 

shown in Supplemental figure 4 for HUT-78 cells. A representative example of a 6/MTG-

stained HUT-78 cell as a bright field image (BF), MTG fluorescence, fluorescence 

from 6, and a merged image of MTG/6 fluorescence is shown in Figure 11c. 
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Figure 11. Localization of selenorhodamines 3–6 in the mitochondria of malignant T cells. 
(a) The average similarity coefficient determined by Image Stream flow cytometry of all HUT-78 
cells for each pair of agents (MTR, MTG, LYS, 3–6) is shown; error bars represent ± SD. (b) A 
histogram of the pixel-by-pixel statistical analysis of each HUT-78 cell (n = 2355) analyzed, in 
which the y-axis is number of cells and the x-axis is the similarity coefficient between MTG and 
selenorhodamine 6. (c) A representative example of a 6/MTG-stained HUT-78 cell as a bright 
field image (BF), MTG fluorescence, 6 fluorescence, and a merged image of MTG/6 
fluorescence.  
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Dark and phototoxicity of 5 and 6 toward malignant T cells 

Dark and phototoxicity of the selenorhodamines towards malignant T cells was 

examined using the amide/thioamide pair 5 and 6 and a tunable dye laser delivering light 

at 630 ± 2 nm, with a fluence rate of ∼3.2 mW cm−2. HUT-78 cells were treated with 

varying concentrations of 5 or 6 and light and cell survival was determined using the 

MTT assay (Fig. 12) (120). Selenorhodamine 6 was more dark toxic than 5 (Fig. 12) and 

the difference, though small, was significant (p <0.0001, Student’s t-test). Increasing 

concentrations of 5 or 6 gave reduced survival with 1.0 J cm−2 of light and reduced 

survival was also observed with increasing light dose and a constant concentration 

(5 × 10−8 M) of 5 or 6. 

 

P-gp expression in T-cell lymphocytes 

P-gp is a protein expressed not only in normal stem cells but also in T-cell 

lymphocytes (121-124). Earlier studies have also shown that CD8+ cytotoxic T cells 

possess high levels of P-gp ATPase activity (66). Activated T cells have been shown to 

have reduced P-gp activity and photosensitizers have been shown to be retained 

preferentially in activated T cells and to be more phototoxic toward them (123, 125). The 

activity of P-gp in malignant T cells was examined with selenorhodamines 3–6 as 

described below. 

 

Uptake of 3–6 in malignant T cells in the presence and absence of verapamil 

Verapamil (VER) was one of the first small molecules discovered to inhibit P-gp 

transport of xenobiotics (126). The difference in relative uptake of selenorhodamines 3–

6 (2 × 10−7 M) by HUT-78 cells in the presence and absence of VER (1 × 10−4 M) by flow 

cytometry is shown in Figure 13. The ratios of uptake +VER/−VER are small and 

numerically (mean ± SD) are 1.27 ± 0.19 for 3, 1.33 ± 0.04 for 4, 1.17 ± 0.13 for 5, and  
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Figure 12. Dark and phototoxicity of selenorhodamines 5 and 6 toward malignant T cells. 
Dark ( ) and phototoxicity ( ) of selenorhodamine thioamide 5 (a) toward HUT-78 cells with 0.0 
and 1.0 J cm−2 of laser light and varying concentrations of 5 and (b) with 5 × 10−8 M 5 ( ) and 
varying light dose (0.0, 0.5, 1.0, and 2.0 J cm−2) delivered at 630 ± 2 nm and a fluence rate of 
∼3.2 mW cm−2. (c) Dark ( ) and phototoxicity ( ) of selenorhodamine amide 6 toward HUT-78 
cells with 0.0 and 1.0 J cm−2 of laser light and varying concentrations of 6 and (d) with 
5 × 10−8 M 6 ( ) and varying light dose (0.0, 0.5, 1.0, and 2.0 J cm−2) delivered at 630 ± 2 nm and 
a fluence rate of ∼3.2 mW cm−2. The surviving fraction was determined by MTT assay. The 
assays were run in triplicate. Values of EC50 (±SD) and LD50 (±SD) in (a) and (c) were determined 
by a sigmoidal does–response (variable slope) analysis. Error bars are ± SD. 
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Figure 13. Uptake of selenorhodamines 3–6 in malignant T cells in the presence and 
absence of verapamil. (a) Uptake of 2 × 10−7 M selenorhodamine 3–6 in HUT-78 cells as 
measured by relative fluorescence in the absence (black bars) and presence (white bars) of 1 × 
10−4 M VER. The assays were run in triplicate. Error bars represent the SD. Values of p are 
Student’s t-test significance for comparison of ±VER. Flow cytometry data for HUT-78 cells 
incubated 1 h with (b) 2 × 10−7 M 6 with or without 1 × 10−4 M VER, (c) 2 × 10−7 M 3 with or 
without 1 × 10−4 M VER, (d) 2 × 10−7 M 4 with or without 1 × 10−4 M VER, or (e) 2 × 10−7 M 5 
with or without 1 × 10−4 M VER. The histograms show the shift in fluorescence from 
selenorhodamine alone (blue) and plus VER (red). 
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1.13 ± 0.08 for 6. One-way analysis of variance indicated that there were no significant 

differences within the data set (F3, 0.025 = 1.6 p = 0.25). The effect of added VER is 

comparable with all four selenorhodamines including both amides and thioamides. 

 

A model for differentiating resting T cells, pathogenic T cells, and malignant T 

cells 

A model to compare uptake, retention, and phototoxicity of 5–10 in healthy T 

cells, pathogenic T cells, and malignant T cells was constructed using a mixture of 

peripheral blood mononuclear cells (PBMCs) and CTCL-derived malignant T cells to 

simulate ECP. For this model, HUT-78 T cells were first transfected with green 

fluorescent protein (GFP) to facilitate identification. PBMCs and GFP-expressing HUT-

78 cells were then mixed and identified by FACS analysis for HUT-78 (malignant T 

cells), CD3+ (resting T cells), CD4+ (helper T cells), and CD8+ (cytotoxic T cells) T cell 

subsets (Supplemental figure 5). 

Recent work has demonstrated that pathogenic T cells in both autoimmune and 

alloimmune diseases share a similar bioenergetic profile with cancer cells, and are very 

dependent on oxidative phosphorylation (OXPHOS) occurring in 

mitochondria.37Superantigen-stimulated T cells possess high OXPHOS metabolic 

activity, representing a bioenergetic profile similar to pathogenic T cells. As described 

earlier, the stimulated T cells have reduced levels of P-gp activity (123). To stimulate T 

cells, human PBMCs were cultured with Staphylococcus enterotoxin B (SEB) for 72 h. 

The SEB-stimulated PBMCs and GFP-expressing HUT-78 cells were mixed and 

identified by FACS analysis as shown in Supplemental figure 5. 

 

  

http://www.sciencedirect.com/science/article/pii/S0968089616304151#b0185
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Uptake and retention of selenorhodamines 5–10 in non-stimulated T cells 

A 5:1 mixture of PBMCs and GFP-expressing HUT-78 cells was exposed to 

selenorhodamines 5–10 and identified by FACS analysis for HUT-78 (malignant T cells), 

CD3+ (resting T cells), CD4+ (helper T cells), and CD8+ (cytotoxic T cells) T cell subsets 

(Supplemental figure 5). The mean fluorescence intensity (MFI) from the 

selenorhodamines for each of these cell types was measured 20 min after 

selenorhodamine exposure. A second PBMC and HUT-78 cell suspension was similarly 

treated, but then was washed and suspended for 30 min in selenorhodamine-free media, 

followed by measurement of the MFI by FACS analysis. The MFI data for uptake and 

retention for selenorhodamines 5–10 with HUT-78, CD3+ (resting T-cells), CD4+ (helper 

T-cell subset), and CD8+ cells (cytotoxic T-cell subset) are shown graphically in Figure 

14. Values of MFI as the mean of three independent experiments and the accompanying 

SEM are compiled in Table SIII. 

While not an exact comparison, values of MFI can be used to approximate 

relative concentrations of 5–10 in the different cell types. Values of λmax and ΦFL are 

comparable for each compound in each of the thioamide/amide pairs 5/6, 7/8, 

and 9/10 (Table I). Consequently, values of MFI (Table SIII) roughly correspond to the 

relative concentration of thioamide/amide pair in each cell type as shown in Figure 14. 

For all the selenorhodamines 5–10, uptake in HUT-78 cells was greater than uptake in 

CD3+, CD4+, and CD8+ cells and, following extrusion, the remaining concentration of 

dye was greater in the HUT-78 cells relative to the other cells. 

The specific data for selenorhodamine thioamide 5 and amide 6 serve to 

illustrate. One-way analysis of variance for values of MFI following uptake indicated 

significant differences within the data sets for 5 ( p = 0.0001) and 6 (

p <0.0001) and post-hoc Tukey tests showed that uptake in HUT-78  
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Figure 14. Uptake and retention of selenorhodamines 5–10 in non-stimulated T cells. Non-
stimulated PBMCs were combined 5:1 with HUT-78 cells and exposed to 7.5 × 10−8 M 
selenorhodamine. The bars represent mean fluorescence intensities (MFI) of selenorhodamine 
following (a) a 20-min uptake of 7.5 × 10−8 M selenorhodamine (uptake) and (b) a 20-min uptake 
of 2.5 × 10−7 M selenorhodamine followed by a 30-min extrusion in selenorhodamine-free media 
(extrusion) for (a) 5/6, (b) 7/8, and (c) 9/10. Values of the SEM are found in Table SI. 
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cells was significantly greater than for all other cells (p <0.05). Following extrusion, one-

way analysis of variance for values of MFI again indicated significant differences within 

the data sets for 5 ( p <0.0001) and 6 ( p <0.0001). 

Post-hoc Tukey tests showed that the concentration of 5 or 6 remaining in Hut-78 cells 

was significantly greater than the concentration of 5 or 6 in all other cell types and that 

the amount of dye left in the CD8+ cells was significantly less than in all other cells 

(p <0.01). 

One can examine the percent change in MFI (ΔMFI) between the uptake values 

of MFI and the MFI following a 30-min extrusion in selenorhodamine-free media for 

HUT-78 and non-stimulated PBMCs as an indication of rates of extrusion. For all 

thioamide/amide pairs, extrusion was significantly greater for the amide partner than for 

the thioamide partner for all pair-wise comparisons for not only for the entire CD3+ cell 

population but also for the CD4+ and CD8+ sub-populations (p ⩽0.03) with one 

exception (Table SIV). Values of ΔMFI were not significantly different for 

the 5/6 thioamide/amide pair with respect to CD8+ cells (p = 0.27). 

These data are consistent with our prior observation that CD8+ cytotoxic T cells 

possess high levels of P-gp ATPase activity at baseline.6 Consequently, the most rapid 

extrusion kinetics and lowest intracellular photosensitizer retention occurred in the CD8+ 

T cells for all selenorhodamines 5–10. 

 

Photodepletion of non-stimulated and malignant T cells with selenorhodamine 

photosensitizers 5–10 

Photodepletion is the phototoxicity of the combination of a particular 

photosensitizer and light dose toward the group of cells under study. To determine the 

extent of survival after photodepletion, a 5:1 mixture of PBMCs and GFP-transfected 

http://www.sciencedirect.com/science/article/pii/S0968089616304151#b0030
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HUT-78 cells was suspended with the selenorhodamine photosensitizer (7.5 × 10−8 M) 

for the 20 min uptake and 30 min extrusion periods as described above. The 

PBMC/HUT-78 cell suspension was then irradiated with 5 J cm−2 of 600-nM light 

delivered from a 65-Watt equivalent LED. Cell survival was determined by FACS 

analysis 18 h after light exposure. The results are shown for selenorhodamines 5–

10 in Figure 15 and values are listed in Table III. Following photodepletion, HUT-78 cell 

survival was ⩽6% with selenorhodamine photosensitizers 5–10. For the entire CD3+ set 

of PBMCs, selenorhodamine photosensitizer 6 gave 62% survival while the remaining 

photosensitizers 5 and 7–10 gave ⩽7% survival (Table III). Not surprisingly, one-way 

analysis of variance indicated significant differences within the data set (F5, 

1712 = 84 p <0.0001) and a post-hoc Tukey test showed that survival was significantly 

greater with photosensitizer 6 relative to each of the others (p <0.0001). Furthermore, 

among photosensitizers 5 and 7–10 there were no significant differences in survival of 

the CD3+ population. 

With the mixture of non-stimulated PBMCs and HUT-78 cells, 

selenorhodamine 6 gave 62–78% survival of the CD3+, CD4+, and CD8+ populations 

and only 3.9% survival of HUT-78 cells (Table III and Fig. 15.) When the data were 

treated using one-way analysis of variance, significant differences were noted within the 

data set for 6 (F3, 3220 = 52 p <0.0001) and a post-hoc Tukey test showed that survival of 

CD3+, CD4+, and CD8+ cells was significantly greater than HUT-78 cells (p <0.0001) 

while there were no significant differences among survival of CD3+, CD4+, and CD8+ 

cells (p ⩾0.69). 
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Figure 15. Photodepletion of non-stimulated and malignant T cells with selenorhodamine 
photosensitizers 5–10. Non-stimulated PBMCs were combined 5:1 with HUT-78 cells. Samples 
were then photodepleted (PD) with 7.5 × 10−8 M selenorhodamine 5–10 and 5 J cm−2 light. Cell 
survival was measured 18 h after light exposure and compared to control (non-PD samples) by 
FACS analysis. The bar graphs represent percent survival of malignant HUT-78, the CD3+ 
population, and the CD4+ and CD8+ subsets of CD3+ cells after photodepletion with 
selenorhodamines (a) 5 and 6 and (b) 7–10. The bars represent the mean of three replicate 
experiments. Error bars are the SEM.  
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Table III. Survival of HUT-78 cells and non-stimulated PMBCs following photodepletion 
with 7.5 × 10-8 M photosensitizer and 5 J of 600-nm LED light.a 

 

 % Survival 

Compd HUT-78 CD3+ CD4+ CD8+ 

5 0 ± 0 5.8 ± 2.3 1.5 ± 0.3 11.3 ± 4.6 

6 3.9± 0.5 62.1 ± 5.2 63.3 ± 7.0 78.0 ± 2.5 

7 0.7 ± 0.5 0.4 ± 0.4 0 ± 0 0 ± 0 

8 1.24 ± 0.05 4.8 ± 0.4 0.37 ± 0.15 24.5 ± 3.1 

9 5.6 ± 1.7 1.5 ± 1.1 0 ± 0 0 ± 0 

10 2.4 ± 0.6 7.2 ± 1.2 1.1 ± 0.1 42.4 ± 2.7 

 

a Values are the mean of experiments run in triplicate. Error limits are ± SE. 
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Uptake and retention of selenorhodamines 5–10 in resting, pathogenic, and 

stimulated T cells 

SEB-stimulated PBMCs and HUT-78 cells were mixed and treated with a solution 

of 7.5 × 10−8 M photosensitizer under the ‘uptake’ and ‘extrusion’ conditions as 

described above. Comparison of MFI following uptake and extrusion and associated 

values of SEM are given in Table SV. A direct comparison of MFI for each of the 

thioamide/amide pairs 5/6, 7/8, and 9/10 is shown in Figure 16. What stands out in these 

data is (1) the reduced MFI for 6 in all cell types relative to the other 

selenorhodamines 5 and 7–10 and (2) the roughly 8-fold higher concentrations for 6 in 

HUT-78 cells and the CD3+ (CD25+) cells relative to the resting CD3+ (CD25−) cells 

following extrusion. These observations would predict greater survival for the resting T-

cell population following photodepletion. 

The rate of extrusion of photosensitizers 5–10 with SEB-stimulated PBMCs were 

similar to those observed for non-stimulated PBMCs. Values of ΔMFI were noted to be 

significantly greater for the amide analogues compared to their thioamide partners in 

malignant, pathogenic, and resting T cells (Table SVI). Photosensitizer retention was 

higher in malignant T cells and pathogenic T cells (CD25+) compared to resting T cells 

(CD25−) for all selenorhodamines at the end of the uptake and extrusion periods. Values 

of ΔMFI were also similar between malignant and pathogenic T cells, and significantly 

lower than values of ΔMFI for resting T cells (p <0.005). 

 

Photodepletion of resting, pathogenic, and stimulated T cells with 

selenorhodamine photosensitizers 

Photodepletion using selenorhodamines 5–10 as well as 

selenorhodamines 3 and 4 was performed on SEB-stimulated PBMCs and GFP-  
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Figure 16. Uptake and retention of selenorhodamines 5–10 in resting, pathogenic, and 
stimulated T cells. SEB-stimulated PBMCs were combined 5:1 with HUT-78 cells and exposed 
to 7.5 × 10−8 M selenorhodamine. The bars represent mean fluorescence intensities (MFI) of 
selenorhodamine following (a) a 20-min uptake of 7.5 × 10−8 M selenorhodamine (uptake) and 
(b) a 20-min uptake of 7.5 × 10−7 M selenorhodamine followed by a 30-min extrusion in 
selenorhodamine-free media (extrusion) for (a) 5/6, (b) 7/8, and (c) 9/10. Values of the SEM are 
found in Table SIII. 
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expressing HUT-78 cell suspension as described above. Cell survival was determined 

by FACS analysis 18 h after light exposure. At the selenorhodamine concentration and 

light dose described above, all of the selenorhodamines 3–10 were phototoxic to >90% 

of the HUT-78 cells (Fig. 17, Table IV). One-way analysis of variance indicated that there 

were no significant differences within the data set (F7, 16 = 1.5 p = 0.25) for HUT-78 

phototoxicity. 

For the SEB-stimulated PBMCs, photosensitizers 3–10 were phototoxic to >60% 

of the activated CD3+ (CD25+) cells (Fig. 17, Table IV). However, one-way analysis of 

variance indicated that there were significant differences within this data set (F7, 

383 = 59 p <0.0001). Selenorhodamine amide 6 (37% survival of CD3+ (CD25−) cells) 

spared more than twice the CD3+ (CD25+) population relative to all of the other 

photosensitizers, which spared <18% of the CD3+ (CD25+) cells. 

The performance of selenorhodamine 6 with the resting CD3+ (CD25−) 

population was in marked contrast to that of the other selenorhodamines 3–5 and 7–10. 

Selenorhodamine 6 gave 83% survival of CD3+ (CD25−) cells compared to <30% 

survival with 3–5 and 7–10 (Fig. 17, Table IV). One-way analysis of variance in this data 

set indicated significant differences within the data set (F7, 1742 = 13 p <0.0001) for 

photodepletion of the CD3+ (CD25−) population. 

As a photosensitizer, selenorhodamine 6 was phototoxic to 91% of the HUT-78 

cells while sparing 37% of the CD3+ (CD25+) cells and 83% of the CD3+ (CD25−) cells. 

Overall, 65% of the entire CD3+ population (CD25+ and CD25−) survived the 

phototoxicity studies with 6 (Table IV) and this value is significantly greater than the 9% 

survival of HUT-78 cells (p = 0.003) following photodepletion (figure 17). 
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Figure 17. Photodepletion of resting, pathogenic, and stimulated T cells with 
selenorhodamine photosensitizers. Photodepletion of a 5:1 mixture of SEB-stimulated PBMCs 
and HUT-78 cells with 7.5 × 10−8 M selenorhodamine 3–10 and 5 J cm−2 light (600 nM, 65-Watt 
equivalent LED). Cell survival was measured 18 h after light exposure and compared to control 
(non-PD samples) by FACS analysis in 3 independent experiments. The bar graphs represent 
surviving fraction of malignant HUT-78, stimulated (CD25+), and resting (CD25−) T cell 
populations after photodepletion with photosensitizers 3–10. Mean ± SE are plotted.  
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Table IV. Survival of HUT-78 cells and SEB-stimulated PMBCs following photodepletion 
with 7.5 × 10-8 M photosensitizer and 5 J of 600-nm LED light.a 

 

 % Survival 

 

Compd 

HUT-78 CD3+ CD3+ 

(CD25+) 

CD3+ 

(CD25-) 

3 8.5 ± 1.2 21.0 ± 3.2 9.2 ± 1.0 29.1 ± 5.2 

4 6.7± 1.2 26.6 ± 4.6 17.4 ± 1.7 32.3 ± 6.0 

5 2.0 ± 0.9 12.1 ± 2.6 4.8 ± 1.0 17.1 ± 4.3 

6 9.3 ± 2.7 65.0 ± 8.3 37.4 ± 3.2 83.4 ± 14.3 

7 5.1 ± 0.9 5.7 ± 2.6 2.6 ± 0.9 8.7 ± 4.2 

8 6.0 ± 0.2 10.3 ± 1.4 5.0 ± 0.9 13.9 ± 2.3 

9 8.1 ± 4.1 9.2 ± 2.2 7.0 ± 0.7 11.1 ± 3.1 

10 5.4 ± 0.8 22.2 ± 2.9 12.5 ± 0.4 29.8 ± 5.6 

 
a Values are the mean of experiments run in triplicate. Error limits are ± SE. 
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DISCUSSION OF BIOLOGICAL RESULTS 

 

ECP is a powerful treatment modality for malignant, autoimmune, and 

alloimmune T cell-mediated diseases. However, not all patients obtain a significant or 

durable response from ECP. The design of a selective photosensitizer that spares 

desirable lymphocytes while targeting malignant T cells may promote cytotoxic T cell 

responses and improve outcomes after ECP. In this report, the selenorhodamines 5–

10 were examined as photosensitizers for HUT-78 malignant T cells targeted by ECP. 

Photosensitizer 6 emerged as a superior agent in this class by sparing resting PBMCs 

while being highly phototoxic to HUT-78 malignant T cells. 

 

Mitochondrial targeting 

The ability of the rhodamines to target mitochondria leads to greater 

accumulation of the cationic rhodamines in the mitochondria of cancer cells (117, 118, 

127). However, ‘traditional’ rhodamines with oxygen in the xanthylium core are not 

photosensitizers. Bromination of the rhodamine 123 core produces several brominated 

rhodamine structures with increased quantum yields for singlet oxygen generation (128, 

129). Furthermore, it is not clear that the brominated rhodamines retain their 

mitochondrial specificity (129). Replacing the oxygen atom of the xanthylium core with 

the heavier selenium atom gives selenorhodamines that efficiently produce 1O2 (Table I). 

Furthermore, as shown in Figures 11 and Supplemental figure 4, 

selenorhodamines 5 and 6 with the Texas red core and the related 

selenorhodamines 3 and 4 clearly target the mitochondria of HUT-78 cells. The 

structures of 5 and 6 are very similar to that of MTR (18, Chart 4), which is a commercial 

mitochondrial-specific reporter. 
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Modulation of P-gp activity 

The selenorhodamines 5–10 also modulate ATPase activity in P-gp. In MDCKII-

MDR1 cells, selenorhodamine amides 6, 8, and 10 show faster rates of efflux (PBA of 78, 

66, and 65 × 10−9 m s−1, respectively, Table II) than their corresponding thioamide 

analogues 5, 7, and 9 (PBA of 18, 8.8, and 6.3 × 10−9 m s−1, respectively, Table II). This 

same trend has been observed in prior studies of thioamide/amide pairs including 

selenorhodamine thioamide 3 (PBA of 29 × 10−9 m s−1) and selenorhodamine 

amide 4 (PBA of 164 × 10−9 m s−1) (69, 85, 108). The faster rates of efflux suggest that 

the amide-containing selenorhodamines would maximize rates of extrusion from the P-

gp-expressing CD3+ lymphocytes relative to malignant T cells. The data in Figure 

14 and Table SIII for resting PBMCs and HUT-78 cells and in Figure 16 and Table 

SIII for SEB-stimulated PBMCs and HUT-78 cells indicate that the selenorhodamine 

amides are extruded more rapidly (% change from uptake maximum) than the 

selenorhodamine thioamides in both PBMCs and HUT-78 cells. 

For selenorhodamines 5 and 7–10, values of ΔMFI are not significantly different 

between malignant and pathogenic T cells in our model (p >0.30). In contrast, the ΔMFI 

for resting T cells was significantly greater compared to malignant and pathogenic T 

cells (p <0.001). The faster rates of efflux suggest that the amide-containing 

selenorhodamines would maximize rates of extrusion from the P-gp-expressing resting 

CD3+ lymphocytes relative to malignant and pathogenic T cells, and therefore better 

protect resting T cells from photosensitizer associated toxicities. 

For selenorhodamine amide 6, one-way analysis of variance indicated significant 

differences within the data set (F2, 548 = 101 p <0.0001) for rates of extrusion (ΔMFI) 

of 6 from malignant and pathogenic T cells and resting T cells. Post-hoc Tukey tests 

indicated that ΔMFI is significantly greater for pathogenic (CD3+ (CD25+)) T cells 
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relative to HUT-78 cells (p = 0.048) and is significantly greater in resting (CD3+ 

(CD25−)) T cells relative to either HUT-78 cells or pathogenic T cells (p <0.0001). 

Of possible concern was the ability of P-gp (if present) to also protect malignant 

T cells targeted by ECP. As shown in Figure 12, the addition of the P-gp inhibitor VER to 

inhibit P-gp gives a slight increase in uptake of selenorhodamines 3–6 relative to VER-

free conditions in HUT-78 cells (126). However, the ratios of uptake +VER/−VER for 

both the amides and thioamides are not significantly different, ranging from 1.13 to 1.33. 

These ratios can be compared to the ratios of uptake +VER/−VER for 3–6 in P-gp-

expressing Colo-26 cells of 1.9 and 5.1 for 3 and 4, respectively, and 2.9 and 7.6 

for 5 and 6, respectively (108, 109). Additionally, as shown in Figure 13, 5 and 6 are 

comparably phototoxic to HUT-78 cells over a range of photosensitizer concentrations 

and light doses. These results indicate that uptake of selenorhodamine photosensitizers 

in Sezary cells is minimally influenced by P-gp ATPase stimulation, and that P-gp 

stimulation does not protect malignant T cells against phototoxicity using these agents. 

 

Role of selenorhodamine lipophilicity 

The increased lipophilicity of 5–10 may also impact interactions with P-gp as well 

as localization in the mitochondria. The Texas-red analogues 5 and 6 and the related 

structures 7–10 have the same numbers of carbons and very similar molecular weights. 

These selenorhodamines have experimental values of log P of 3.42–4.1 ( Table I) and 

are significantly more lipophilic than selenorhodamines 3 (log P 1.61) and 4 (log P 2.23) 

(108).Within the 5–10 series, values of log P are significantly lower for amides 6, 8, 

and 10 in pair-wise comparisons with thioamides 5, 7, and 9. This is opposite of what 

was observed with 3 and 4 where thioamide 3 had the lower value of log P. Similarly, the 

added lipophilicity of the thioamides may contribute to their greater uptake and 

prolonged retention in malignant T cells relative to their amide partners. 
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It is likely that the generation of 1O2 is the cytotoxic event in the phototoxicity 

(photodepletion) studies (88). Although solution values of Φ( 1O2) may not directly 

correspond to values of Φ(1O2) while bound to the mitochondria, solution studies 

of 1O2generation for selenorhodamines 3–10 indicate that (1) all of the 

selenorhodamines generate 1O2 efficiently, and that (2) values of Φ(1O2) are larger for 

the amide partner in the thioamide/amide pairs 3/4, 5/6, 7/8, and 9/10 (Table I). 

However, one question to answer is why 6 behaves effectively and so differently 

from its thioamide analogue 5 and related selenorhodamines 7–10. 

Compound 6 appears to have reduced uptake in both PBMCs and HUT-78 cells from a 

greatly reduced MFI relative to selenorhodamine thioamide 5 for both uptake and 

extrusion in both malignant and non-malignant T cells whether resting or SEB-stimulated 

(Figs. 4a and 6a). The other thioamide/amide pairs 7/8 and 9/10 displayed much smaller 

differences with respect to uptake and extrusion for each pair. The reduced values of 

MFI for selenorhodamine amide 6 relative to thioamide 5 suggest lower intracellular 

concentrations of 6. 

Values of log P are higher for thioamide 5 relative to thioamides 7 and 9 and 

higher for amide 6 relative to amides 8 and 10. Recent crystallographic studies of P-gp 

suggest an inward facing, wider cleft into which xenobiotics may be gathered by P-gp as 

soon as they penetrate the inner membrane (130). Xenobiotics are then removed with 

an outward-facing flip of the P-gp scaffold. The added lipophilicity of 6 as well as its 

ability to stimulate P-gp transport may lead to its reduced concentration in PBMCs. In 

contrast, the increased lipophilicity of 6 and the increased dependence of malignant T 

cells on OXPHOS may concentrate amide 6 in the mitochondria of the malignant HUT-

78 T cells (34). 

 

 

http://www.sciencedirect.com/science/article/pii/S0968089616304151#b0005
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The HUT-78/PBMC model 

To develop this novel class of photosensitizers, we used a model of healthy, 

pathogenic, and malignant T cells, to facilitate the efficient evaluation of our 

photosensitizers. For this model, human PBMCs were stimulated with SEB to produce T 

cells with a bioenergetic profile similar to pathogenic T cells. After SEB-stimulation, 

pathogenic T cells were identified by high expression of CD25, the cell surface receptor 

for the stimulatory cytokine IL-2. However, CD25 is also expressed on non-pathogenic T 

cells, such as activated or cytotoxic T cells, which were not identified separately using 

this model. In contrast to pathogenic T cells, cytotoxic T cells possess a different 

bioenergetic profile from pathogenic T cells, with a lower dependence on OXPHOS over 

glycolysis (81). Consequently, we expect cytotoxic T cells to be less susceptible to the 

effects of our selenorhodamine photosensitizers, and therefore to survive 

photodepletion. Importantly, the antitumor effect induced by ECP is theorized to derive 

from the non-stimulated T cell population after photodepletion. Photodepletion 

with 6 highly preserves this non-malignant, non-stimulated T cell population, and 

therefore may preserve this potential for antitumor immune responses. Now with the 

development of a selective photosensitizer, we have the ability to clarify the immune 

mechanisms induced by ECP, which may better define the successes and limits of this 

treatment modality, with the ultimate goal of improving clinical outcomes. 

 

Conclusions 

We present a new photosensitizer with a high potential for selectivity in ECP. 

Selenorhodamine 6 has a ‘Texas red’ core—two fused julolidine rings containing the 

nitrogen atoms of the rhodamine chromophore. This core helps target the hyperpolarized 

mitochondria of malignant T cells. The amide functionality in 

selenorhodamine 6 stimulates ATPase activity in P-gp and stimulates extrusion of the 
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selenorhodamine photosensitizer from P-gp-expressing lymphocytes. In P-gp 

overexpressing MDCKII-MDR1 cells, the rate of efflux of 6 from the cell by P-gp (PBA) is 

faster than the rate of efflux of thioamide 5 or the other related selenorhodamines 7–10. 

The end result is sparing of resting PBMCs important for normal immune responses 

while photodepleting malignant T cells using selenorhodamine 6 as a photosensitizer. 

While selenorhodamine 6 is a promising potential photosensitizer for ECP, there 

is room to improve photosensitizer performance. Increased selectivity towards malignant 

T cells based on lipophilicity or P-gp stimulatory ability, could further increase selectivity 

and lead to improved immune responses following ECP. As a lead compound, 6 can be 

modified through the 9-position with a variety of different amide/thioamide groups 

attached to aryl and heteroaryl rings to stimulate P-gp further, while substitutions within 

the julolidyl rings can modify lipophilicity. Such modifications may provide next-

generation photosensitizers with even greater selectivity. 
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EXPERIMENTAL 

General methods 

Selenorhodamines 3–6 and selenoxanthones 11 and 12 were prepared by 

literature methods (108-110). Fluorescence quantum yields (ΦFL) and quantum yields for 

the generation of singlet oxygen [Φ(1O2)] were measured as previously described (107, 

110). Tetrahydrofuran was distilled from sodium benzophenone ketyl. Reactions were 

run under Ar. Concentration in vacuo was performed on a Büchi rotary evaporator. NMR 

spectra were recorded on an Inova 500 instrument (500 MHz for 1H, 125 MHz for 13C) or 

300 MHz Mercury spectrometer (75.5 MHz for 13C) with residual solvent signal as 

internal standard. Infrared spectra were recorded on a Perkin-Elmer FTIR instrument. 

UV–vis near-IR spectra were recorded on a Perkin-Elmer Lambda 12 spectrophotometer 

or a Shimadzu UV-3600 spectrophotometer in quartz cuvettes with a 1-cm path length. 

Melting points were determined on Büchi capillary melting point apparatus and are 

uncorrected. All compounds tested have a purity of at least 95%, which was determined 

by elemental analyses for C, H, and N (Atlantic Microlab, Inc., Norcross, GA). 

Experimental values of C, H, and N are within 0.4% of theoretical values. 

 

Preparation of selenorhodamine 7 

n-Butyllithium (1.33 M in hexanes, 1.30 mL, 1.70 mmol) was added dropwise to a 

stirred solution of N,N-diisopropylamine (268 μL, 1.90 mmol) in THF (20 mL) at −78 °C. 

The resulting mixture was stirred for 10 min before it was transferred to a stirred solution 

of piperdin-1-yl(thiophen-2-yl)methanethione (374 mg, 1.77 mmol) in THF (10 mL) at 

−78 °C. The resulting solution was stirred at −78 °C for 2 min before it was transferred 

via cannula to a stirred solution of selenoxanthone 11 (200 mg, 0.43 mmol) in THF 

(25 mL) at room temperature. The resulting solution was heated to 45 °C for 0.5 h and 

then cooled to ambient temperature. Glacial acetic acid (2 mL) was added and the 



90 
 

resulting mixture was poured into 10% aqueous HPF6 at 0 °C. The resulting mixture was 

stirred 12 h and the precipitate was collected via filtration and then washed with water 

(50 mL) and diethyl ether (100 mL). The product was purified via column 

chromatography (SiO2, 6% MeOH/CH2Cl2, Rf = 0.4), followed by recrystallization from 

ether/CH2Cl2 to yield 278 mg (79%) of 5 as the PF6 salt as a purple solid, mp 149–

151 °C. The hexafluorophosphate salt (50 mg, 0.06 mmol) was dissolved in 

CH2Cl2 (10 mL) and Amberlite IRA-400 chloride ion exchange resin (3.0 g) was added. 

The resulting mixture was stirred at ambient temperature for 24 h. The Amberlite 

exchange resin was removed via filtration, and the filtrate was concentrated under 

reduced pressure. This process was repeated a total of 3 times in order to achieve 

complete ion exchange: 1H NMR (500 MHz, CDCl3) δ 7.42 (s, 1H, C(4)-H or C(5)-H of 

xanthylium core), 7.40 (s, 1H, C(4)-H or C(5)-H of xanthylium core), 7.24 (d, 

1H, J = 3.5 Hz, thiophene = CH-), 7.16 (s, 1H, C(8)-H of xanthylium core), 7.03 (d, 

1H, J = 3.5 Hz, thiophene = CH-), 4.31 (br s, 2H), 4.05 (br s, 2H), 3.60–3.50 (m, 6H), 

3.25 (s, 3H), 2.81–2.69 (m, 4H), 2.24–2.13 (m, 2H), 2.06–1.96 (m, 2H), 1.92–1.68 (m, 

9H); 13C NMR (75.5 MHz, CDCl3) δ 188.1, 149.1, 149.0, 148.4, 147.4, 142.1, 141.1, 

140.4, 134.2, 134.0, 130.7, 129.4, 125.0, 124.9, 119.7, 119.4, 116.3, 107.4, 53.6 (br), 

52.3 (br), 51.2, 50.3, 48.0, 39.5, 34.2, 31.7, 29.4, 28.4, 27.5, 25.6, 23.9, 20.1, 

19.8; λmax(MeOH) 620 nm (ε = 9.20 × 104 M−1 cm−1); IR (film on NaCl) 2936, 1591, 1442, 

1309 cm−1; HRMS (ESI, HRDFMagSec) m/z 646.1831 (calcd for C35H40N3S2
80Se+: 

646.1823). Anal. of hexafluorophosphate salt. Calcd for C35H40N3S2Se·PF6: C, 53.16; H, 

5.10; N, 5.31. Found: C, 52.91; H, 5.18: N, 5.23. Anal. of chloride salt. Calcd for 

C35H40N3S2Se·Cl: C, 61.71; H, 5.92; N, 6.17. Found: C, 61.35; H, 6.28: N, 5.87. 
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Preparation of selenorhodamine 9 

n-Butyllithium (1.34 M in hexanes, 1.28 mL, 1.72 mmol), N,N-diisopropylamine 

(267 μL, 1.89 mmol), piperdin-1-yl(thiophen-2-yl)methanethione (372 mg, 1.76 mmol), 

and selenoxanthone 12 (200 mg, 0.440 mmol) in THF (10 mL and 30 mL) were treated 

as described for the preparation of 7. The product was purified via recrystallization from 

MeOH, yielding 305 mg (87%) of 9 as the PF6 salt as a purple solid, mp 154–156 °C. 

The PF6 salt (50 mg, 0.06 mmol) was converted to the chloride salt as described 

for 7: 1H NMR (500 MHz, CD2Cl2) δ 7.60 (s, 2H, C(4)-H and C(5)-H of xanthylium core), 

7.21 (d, 1H, J = 3.5 Hz, thiophene = CH-), 7.17 (s, 2H, C(1)-H and C(8)-H of xanthylium 

core), 7.06 (d, 1H, J = 3.5 Hz, thiophene = CH-), 4.30 (br s, 2H), 3.98 (br s, 2H), 3.58 (t, 

4H, J = 6.0 Hz), 3.24 (s, 6H), 1.87–1.72 (m, 10 H), 1.17 (s, 12H); 13C NMR (75.5 MHz, 

CD2Cl2) δ 188.7, 151.0, 150.2, 148.5, 143.8, 140.0, 134.9, 131.9, 129.8, 124.9, 120.6, 

108.1, 52.3 (br), 48.7, 40.1, 34.6, 32.1, 28.6, 27.1 (br), 26.0 (br), 24.4; λmax (MeOH) 

614 nm (ε = 9.42 × 104 M−1 cm−1); IR (film on NaCl) 2932, 1591, 1474, 1446, 1399, 

1320 cm−1; HRMS (ESI, HRDFMagSec) m/z 648.1985 (calcd for C35H42N3S2
80Se+: 

648.1980). Anal. of hexafluorophosphate salt. Calcd for C35H42N3S2Se·PF6: C, 53.03; H, 

5.34; N, 5.30. Found: C, 52.83; H, 5.41: N, 5.21. Anal. of chloride salt. Calcd for 

C35H42N3S2Se·Cl: C, 61.53; H, 6.20; N, 6.15. Found: C, 61.48; H, 6.53: N, 6.16. 

 

Preparation of selenorhodamine 8 

Trifluoroacetic anhydride (140 μL, 1.01 mmol) was slowly added to a stirred 

solution of 7 (200 mg, 0.253 mmol) in CH2Cl2 (20 mL). The resulting solution was heated 

at reflux for 5 h, and was then cooled to ambient temperature. A solution of 10% 

aqueous Na2CO3(25 mL) was added, and the mixture was extracted with 

CH2Cl2 (3 × 25 mL). The combined organic fractions were collected and concentrated 

under reduced pressure. The crude product was purified via column chromatography 
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(SiO2, 2:8 Et2O/CH2Cl2, Rf = 0.5), yielding 107 mg (54.6%) of 8 as the PF6 salt as a 

purple solid, mp 169–171 °C. The hexafluorophosphate salt (50 mg, 0.06 mmol) was 

converted to the chloride salt as described for 7: 1H NMR (500 MHz, CD2Cl2) δ 7.41 (d, 

1H, J = 4.0 Hz, thiophene = CH-), 7.40 (s, 1H, C(4)-H or C(5)-H of xanthylium core), 7.39 

(s, 1H, C(4)-H or C(5)-H of xanthylium core), 7.17 (s, 1H, C(8)-H of xanthylium core), 

7.10 (d, 1H, J = 4.0 Hz, thiophene = CH-), 3.73 (t, 4H, J = 5.0 Hz), 3.56 (t, 

2H, J = 6.0 Hz), 3.54–3.47 (m, 4H), 3.22 (s, 3H), 2.80–2.71 (m, 4H), 2.18 (quintet, 

2H, J = 6.0 Hz), 1.99 (quintet, 2H, J = 6.0 Hz), 1.80–1.72 (m, 4H), 1.71–1.64 (m, 4H), 

1.13 (s, 6H); 13C NMR (75.5 MHz, CDCl3) δ 162.2, 149.3, 149.2, 148.6, 142.3, 141.2, 

140.1, 139.9, 134.2, 134.1, 130.8, 129.7, 128.1, 125.0, 120.0, 119.6, 116.4, 107.5, 51.3, 

50.4, 48.1, 46.5 (br), 39.7, 34.3, 31.7, 28.5, 27.6, 26.0 (br), 25.7, 24.3, 20.2, 19.9; λmax in 

(MeOH) 620 nm (ε = 1.10 × 105 M−1 cm−1); IR (film on NaCl) 2935, 1591, 1540, 

1451 cm−1; HRMS (EI, HRDFMagSec) m/z 630.2080 (calcd for C35H40N3O1S1
80Se1

+: 

630.2050). Anal. of hexafluorophosphate salt. Calcd for C35H40N3OSSe·PF6: C, 54.26; H, 

5.20; N, 5.42. Found: C, 54.09; H, 5.30: N, 5.32. Anal. of chloride salt. Calcd for 

C35H40N3OSSe·Cl: C, 63.20; H, 6.06; N, 6.32. Found: C, 62.89; H, 6.65: N, 5.98. 

 

Preparation of selenorhodamine 10 

Trifluoroacetic anhydride (123 μL, 0.884 mmol, 4.0 equiv) and 9 (175 mg, 

0.221 mmol, 1.0 equiv) in CH2Cl2 (25 mL) were treated as described for the preparation 

of 8. The crude product was purified via column chromatography (SiO2, 2:8 

Et2O/CH2Cl2, Rf = 0.5), yielding 111 mg (64.5%) of the desired product 10 as the PF6 salt 

as a purple solid, mp 157–159 °C. The PF6 salt (50 mg, 0.06 mmol) was converted to 

the chloride salt as described for 7: 1H NMR (500 MHz, CD2Cl2) δ 7.54 (s, 2H, C(4)-H 

and C(5)-H of xanthylium core), 7.44 (d, 1H, J = 4.0 Hz, thiophene = CH-), 7.17 (s, 2H, 

C(1)-H and C(8)-H of xanthylium core), 7.14 (d, 1H, J = 4.0 Hz, thiophene = CH-), 3.72 
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(t, 4H, J = 5.5 Hz), 3.57 (t, 4H, J = 6.0 Hz), 3.24 (s, 6H), 1.81–1.72 (m, 6H), 1.71–1.64 

(m, 4H), 1.15 (s, 12H); 13C NMR (75.5 MHz, CDCl3) δ 162.1, 150.2, 149.7, 143.7, 140.2, 

139.7, 134.6, 131.2, 129.6, 128.2, 120.2, 107.8, 48.3, 45.0 (br), 39.9, 34.3, 31.8, 28.5, 

26.0 (br), 24.4; λmax in (MeOH) 614 nm (ε = 1.05 × 105 M−1 cm−1); IR (film on NaCl) 2922, 

1591, 1474, 1447 cm−1; HRMS (ESI, HRDFMagSec) m/z 632.2207 (calcd for 

C35H42N3O1S1
80Se1

+: 632.2208). Anal. of hexafluorophosphate salt. Calcd for 

C35H42N3OSSe·PF6: C, 54.12; H, 5.45; N, 5.41. Found: C, 53.89; H, 5.49: N, 5.36. Anal. 

of chloride salt. Calcd for C35H42N3OSSe·Cl: C, 63.01; H, 6.35; N, 6.30. Found: C, 63.07; 

H, 6.11: N, 6.03. 

 

Determination of n-octanol/water partition coefficients 

The octanol/water partition coefficients were all measured at pH 7.4 (PBS) using 

UV–visible spectrophotometry. The measurements were done using a shake flask direct 

measurement. Mixing for 3–5 min was followed by 1 h of settling time. Equilibration and 

measurements were made at 23 °C. Measurements were performed in triplicate. High-

performance liquid chromatography grade 1-octanol was used. 

5.3. P-gp-transport studies across MDCKII-MDR1 monolayers 

These procedures have been described previously in detail (112). Briefly, MDCK 

cells transfected with wild-type MDR1 (ABCB1) were obtained from Dr. Piet Borst at The 

Netherlands Cancer Institute and were maintained in Dulbecco’s Modified Eagle’s 

Medium (Gibco) supplemented with 10% fetal bovine serum (FBS), 100 units/ml 

penicillin and 100 μg/ml streptomycin. Cultures were used at passage number 16–42. 

MDCKII-MDR1 cells that were seeded at 50,000 cells cm−2 onto 12-well 

(1.13 cm2surface area) Transwell polycarbonate filters (Costar) were fed on days 3 and 

5, and used on day 6. The upper and lower chamber volumes were 0.5 mL and 1.0 mL, 

respectively. Cells were rinsed 10 min in phosphate-buffered saline containing 10−2 M 
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Hepes buffer at pH 7.4 (DPBSH) (Gibco) at 37 °C with mixing on a nutator (Clay 

Adams). Cells were pre-incubated with 4.3 mg mL−1 bovine serum albumin (BSA) in 

DPBSH alone or containing 5 × 10−6 M 15. After 30 min, 5 μM test compound (5–10) in 

BSA/DPBSH with or without inhibitor was added to the donor chamber (0.5 mL upper or 

apical, 1.0 mL lower or basolateral). Initial donor samples were taken at t = 0. For apical-

to-basolateral (AB) flux, D0 was taken from the mixing tube before addition to the cell 

monolayer. For basolateral-to-apical (BA) flux this sample was taken from the 12-well 

plate 10 min after transfer, but before cell wells were added. Samples were taken from 

both the donor and receiver chambers following a 1-h incubation at 37 °C with constant 

mixing by nutation. Cell monolayers were rinsed two times using cold DPBS and 

extracted with 5 × 10−4 L MeOH for 3 min. Samples (5 × 10−5 L) were combined 

into n = 3 cassettes in a 96-deep well assay plate and protein was precipitated by adding 

4.5 × 10−4 L acetonitrile, shaken to mix. Plates were centrifuged 5 min at 5000 rpm. 

Compound concentrations were determined with an LC–MS/MS assay (112). 

 

Isolation and stimulation of human peripheral blood mononuclear cells (PBMCs) 

PBMCs were obtained from healthy volunteers on a Wake Forest Baptist 

institutional review board-approved protocol (CCCWFU 29A13). To examine the effects 

of our photosensitizers on human T cells, peripheral blood mononuclear cells (PBMCs) 

were separated using Ficoll-Hypaque density gradient centrifugation (Organon Teknika, 

Durham, NC), and rested in RPMI supplemented with 10% heat-inactivated fetal calf 

serum. To produce stimulated T cells, human PBMCs were cultured in RPMI 1640 

(LifeTechnologies, Gaithersburg, MD) with 50 ng/mL Staphylococcus enterotoxin B 

(SEB, Toxin Technology, Inc., Sarasota, FL) for 72 h. 
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Photosensitizer retention and extrusion studies 

For experiments comparing the retention of the different photosensitizers, SEB-

stimulated human PBMCs were stained with mAb to CD3 and CD25 and then washed. 

SEB-stimulated PBMCs and HUT-78 cells (ATCC, Manassas, VA) were mixed in a 5:1 

ratio and suspended at a concentration of 2 × 106 cells/mL in PBS containing 

7.5 × 10−8 M of selenorhodamine for a 20 min uptake period. Cells were then washed 

and suspended in photosensitizer-free media for a 30 min extrusion period (RPMI 

supplemented with 10% heat-inactivated FCS). Data were acquired on a BD FACS 

Canto II flow cytometer, and analyzed using FlowJo software. 

 

Phototoxicity and dark toxicity studies with HUT-78 cells 

HUT-78 cells (ATCC, Manassas, VA) were grown in RPMI 1640, 1X with L-

glutamine medium. The medium was supplemented with 10% FBS, 1% HEPES buffer, 

and 1% penicillin–streptomycin. Cells were harvested, plated 7.5 × 104 to a well in a 96-

well plate (0.32 cm2 on a flat bottom plate), and incubated for 24 h. 

Selenorhodamines 3–6 were added from stock solutions of known concentration (Add 

10 μL of a 10 × concentration of the appropriate dye solutions to the 96 well plate (Final 

concentrations: 5 × 10−8 M to 5 × 10−7 M)). All plates were incubated 1 h in the dark after 

dye addition then either kept in the dark or irradiated with a tunable dye laser 

at λmax (633 ± 2 nm) at a fluence rate of ∼ 3.2 mW cm−2 to light doses of 0.5, 1.0, or 

2.0 J cm−2. Plates were centrifuged for 3 min at 1500 rpm at 25 °C. Old medium was 

removed and 200 μL of new medium was added to each well before they were placed in 

the incubator (37 °C, 5% CO2). After a 48-h incubation, an MTT assay was performed on 

the plates to determine cell viability (120). The absorbance of each well was read on an 

EL800 BioTek plate reader at 570 nm to give fraction cell viability after data 

deconvolution. 
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Transfection of HUT-78 cell line 

HUT-78 cells (ATCC, Manassas, VA) were grown in RPMI 1640, 1X with L-

glutamine medium. HUT-78 cells were then transfected with pmax GFPTM plasmids 

using respective Amaxa Nucleofection kits and Nucleofection program V-001 with 

Nucleofector II device. High green fluorescent protein (GFP) expressing HUT-78 cells 

were then isolated by BD FACS Aria cell sorter (>98% purity) and used in photodepletion 

experiments. 

 

Photodepletion studies 

For selectivity in photodepletion experiments, SEB-stimulated or non-stimulated 

human PBMCs and were combined with GFP-expressing HUT-78 malignant T cells at a 

5:1 ratio, and then suspended in media containing 7.5 × 10−8 M photosensitizer for 

20 min (uptake period) followed by 30 min in a photosensitizer-free media (extrusion 

period). Cells were then exposed to 5 J cm−2 of light (600 nM, 65-Watt equivalent LED) 

and 180 rotations per minute. FACS analysis of cell survival was performed 18 h after 

light exposure. 

 

Flow cytometry studies with HUT-78 Cells 

Flow cytometry was run on an LSR II A UV-Normal Flow instrument with an 

excitation wavelength of 561 nm (50 mW cm−2) and an emission detection wavelength of 

710 nm (50 PE-Cy 5.5). HUT-78 cells were harvested and samples were prepared using 

5 × 105 cells in 0.5 mL medium. Each photosensitizer was run at a concentration of 

2 × 10−7 M with and without 1 × 10−4 M VER. Samples were incubated for 1 h, placed on 

ice, and analyzed Image Stream flow cytometry was run on an Image Stream Mark II 

instrument using channels 2 (480–560 nm detection) and 5 (642–745 nm detection) with 
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MTG excitation at 488 nm and excitation of 3–6 at 561 nm. Samples were made using 

5 × 105 HUT-78 cells in 0.5 mL medium. Each photosensitizer was run at a 

concentration of 2 × 10−7 M with and without 5 × 10−7 M MTG. Cells were also run with 

5 × 10−7 M MTG alone (5 × 10−7 L of 1 × 10−3 M MTG stock in DMSO), All samples were 

incubated 15 min, centrifuged, and the medium was removed. Samples were re-

suspended in Hanks PBS (60 μL), placed on ice, and analyzed. Co-localization was 

determined in each individual cell using the IDEAS similarity feature, which is a log-

transformed Pearson’s correlation coefficient of the intensities of the spatially correlated 

pixels within the whole cell, of the MTG and 3–6 images, MTG and MTR images, or LYS 

and MTR images, respectively. The similarity score is a measure of the degree to which 

two images are linearly correlated. 

 

Reagents for FACS analysis 

The following monoclonal antibodies were used and purchased from 

eBioscience: mouse anti-human α-CD3-Cyanin-7-allophycocyanin (APC-Cy7; clone 

OKT3); α-CD4-Pacific Blue (PB; clone RPA-T4); α-CD8-fluorescein isothiocyanate 

(FITC; clone SK1); and α-CD25-Cyanin-7-phycoerytherin (PE-Cy7; clone BC96). 

Apoptosis was assessed by FACS analysis of annexin V and 7AAD-stained cells (BD 

Pharmingen) as previously described (81). Data acquisition was performed on BD FACS 

Canto II flow cytometer, and analyzed using FlowJo software. 

 

Data analysis and statistics 

For biological assays, statistical significance was assessed using one-way 

ANOVA and a post-hoc multiple pairwise comparison using the Tukey test with a 

significance level of 0.05. The Student’s t-test was used for pair-wise comparisons of 
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independent samples. All t-tests were 2 sided, and p-values less than 0.05 were 

considered significant. 
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DISCUSSION AND CONCLUSIONS 

  

The goal of the work presented here was to develop a novel approach to prevent 

and treat immunological diseases. To achieve this goal, we focused on designing a new 

photosensitive therapeutic to target the unique metabolic profile of pathogenic T cells. 

The use of photosensitizers to treat autoimmune skin conditions can be traced back to 

Ancient Egypt hundreds of years ago, and was first reported for modern applications in 

1976 for the treatment of Cutaneous T Cell Lymphoma (131). Psoralen and 

hematoporphyrin derivatives represent the first generation of photosensitizers. However, 

despite some efficacy when employed clinically, these photosensitizers are associated 

with limited selectivity for malignant and pathogenic cells.  As a result, poor absorption, 

poor tissue distribution, and associated toxicities limit use. The subsequent search for 

selective photosensitizers identified mitochondria as a potential target for selectivity, and 

rhodamine-123 for the ability to target mitochondria (132, 133). The basis of our work is 

to develop and apply photosensitizers that expand on the cationic scaffold of rhodamine-

123 to obtain a high degree of selectivity for malignant and pathogenic T cells. 

Collectively, our studies reveal several major findings. First, targeting OXPHOS 

is highly selective for pathogenic and malignant T cells.  This finding may provide the 

basis for the development of future therapeutics to improve the treatment of immune 

mediated and malignant diseases. Second, P-gp stimulation protects non-pathogenic 

cells without impeding OXPHOS selectivity, which is a highly novel feature of our 

photosensitizers. Third, targeting OXPHOS in alloreactive T cells prevents GVHD while 

maintaining antipathogen and antitumor immune responses.  Application of our work fits 

nicely into the rapidly growing field of immunotherapy alongside such treatments as 

checkpoint inhibition and engineered T cells, and represents an innovative approach for 

creating immune effector cells to treat hematological malignancies. Lastly, a selective 
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photosensitizer may increase response rates to extracorporeal photopheresis (ECP) and 

improve outcomes for patients with autoimmune and alloimmune diseases. These points 

will be further considered in the following discussion. 

Implications of targeting OXPHOS.  Central to our goal of improving selectivity 

is the ability to efficiently target mitochondria. Mitochondria are essential organelle in 

eukaryotic cells, where they play an important role in the synthesis of ATP, the 

regulation of calcium homeostasis, intracellular ROS signaling, and apoptosis. As a 

result, mitochondrial dysfunction contributes to disease and aging. Consequently, 

targeting mitochondrial to improve function or induce cell death may lead to potent 

therapy for a multitude of diseases. Over the years, bioactive, lipophilic cations, such as 

ours, have been designed to exploit the mitochondrial IM potential to target 

mitochondria. As originally described by Chen and colleagues, the mitochondrial IM 

potential exists as a result of ion channels and OXPHOS pathways.  The IM potential of 

isolated mitochondria may reach -180 mV across their lipid bilayer, which is close to the 

largest voltage a lipid bilayer can sustain without dielectric breakdown (134).  In living 

cells, the IM potential ranges from 120 – 170 mV, depending on the degree of OXPHOS. 

In contrast, the potential across the plasma membrane of the cell and other organelles is 

only 30 – 60 mV.  By using the negative potential gradient of the mitochondrial IM as the 

electrostatic driving force, lipophilic cations can be designed to pass rapidly through the 

lipid bilayers of the plasma membrane and accumulated in the mitochondrial matrix 

(135). 

We have developed a novel class of bioactive, photosensitive cations with the 

ability to target pathogenic T cells. Rhodamine-123 is the prototypic lipophilic cation, but 

in its native form is associated with a low quantum yield of ROS, and therefore, is not an 

effective photosensitizer (136). To increase photosensitivity, bromine was conjugated to 

the rhodamine-123 nucleus (137). As a result, 4,5-dibromorhodamine methyl ester 
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(TH9402) was produced with improved photosensitivity. However, bromination also 

alters the intracellular localization to organelles other than mitochondria, resulting in 

reduced mitochondrial selectivity (88). To improve both the photosensitivity and 

selectivity, Detty and colleagues identified optimal heavy metal substitutions for oxygen 

in the rhodamine core. Introductions of the heavy atoms sulfur, selenium, or tellurium in 

core structure of rhodamine – 123 significantly increases photosensitivity, with selenium 

and tellurium substitutions associated with the greatest improvement. Observation by 

electron microscopy also demonstrated that mitochondrial localization was highly 

maintained after selenium and tellurium substitutions (88). 

2-Se-Cl is the best-in-class photosensitizer of the selenorhodamines developed 

by Detty and colleagues that we investigated, and is associated with significant 

selectivity for the mitochondrial IM. In fact, the high degree of selectivity of our 

photosensitizers allows us to closely estimate the IM potential of different cell subsets for 

comparative purposes. Since the distribution of cations across the mitochondrial IM is in 

equilibrium with the IM potential, we can estimate the voltage across the mitochondrial 

IM for each T cell subsets we investigated to better quantify risk of phototoxicity. 

Applying the Nernst equation, every 61.5 mV increase in membrane potential is 

associated with a ten-fold increase in cation concentration within mitochondria (135).  

Using the MFI of 2-Se-Cl as determined by FACS analysis at maximal retention, and 

assuming an IM potential of -120 mV in quiescent T cells, the estimated an IM potential 

in stimulated T cells is 170 -mV, which corresponds to the 6-fold retention differential 

observed between resting and stimulated T cells in our superantigen model. Malignant T 

cells also appeared highly oxidative with an estimated IM potential of 168 -mV. 

Unstimulated CD4+ and CD8+ T cells possessed lower IM potential of -135 mV and -

110mV, respectively, consistent with the greater oxidative phenotype of CD4+ T cells 

(38). 
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Although using a lipophilic cation to estimate the IM potential is common practice, 

this approach has limitations.  Lipophilic cations, such as rhodamine-123 and 

derivatives, are also substrates of P-gp. Consequently, differences in P-gp activity 

between subsets will affect intracellular reporter concentrations. In our analysis, the 

difference in estimated IM potential between CD4+ and CD8+ T cells using 2-Se-Cl as 

the reporter may be due to differences in P-gp activity. Unique to the work of Detty and 

colleagues is the ability to inhibit P-gp by inducing small changes in the structure of the 

mitochondrial specific cations (69). The series of photosensitizers we studied was 

comprised of thioamide/amide pairs that affected P-gp differently. While the amide-

containing photosensitizers potently stimulated P-gp ATPase, the thioamide-containing 

photosensitizers significantly inhibited P-gp. Therefore, when estimating the 

mitochondrial IM potential, using the thioamide-containing derivative will inhibit P-gp 

ATPase to minimize influence. In this case, when using 1-Se-Cl, the thioamide-

containing pair of 2-Se-Cl, the estimated IM potential for CD4+ and CD8+ T cells was -

143 mV and -123 mV, respectively. Consequently, the thioamide containing 

photosensitizers that we investigated may provide a more accurate quantification of the 

mitochondrial IM potential and degree of OXPHOS than current reporters due to the 

ability to inhibit P-gp. 

The therapeutic potential of our photosensitizers resides in the ability to exploit 

an inherent weakness of pathogenic and malignant T cells to oxidative stress. T cell 

metabolism is the consequent of the different activating signals, the availability of 

substrates, and the chronicity of the stimulation. As a result, different T cell subsets 

possess unique metabolic profiles (34). The metabolic profile of pathogenic T cells 

reflects chronic stimulation in an inflammatory milieu depleted of anabolic substrates. 

Consequently, pathogenic T cells are highly dependent on the catabolic pathways of 

OXPHOS and FAO for survival.  However, increased OXPHOS is associated with IM 
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uncoupling and leakage of ROS.  Previous studies have shown that small amounts of 

ROS generated in response to receptor stimulation act as positive mediators of 

lymphocyte activation, and control the expansion and contraction of T cells during an 

immune response (138, 139). In contrast, high levels of ROS may induce cell 

dysfunction and apoptosis. Therefore, maintaining optimal levels of ROS through 

antioxidant regulatory systems is critical to T cell proliferation and function (140, 141). 

However, as a consequence of substrate diversion to support increased anaerobic 

glycolysis, production of antioxidants is limited in pathogenic cells (39). Although this 

metabolic phenotype may promote cell growth and survival, the combination of 

increased ROS production and decreased antioxidants make pathogenic T cells very 

susceptible to oxidative stress. Our photosensitizers take advantage of this fact and 

promote oxidative stress. Our lead photosensitizers 2-Se-Cl and selenorhodamine 6 are 

both highly dependent on degree of OXPHOS for intracellular accumulation, and highly 

phototoxic. Consequently, with light exposure, these photosensitizers release large 

quantities of ROS, which disrupt the mitochondrial IM to induce apoptosis. Although 

photosensitizers such as TH9402 release ROS to increase oxidative stress, the high 

degree of mitochondrial selectivity and phototoxicity of our photosensitizers significantly 

improves the efficiency compared to all others. 

Changes in the plasma membrane potential and lipid composition in cancer cells 

may also affect photosensitizer uptake to influence efficacy. Selenorhodamine 6, but not 

2-Se-Cl, is selectively phototoxic to malignant T cells. This may be the result of the 

increased lipophilicity of selenorhodamine 6 compared to 2-Se-Cl. Lipophilicity 

influences the interactions of photosensitizers with P-gp as well as localization in the 

mitochondria, and may facilitate the greater uptake and prolonged retention of 

selenorhodamine 6 in malignant T cells. In contrast, 2-Se-Cl is less lipophilic and poorly 

retained in malignant T cells, and therefore not toxic to this population. Although both 
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photosensitizers are equally phototoxic and potently inhibit OXPHOS, differences in 

photosensitizer scaffolds and associated properties determines the selectivity for specific 

tissues. Consequently, scaffold manipulation to alter lipophilicity provides a basis to build 

on and create new therapeutics with the addition of tissue specific selectivity. 

A limitation of any selective therapeutic is the potential for off-target toxicity. 

Accordingly, an OXPHOS inhibitor may also be toxic to non-pathogenic cells.  OXPHOS 

occurs to some degree in all cells, and is increased in not only pathogenic T cells, but 

also memory and CD4+ T cell populations. This difference in degree of OXPHOS among 

cell subsets may influence the efficacy of selective OXPHOS inhibition. Therefore, to 

overcome this limitation, we have selected photosensitizers that possess a high 

quantum yield of ROS, which allows us to use very low concentrations when targeting 

pathogenic T cells. The risk of toxicity decreases rapidly with decreasing concentrations 

of potent photosensitizers. For example, since photosensitizer concentrations are 6 to 8-

fold higher in pathogenic T cells relative to quiescent T cells, exposure of cells to 50 nM 

concentrations for 2-Se-Cl at the plasma membrane results in an estimated 500 nM and 

3000 nM concentrations within the mitochondrial IM of CD4+ T cells and pathogenic T 

cells, respectively. Consequently, the large retention differential in combination with 

potent phototoxicity serves to protect non-pathogenic cells from off-target toxicity. 

Implications of P-gp stimulation. The photosensitizers that we have developed 

are not only potent inhibitors of OXPHOS, but also possess the ability to modulate P-gp.  

P-gp (permeability glycoprotein -1) is also known as multidrug resistance protein 1 

(MDR1), and is a member of the ATP-binding cassette (ABC) family embedded in 

cellular membranes.  P-gp was the first ABC efflux transmembrane transporter identified, 

and limits intracellular concentrations of lipophilic compounds through an energy 

dependent mechanism (142). P-gp transports a wide variety of organic molecules, 

ranging in size from about 200 Da to over 1,000 Da (143). The presence of P-gp in 
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normal tissues protects the cells against harmful compounds. However, in cancer cells, 

the over expression of P-gp facilitates drug resistance. Therefore, significant efforts have 

been made to identify and develop P-gp inhibitors to overcome multidrug resistance in 

anticancer treatment.  In fact, this was the motivation behind the work of Detty and 

colleagues when identifying small structural changes in rhodamine-123 derived 

photosensitizers that inhibit P-gp, which is the basis of the photosensitizers we 

investigated (69). 

P-gp expression was initially used to identify stem cells with the rapid extrusion of 

rhodamine-123, low HLA-DR expression, and absence of CD33 expression. Later 

studies confirmed that lymphocytes also express P-gp and extrude rhodamine-123, but 

to a variable degree between subsets (121). Up to 95% of NK cells, 70-80% of CD8+ T 

cells, and 60-80% of B cells express P-gp and efflux rhodamine-123 at rest.  In contrast, 

only 30 – 40% of resting CD4+ T cells and 20% of CD14+ resting monocytes have 

measurable P-gp activity. P-gp regulation also changes upon T cell activation, and is 

increased in both CD4+ and CD8+ T cells > 24 hours after stimulation (144). However, 

the role of P-gp in activated T cells remains unclear. Recent studies suggest that P-gp is 

involved in cytokine production and T cell survival. The P-gp inhibitors verapamil and 

tamoxifen inhibit the production of IL-2, IL-4, and IFN-ᵞ after PHA activation in human 

PBMCs, most likely at the post-transcriptional level of cytokine transport and secretion 

(145). P-gp expression also confers resistance to caspase-dependent apoptosis. 

Whether this occurs through the efflux of key caspase molecules or caspase activators, 

or by other unidentified mechanisms is still not known. Nevertheless, P-gp expression 

has been associated with suppression of cytochrome c and of subsequent apoptosis, 

and in this manner, may serve to protect immune cells from the multitude of pro-

apoptotic signals present in the hostile environment at sites of inflammation (146). 
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Our photosensitizers can be designed to stimulate P-gp. As described above, the 

amide-containing scaffolds of our photosensitizers potently stimulates P-gp for rapid cell 

extrusion. This unique feature of our photosensitizers promotes selectivity towards 

OXPHOS inhibition in pathogenic T cells while decreasing the potential for toxicity in 

resting and naïve cell populations. To our knowledge, this is the first time that a 

therapeutic has been designed with the dual properties of potent P-gp ATPase 

stimulation and mitochondrial specificity. TH9402 is the only other potentially selective 

photosensitizer currently available, and does not stimulate P-gp to promote cell 

extrusion. We have previously shown that only 13% of resting CD4+T cells and 23% of 

resting CD8+ T cells were actively extruding TH9402 after suspension for 40 minutes in 

a photosensitizer-rich media (coloration period) followed by 90 minutes in 

photosensitizer-free media (extrusion period) (66).  In comparison, 43% of resting CD4+ 

T cells and 90% of resting CD8+ T cells were extruding 2-Se-Cl at the end of a 20 

minute coloration period, which increased to 65% and 97% respectively at the end of a 

30 minute extrusion period. In contrast, in highly oxidative cells, such as HUT-78 

malignant T cells, only 9% and 30% of cells had extruded 2-Se-Cl at the end of the 

coloration and extrusion periods, respectively.  These differences underline key features 

of our photosensitizers. Potent P-gp stimulation is the main determinant of intracellular 

photosensitizer concentrations in resting and naïve cells, and occurs rapidly upon 

exposure to photosensitizer.  In contrast, although P-gp stimulation may also occur in 

highly oxidative cells, the degree of OXPHOS is the main determinant of intracellular 

concentrations of photosensitizer, which facilitates the selective targeting of pathogenic 

T cells (figure 18). 

Limitations of P-gp modulation remain that will be the focus of future 

investigations. Our photosensitizers rapidly stimulate P-gp activity to promote extrusion.  

Yet, a large portion of susceptible subsets, such as CD4+ T cells, have little to no P-gp  
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Figure 18. Determinants of photosensitizer accumulation in pathogenic and resting T cells 
subsets. The intracellular concentrations of our photosensitizers are determined by the opposing 
forces of OXPHOS and P-gp for individual lymphocyte subsets. The cationic photosensitizer 2-
Se-Cl is highly dependent on the degree of OXPHOS for intracellular accumulation, and also 
potently stimulates P-gp. In resting T cells populations, P-gp activity is the dominant force in 
determining intracellular concentrations. Due to high P-gp expression and activity in resting NK 
and CD8+ T cells, intracellular concentrations of 2-Se-Cl remain low. In comparison, monocytes 
and CD4+ T cells have low levels of P-gp activity at rest, and consequently have a higher 
intracellular retention of 2-Se-Cl. Memory T cells are more oxidative due to increased 
mitochondrial content, which facilitates a greater retention of 2-Se-Cl. In pathogenic T cells, 
OXPHOS is the main determinant of photosensitizer accumulation, which results in high 
intracellular concentrations of 2-Se-Cl. In B cells, the binding of the cationic photosensitizer to 
anionic proteins is the main determinant of intracellular concentrations. 
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expression at rest.  In these cells, induction of P-gp expression is first required to 

optimally promote extrusion of photosensitizer and decrease the risk of associated 

toxicity.  We have previously shown that naïve CD4+ T cells have little to no P-gp 

activity, and are minimally able to extrude TH9402 after a 90 minute extrusion period.  

However, after a 4.5 hour extrusion period, 30% of naïve CD4+ T cells are actively 

extruding photosensitizer (66). This suggests that exposure to a P-gp stimulator not only 

triggers ATPase activity, but will also induce further expressing of P-gp. Accordingly, one 

possible approach to further protect non-pathogenic cells is to expose cells to 

photosensitizer at time points prior to photodepletion.  If successful, cells will increase 

expression of P-gp with maximal stimulation of ATPase to minimize off-target toxicity. 

We also must consider that other pathways of cell extrusion may be involved. Our 

photosensitizers were designed specifically to modulate P-gp, and were developed using 

a monolayer of MDCKII-MDR1 cells engineered to overexpress P-gp. However, the 

MDCKII-MDR1 cells do not have the complexity of the lymphocytes we used in our in 

vitro systems.  Consequently, differences noted in extrusion kinetics between the 

different lymphocyte subsets we evaluated may not be explained fully by differences in 

P-gp, but may also involve other extrusion transporters. Future development of 

therapeutics that broadly engage multiple transporters may further increase extrusion 

kinetics to decrease potential for toxicity.   

The full implication of a therapeutic that potently stimulates P-gp remains 

unknown. Clearly, P-gp ATPase stimulation promotes selectivity to efficiently target 

pathogenic and malignant T cells in our hands.  However, might T cell stimulation also 

affect T cell biology? If P-gp activity is associated with cytokine release and cell survival, 

might stimulation promote T cell function and longevity? In the setting of immunotherapy, 

this could only provide benefit, especially after the selective removal of pathogenic T 

cells from the cell product.  Although exposure to 2-Se-Cl may promote naïve and 
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resting T cell survival by P-gp stimulation, we have not formally tested this hypothesis. 

However, testing this hypothesis using our photosensitizers may create a challenge 

since our agents also inhibit OXPHOS. We demonstrated that OXHPOS inhibition may 

also occur in resting cells with the therapeutic dose of 2-Se-Cl after light exposure, as 

evidenced by an isolated decrease in SRC. Cells that maintain their basal OXPHOS 

capacity after photodepletion survive, go on to recover their SRC, and after rest are fully 

functional. The decrease in SRC most likely represents a nonproductive uncoupling of 

the mitochondrial IM due to partial loss of membrane stability. Thus, might this 

temporary inhibition of OXPHOS work contrary to any potential benefit of P-gp 

stimulation? Also, might the temporary uncoupling of the mitochondrial IM release ROS 

to trigger intracellular signaling to modulate T cell activity during this period? Clearly, 

many questions remain to be answered concerning P-gp stimulation and OXPHOS 

inhibition to understand the mechanisms at play and the full therapeutic potential of our 

photosensitizers. 

Implications in hematopoietic stem cell transplantation (HSCT). Excessive 

alloreactivity causes GVHD that may lead to poor outcomes and death. Consequently, 

potent immunosuppressants are used to prevent GVHD, but which inhibit the 

development of antitumor and antipathogen immune responses. As a result of these 

interventions, infections and malignancy relapses are frequent. In fact, on average 40% 

of all patients undergoing transplantation for treatment of a hematological malignancy 

experience relapse of their primary disease, which has remained unchanged since 

HSCT was first introduced (147, 148). This impassable barrier not only highlights 

cancer’s potent ability to quickly adapt and evade immune detection, but also is the 

direct result of the opportunity provided cancer by incomplete and delayed immune 

reconstitution. Ideally, selective depletion of excessively alloreactive cells prior to 

transplant would significantly decrease the risk of GVHD to avoid all immunosuppressive 
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therapy, and facilitate immune reconstitution. A rapid and robust reconstitution of 

antitumor immune responses would maximize the potential for cure before a patient’s 

cancer can develop the mechanism required for immune evasion. Our work presented 

here is a step in this direction with the goal of creating the ideal HSCT graft free of risk of 

GVHD.  

Understanding the biological bases of malignancy relapse and the limitations of 

current therapies is the first step towards improving treatment, and will be reviewed here. 

A significant mechanism that facilitates relapse after HSCT is the process of 

immunoediting. The term “cancer immunoediting” was created to describe the 3 phases 

of the immune response to cancer (149-151). The first phase is called the elimination 

phase, and refers to the initial recognition, targeting, and killing of cancer cells by 

immune system. This phase occurs early in cancer development, and is mediated by the 

recognition of cancer-specific and cancer-associated antigens presented to T cells (152). 

Any cancer cell that survives this phase enters equilibrium with the immune system. This 

phase is referred to as the equilibrium phase where the immune system prevents the 

cancer cells from expanding. This phase is marked by genetic instability that may lead to 

less immunogenic cancer cells. The final phase of immunoediting represents the growth 

of cancer cells that are no longer restrained by the immune system. In this escape 

phase, the less immunogenic cancer cells are now able to evade the immune system 

and proliferate uncontrolled. The mechanisms that lead to immune escape include both 

intrinsic and extrinsic adaptations by cancer cells (151, 153). Intrinsic mechanisms 

promote cancer cell survival by upregulation of anti-apoptotic pathways, modulation of 

immunoregulatory checkpoints, and loss of cancer-associated and cancer-specific 

antigens. Extrinsic mechanisms, which may be promoted by intrinsic changes, include 

accumulation of tolerizing cells such as regulatory T cells (Tregs), and secretion of 

immunosuppressive cytokines.  
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As a result of immunoediting, cancer cells become less immunogenic, which may 

facilitate relapse after allogeneic HSCT. Recent observations have identified HLA loss 

as one of the mechanism frequently employed by leukemia cells to relapse after 

haploidentical transplantation. Loss of disparate HLA on leukemia cells is due to 

acquired uniparental disomy of chromosome 6p, and prevents leukemia recognition by 

donor T cells (154).  After haploidentical HSCT, 30% of leukemia relapse is associated 

with HLA loss (155). Lost expression may also occur with disparate MiHAs to contribute 

to relapse after HSCT (156).  However, MiHA loss is harder to detect since many MiHAs 

have not fully been identified. Interestingly, relapsed of AML due to HLA loss after 

haploidentical transplantation occurs later compared to non-HLA loss relapse, most 

likely reflecting the time required for immunoediting (155). This observation may indicate 

that delayed reconstitution of antitumor immune responses may contribute to HLA loss 

by not eliminating leukemia cells during the first phase of the immunoediting process. 

Consequently, any intervention to promote rapid immune reconstitution of antitumor 

immunity may decrease the risk of HLA loss occurring in leukemic cells, and ultimately 

prevent relapse. Our work of creating GVHD-free HSCT may achieve this goal by 

providing potent antitumor immunity early after HSCT uninhibited by immunosuppressive 

therapy.  

In addition to HLA loss, aberrant expression inhibitory ligands by leukemia cells 

may prevent elimination and facilitate leukemia relapse. Immune checkpoints are 

molecules that modulate immune function to induce tolerance and regulate immune 

response. Healthy tissue express checkpoint inhibitory ligands to prevent collateral 

tissue damage occurring during normal immune reactions, i.e. eradication of infected or 

malignant tissue. Recent work has demonstrated that cancer cells may upregulate 

expression of checkpoint inhibitors to evade eradication and facilitate immune escape 

(157). Cytotoxic T-Lymphocyte Antigen 4 (CTLA-4) was the first checkpoint molecule 
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target for immunotherapy. CTLA-4 is one of the major negative regulators of T cells, and 

functions primarily by regulating the amplitude of the early stages of T cell activation 

(158). CTLA-4 modulates T cell activities by directly competing with CD28 for ligation, 

delivering inhibitory signals, inhibiting helper cell activity, and by enhancing Treg 

immunosuppressive functions (159). Early studies beginning in the year 2000 

demonstrated that blocking CTLA-4 with monoclonal antibodies in patients with 

advanced stage melanoma resulted in durable disease responses and improvement in 

overall survival. Shortly later, positive results were observed when CTLA-4 was 

administered to treat renal cell carcinoma, metastatic resistant prostate cancer, urothelial 

carcinoma, and ovarian cancer (159). In 2011 the CTLA-4 inhibitor Ipilimumab received 

FDA approval for the treatment of melanoma.  

The Programmed Death 1 (PD-1) pathway is another prominent checkpoint 

pathway involved in immune regulation, and is employed by cancer cells to avoid 

elimination. PD-1 is an inhibitory receptor expressed on activated T-cells as well as in B-

cells and NK cells, and has 2 known ligands, PD-L1 (also known as B7-H1 or CD274) 

and PD-L2 (also known as B7-DC or CD273) (158). The major role of PD-1 is to directly 

limit T cell activity at the site of inflammation to prevent collateral damage of healthy 

tissues. PD-1 expression is induced when T cells become activated, and ligation 

modulates TCR signaling (160, 161). When engaged by one of its ligands, PD-1 inhibits 

kinases that are involved in T cell activation through various pathways including the src 

homology 2 domain-containing tyrosine phosphatase 2 (SHP2) pathway, which is a 

potent pathway of T cell inhibition (158). Additionally, PD-1 is highly expressed on Tregs, 

where ligation enhances proliferation to further promote T cell suppression (162). 

Expression of the 2 PD-1 ligands is very different. PD-L1 is expressed constitutively on 

both hematopoietic and on nonhematopoietic cells, which is further induced by IFN-γ 

exposure (163). In contrast, PD-L2 expression is restricted primarily to DC and 
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macrophages, and it is inducible by IL-4 and IFN-γ (164). Consequently, the PD-1/PD-L1 

pathway has been most studied, and is involved in regulating immune responses in both 

lymphoid and nonlymphoid organs (165). 

PD-1L is frequently upregulated on cancer cells (166, 167). Initial studies 

demonstrated that PD-1L was highly expressed on melanoma, ovarian, lung and kidney 

cancers, and that expression correlated with worse overall survival (167-170). These 

observations provided a strong rational for the possible therapeutic role of PD-1 

inhibition. Since these observations, monoclonal antibodies targeting the PD pathway 

have been successfully developed and employed to treat numerous types of cancer with 

exciting results. Patients with advanced cancers refractory to all other treatment now 

experience response rates of 20 – 40% when treated with PD-1 inhibition as 

monotherapy (171, 172). Currently, several anti-PD therapeutic agents have received 

FDA approval for the treatment of multiple cancer types including lung cancer, head and 

neck cancer, melanoma, and lymphoma. Due to the high response rates observed in 

prior studies, numerous clinical trials are currently ongoing worldwide to determine 

efficacy in all human malignancies (173).  

Not all patients respond to checkpoint inhibition, and not all responses are 

durable, highlighting the need for improvements in therapy (174). One possibility is 

combining treatment modalities to synergize antitumor effects and improve responses 

(175, 176). However, the combination of different immunotherapies significantly 

increases the risk of toxicity. For example, checkpoint inhibition after allogenic HSCT 

may significantly increase the risk of severe GVHD to a prohibitive degree. 

Consequently, applying our approach to create a GVHD-free HSCT product would 

facilitate combination therapy, which may significantly improve outcomes and cure more 

patients with relapsed and refractory disease.                           
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Implications in immune effector cell therapy. Immune effector cell therapy is a 

rapidly growing field in the treatment of cancer. The goal of effector cell therapy is to 

promote an immune response to cancer, and includes the use of dendritic cells, NK 

cells, T cells, and B cells. Dendritic cell vaccines, tumor infiltrating lymphocytes, and 

genetically engineered chimeric antigen receptor T cells (CAR T cells) are examples of 

effector cell therapy currently in clinical trials (159). However, immune effector cell 

therapies may be technically difficult to produce and associated with toxicities that limit 

application. Our work presented here may significantly contribute to the field of immune 

effector cell therapy by providing a simple technique for creating an immune effector cell 

product with a low potential for toxicity. 

Of all effector cell immunotherapy, CAR T cells currently enjoy the greatest 

enthusiasm due to their potential for providing antitumor immunity against a variety of 

cancers. However, CAR T cell therapy is associated with significant limitations and 

toxicities, and requires a highly technical process for development that may limit 

availability. CARs are engineered receptors that may be designed to target specific 

antigens on cancer cells without the need for MHC engagement. The CAR is comprised 

of 3 domains. The antigen-recognition domain is derived from a single-chain variable 

fragment (scFv), and is constructed by joining the variable regions (VH and VL) of a 

monoclonal antibody directed against the antigen of interest. This scFv is linked by a 

hinge and spacer region to a transmembrane domain that serves to transmit signals to a 

cytoplasmic domain. The transmembrane domain includes portions of the CD8 and 

CD28 molecules, and is essential for the cell surface expression of the CAR. The 

cytoplasmic signaling domain contains the CD3ζ, and in the first generation CAR was 

the only signaling domain present in the receptor (177-179). However, first generation 

CAR T cells had limited expansion and persistence in vivo, and were associated with 

very modest clinical activity.  Consequently, a second generation of CAR T cell was 
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produced with the inclusion of a costimulatory domain derived from costimulatory 

molecules, such as CD28, CD137, 4-1BB, or OX40. Inclusion of a costimulatory domain 

improved in vivo proliferation, persistence, and clinical activity. In an attempt to further 

improve CAR T cells, a third generation CAR evolved to contain 2 costimulatory 

domains, such as CD28 and 4-1BB, which have been associated with greater in vivo 

expansion and antitumor activity. However, clincal trial results to date do not 

demonstrate increased efficacy with 3G CAR compared to the 2G CAR T cells (180).  A 

fourth generation of CAR T cells has also been produced, which are referred to as the “T 

cells redirected for universal killing” (TRUCK) T cells. TRUCK T cells were designed to 

address the concern that after initial tumor reduction by CAR T cells, antigen-negative 

cancer cells not recognized by CAR T cells could give rise to relapse. Consequently, 

TRUCK T cells have been engineered to express a protein, such as IL-12, to influence 

the tumor micro environment.  The release of stimulatory signals by TRUCKs attracts 

and activates other adaptive and innate immune cells to eliminate remaining cancer 

cells. However, the clinical efficacy of TRUCK T cells remains to be determined (181). 

Currently, the majority of clinical trials employ 2G CARs, and the most studied target is 

CD19.  CD19 in an attractive target due to homogeneous expression on most B cells 

malignancies, but not on other tissues. Other antigens may also be targeted, including 

CD40L or CD23 in patients with CLL, CD33 or CD123 in AML, CD30 in Hodgkin 

Lymphoma, and BCMA or CD44 in multiple myeloma, all of which are currently being 

investigated in clinical trials (180, 181).  

Once infused, the rapid expansion of immune effector cells may be associated 

with significant toxicity. With CAR T cell infusion, a cytokine release syndrome (CRS) 

may occur that leads to cardiovascular instability, macrophage activation syndrome, and 

neurotoxicity. Severe CRS may be life threatening (182). However, disease burden at 

the time of cell infusion correlates with degree of CRS, reflecting the extent of activation 
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and cytokine release from responding CAR T cells (183). Consequently, immune effector 

cell therapy is associated with limitations. Due to the difficulty of controlling disease in 

the relapsed and chemotherapy refractory setting, many patients are not good 

candidates for CAR T cells therapy. For best results, patients receiving CAR T cells must 

have a very limited disease burden at time of cell infusion. The presence of more than 

minimal residual disease decreases response to therapy, and significantly increases risk 

of toxicity from CRS. In contrast, very few serious adverse events have been observed 

with the infusion of non-specifically activated lymphocytes such as T cells or NK cells 

(184).  

Our photodepleted product may be considered immune effector cell therapy, and 

one that is purged of the most alloreactive cells, and therefore not expected to be 

associated with excessive cytokine release after infusion. Consequently, our approach 

may have advantages over other forms of effector cell therapy. In comparison to the 

complexity of producing CAR T cells, our approach is technically simple, and can be 

completed in 5 days. Our work will also provide an immune effector cell product with 

polyclonal antitumor immunity. Polyclonal immune responses against cancer may 

simultaneously target multiple antigens expressed on cancer cells to promote rapid 

eradication and minimize chance of immune escape. If successful, our work will add to 

the field of immune effector cell therapy by providing a safe platform to rapidly 

reconstitute immunity. This will allow combinations of different immune effector cell 

therapies to work synergistically to optimize anticancer therapy. In this manner, graft 

engineering to combined immune effector cell products, such as our photodepleted 

product, with a malignancy specific CAR T cell may replace allogeneic HSCT as we 

know it to improve clinical outcomes in the future. 

Implications in extracorporeal photopheresis (ECP). Employing a selective 

photosensitizer in ECP may also improve this form of immunotherapy. The clinical 
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benefit of ECP was first reported 40 years ago in the treatment of cutaneous T cell 

lymphoma (CTCL) with circulating Sezary leukemia cells. In that report, response rates 

of up to 60% were noted with treatment administered for 2 consecutive days each month 

(185). Since that time, promising results in several T cell-mediated disorders have been 

observed, including systemic sclerosis, solid organ rejection, and GVHD. However, not 

all patients adequately respond to treatment, indicating that efforts to improve ECP are 

necessary. Our photosensitizers have been designed to selectively target pathogenic 

and malignant T cells.  Application of selective photosensitizers that spare desirable 

lymphocytes may further enhance the immune modulatory effect of ECP. 

ECP is an ex vivo procedure involving the exposure of isolated peripheral blood 

mononuclear cells to 8-methoxypsoralen (8-MOP), followed by irradiation with ultraviolet 

A (UVA) light at 2-4 J/cm2. The subsequent apoptotic cellular product is then infused into 

the patient to induce immune modulation.  However, the mechanism of immune 

modulation remains poorly understood, and has only been suggest by several small 

studies (186-188).  8-MOP is a naturally occurring furocourarin that is biologically inert. 

Upon exposure to UVA light, 8-MOP induces apoptosis by producing ROS, cross-linking 

DNA, and by the generation of photoproducts of psoralen (POPs). As the name implies, 

POPs are produced upon UVA light exposure, and are believed to contribute to 

cytotoxicity by opening the mitochondrial permeability transition pore (PTP) to induce 

mitochondrial dysfunction (189, 190). Consequently, ECP is highly cytotoxic, and 

achieves immune modulatory effects via an apoptotic milieu. Early observations 

demonstrated that T cells were preferentially affected by ECP, but unlike our 

photosensitizers, are not selective for pathogenic cells. In contrast, monocytes appear 

resistant to ECP (186). These observations led to the hypothesis that monocytes may 

facilitate the immune modulatory effects of ECP.  Upon photoactivation, monocytes have 

been shown to secrete TNF-α to facilitate lymphocyte apoptosis, and then differentiate 
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into CD83+CD36+ dendritic cells, capable of phagocytosing apoptotic T cells (191, 192). 

With ligand expression for costimulation, these dendritic cells are then able to present 

antigens from the phagocytized T cells in the context of MHC molecules, and thereby 

initiate cellular immune responses (193). In other words, ECP may induce a vaccination 

effect against pathogenic and malignant T cell associated antigens to promote disease 

control and provide a clinical benefit. 

However, the bidirectional effects of ECP are not fully explained by vaccination 

alone.  A puzzle of ECP is its ability to promote antitumor immune responses against the 

malignant T cells clones in CTCL, while also possessing the ability to suppress the 

pathogenic T cells that mediate organ rejection and GVHD. One possibility is that 

monocytes may differentiate into either stimulating or tolerizing DCs during ECP 

process.  Monocytes may be affected differently based on transit time and UVA light 

exposure. A portion of monocytes pass slowly through the flow chamber and receive 

heavy UVA exposure that truncates maturation to produce a tolerizing phenotype. For 

this to happen, plasma fibrinogen and platelets react with the plastic surface of the flow 

chamber, and then adhere to passing monocytes to slow them down.  In contrast, 

monocytes that escape platelet adherence pass quickly through the flow chamber to 

receive less UVA light exposure. This second population of monocytes fully mature into 

potent DCs capable of presenting phagocytized antigens to induce cellular immune 

responses.  According to this hypothesis, ECP might be considered DC therapy, with the 

ability to efficiently produce antigen-loaded APCs to tolerize or induce cellular immunity, 

depending on the physiologic conditions (194).  

Our photosensitizers have the unique ability to test and further define the 

postulated mechanisms of action of ECP. First, our photosensitizers can be designed to 

selectively target either pathogenic or malignant T cells, depending on the disease 

setting. 8-MOP is non-selective for the majority of lymphocytes, and consequently, non-



119 
 

pathogenic lymphocytes contribute significantly to the apoptotic milieu. If the 

presentation of antigens from phagocytized T cells is essential for ECP, then use of a 

selective photosensitizer would enrich antigen presentation with proteins derived from 

the targeted population. Enriched antigen presentation may efficiently induce immune 

responses restricted to targeted cells and not diluted by response towards non-

pathogenic tissues. Second, our photosensitizers are more phototoxic than 8-MOP. The 

greater photosensitivity combined with high selectivity allows us to use much lower 

concentrations of our photosensitizers than the concentration of 8-MOP required for 

therapeutic purpose.  In fact, the average dose of 8-MOP of 20 μg/ mL is approximately 

500-fold greater than either 2-Se-Cl or selenorhodamine 6 that would be required for a 

therapeutic effect.  The low concentrations of our photosensitizers protect non-

pathogenic cells from toxicity. Consequently, macrophages may not be affected by ECP 

using our photosensitizers, and therefore retain the ability to fully mature into potent 

APCs capable of inducing cellular immunity. Alternatively, if we used a non-selective 

photosensitizer, we might affect a greater portion of monocytes during ECP to develop a 

more tolerizing ECP product. In other words, if ECP is really an efficient form of DC 

therapy, our photosensitizers might differentially affect DCs to create either a potent 

immunosuppressive or effector cell product, depending on the immunologic disease.  

Future Directions. The translational research presented here introduces a novel 

class of selective photosensitizers with the dual properties of potent P-gp stimulation and 

OXPHOS inhibition. Yet, many questions remain to be addressed, and will be the focus 

of future investigations. Our work highlights the best photosensitizers that were 

associated with the greatest selectivity. Future studies will focus on determining if further 

P-gp stimulation will improve selectivity.   Similarly, our work has only begun to identify 

the influence of lipophilicity in determining the selectivity of our photosensitizers. Might 

variations in lipophilicity not only improve selectivity for malignant cells, but also for the 
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different pathogenic T cells that mediate autoimmune and alloimmune diseases? To 

answer this question, future work will also focus on the influence of lipophilicity in 

determining tissue specificity and intracellular localization.  

The therapeutic potential of OXPHOS inhibition is another interesting area of 

research that requires further study. Due to the essential role of mitochondria in cell 

biology and function, inhibiting OXPHOS not only starves cells of an efficient source of 

energy, but also disrupts significant signaling pathways.  Short of mitochondrial IM 

disruption, might OXPHOS inhibition affect intracellular signals to modulate cell 

functions? Similarly, does P-gp modulation affect T cell biology? Future studies should 

explore the effects of OXPHOS inhibition and P-gp modulation on immune cell function, 

and clinically whether these interventions together or individually might improve 

treatment of immune mediated and malignant disease.  

We have applied our best-in-class photosensitizer to prevent acute GVHD in a 

MHC-mismatch mouse model of the disease. However, it remains to be shown whether 

similar outcomes would be observed in the MiHA-mismatched setting where the 

frequency of alloreactivity is significantly less than with complete MHC-disparity. Since 

HLA-matched unrelated donor HSCT are the most common transplants performed, 

understanding the therapeutic potential of our approach in this setting is important. 

Future studies will be conducted to identify the kinetics of alloreactivity and degree of 

OXPHOS in the MiHA-mismatched setting to define the potential for application of a 

selective photosensitizer, and a mouse model of MiHA-disparate HSCT will be employed 

to evaluate efficacy. 

 A limitation of cellular therapy is the ex vivo process of culturing cells to obtain 

the desired cellular product.  In our work, we cultured cells for 5 days prior to 

photodepletion. Alloreactive cells proliferated during this time period, but then were 

selectively depleted by photodepletion.  However, many non-alloreactive cells died 



121 
 

during this time period due to loss of positive selection interactions in the culture setting. 

What remained were cells that were either minimally alloreactive and therefore positively 

selected and not photodepleted, or bystander cells that received survival signals from 

the stimulatory cytokine milieu created by the alloreacting cells in the culture. 

Consequently, narrowing of the TCR repertoire is expected, with a possible skewing of 

the repertoire towards low grade alloreactivity. Future studies will be conducted to 

understand changes in the immune repertoire induced by the alloreaction and 

photodepletion process. One outcome is that a narrow immune repertoire skewed 

towards low grade alloreactivity may provide an enhanced immune effector cell product 

to prevent and treat relapsed leukemia. Alternatively, investigating the degree of non-

alloreactive cell loss may identify opportunities to improve culturing of cells for cellular 

therapy. Further understanding the determinants of both positive and negative selection 

in the ex vivo setting will be an important step in improving our technique, and will further 

contribute to the field of cellular therapy. 
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Supplemental figure 1: Library of 24 photosensitive chalcogenorhodamines. A small library 
of 24 photosensitive chalcogenorhodamines was designed with mitochondrial specificity and the 
potential to modulate P-glycoprotein. A) The eight photosensitizer chemical scaffolds are shown. 
Three different forms of each chemical scaffold are listed; demonstrating the thiorhodamine (S-
containing) and selenorhodamine (Se-containing) forms, and the hexafluorophosphate salts 
(PF6) and chloride salt (Cl) forms. B) A hexahydropyridoquinolone “julolidine” group is 
incorporated in compounds 5 – 8, and a trimethyltetrahydroquinoline “half-julolidine” group is 
incorporated in compounds 1-4 for one of the rhodamine amino substituents. 
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Supplemental table I. Uptake and extrusion kinetics of chalcogenorhodamine thioamide 
and amide analogues 1-8.a 

    

 

a Uptake and extrusion experiments were performed with 2.5 x 10-7 M dye. Uptake mean 
fluorescent intensity (MFI) was measured after 20 minutes of dye exposure.  b Ratio of 
MFI of CD25+ and CD25- T cells. c Percent extrusion was measured in HUT-78 cells and 
was calculated as the percent change in MFI after an 18 hour extrusion period. d Percent 
of HUT-78 cells that were dye free after an 18 hour dye extrusion period. Details for 
methods are provided in Experimental Section.  Error limits represent ± SE. 
 

 

  

  

Thioamide Analogues  Amide Analogues 

Compd Uptake MFI % Extrusion c Compd Uptake MFI % Extrusion c 

1-S-PF6 30229 (±1124) 84.16 (±3.00) 2-S-PF6 71978 (±10596) 91.79 (±1.16) 
1-S-CL 30070 (±2481) 84.97 (±2.87) 2-S-CL 50993 (±3815) 92.70 (±0.74) 
1-Se-CL 6162 (±633) 90.06 (±1.95) 2-Se-CL 6536 (±641) 92.17 (±1.09) 
3-S-PF6 45685 (±2726) 84.91 (±1.57) 4-S-PF6 66500 (±7683) 92.20 (±0.55) 
3-S-CL 38237 (±2684) 86.81 (±0.89) 4-S-CL 64332 (±6630) 92.08 (±0.49) 
3-Se-CL 5480 (±666) 88.65 (±1.21) 4-Se-CL 5209 (±112) 92.24 (±0.69) 
5-S-PF6 80192 (±4122) 76.52 (±4.79) 6-S-PF6 114190 (±9447) 82.54 (±1.17) 
5-S-CL 76661 (±5618) 76.13 (±5.21) 6-S-CL 122500 (±6436) 82.10 (±1.17) 
5-Se-CL 12814 (±1256) 85.03 (±2.90) 6-Se-CL 14910 (±2041) 88.39 (±1.13) 
7-S-PF6 87456 (±10089) 73.25 (±2.15) 8-S-PF6 128000 (±8916) 79.40 (±1.56) 
7-S-CL 63950 (±5511) 74.88 (±3.62) 8-S-CL 114750 (±7653) 78.55 (±2.35) 
7-Se-CL 14935 (±1810) 81.23 (±2.56) 8-Se-CL 19365 (±856) 83.05 (±1.78) 
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Supplemental table II. Spectral and photophysical properties for chalcogenorhodamine 
dyes 1-8. 

 

Compd λmax, 
nma 

ε, 
M-1 cm-1a 

λEM, 
nmb 

ΦF, 
MeOH 

R.F., 
a.u.b,c 

Φ(1O2), 
MeOH 

1-S-PF6 610d 9.8 × 104 630 -- -- <0.05 
1-S-Cl 608 9.8 × 104 630 -- 0.40 <0.05 
1-Se-Cl 617 1.2 × 105 640 -- 0.037 0.44 ± 0.03 
2-S-PF6 609d 1.2 × 105 632 -- -- <0.05 
2-S-Cl 606 1.2 × 105 632 -- 0.80 <0.05 
2-Se-Cl 618 7.4 × 104 638 -- 0.038 0.48 ± 0.03 
3-S-PF6 609d 1.1 × 105 630 -- -- <0.05 
3-S-Cl 608 1.1 × 105 630 -- 0.57 <0.05 
3-Se-Cl 617 8.6 × 104 638 -- 0.037 0.54 ± 0.03 
4-S-PF6 608d 1.2 × 105 630 -- -- <0.05 
4-S-Cl 606 1.2 × 105 630 -- 0.56 <0.05 
4-Se-Cl 617 1.3 × 105 638 -- 0.037 0.50 ± 0.03 
5-S-PF6 608 9.4 × 104 634 (632) 0.28 ± 0.01 -- <0.05 
5-S-Cl 614 1.0 × 105 634 (632) 0.30 ± 0.01 0.84 <0.05 
5-Se-Cl 622 1.3 × 105 648 (647) 0.009 ± 0.002 0.040 0.13 ± 0.02 
6-S-PF6 612d 1.0 × 105 632 (630) 0.36 ± 0.01 -- <0.05 
6-S-Cl 613 1.0 × 105 632 (630) 0.36 ± 0.01 1.00 <0.05 
6-Se-Cl 622 1.1 × 105 646 (645) 0.011 ± 0.002 0.072 0.23 ± 0.03 
7-S-PF6 611d 1.1 × 105 634 -- -- -- 
7-S-Cl 614 1.1 × 105 634 -- 0.63 -- 
7-Se-Cl 622 8.6 × 104 644 -- 0.053 -- 
8-S-PF6 611d 1.0 × 105 634 -- -- -- 
8-S-Cl 614 1.0 × 105 634 -- 0.85 -- 
8-Se-Cl 622 1.3 × 105 644 -- 0.069 -- 
 

a In MeOH. b In 1% BSA, 10% MeOH in pH 7.4 phosphate buffer with excitation at 532 
nm.  Values in parentheses are in MeOH.  c Relative fluorescence (R.F.) in arbitrary 
units (a.u.) at λEM with excitation at 532 nm.  d In CH2Cl2. 
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Supplemental table III. Mean fluorescence intensity (MFI) in arbitrary units (a.u.). from 
a 5:1 mixture of non-stimulated PMBCs with malignant T cells for photosensitizers 5-
10 following uptake and extrusion. 

    

 

        

T-cell 
Dye 

MFI, a.u. MFI, a.u. 
Dye 

MFI, a.u. MFI, a.u. 
subset uptake extrusion Uptake extrusion 
                  

HUT-78 5 174000 ± 9000 126000 ± 1100 6 22800 ± 1200 10000 ± 300 

CD3+ 5 63900 ± 19400 42600 ± 2200 6 8150 ± 200 3690 ± 60 

CD4+ 5 62600 ± 2100 39900 ± 3600 6 7800 ± 300 3170   ± 120 

CD8+ 5 42000 ± 2800 18000 ± 3900 6 1980 ± 300 600         ± 100 

HUT-78 7 90000 ± 7200 64000 ± 4700 8 90000 ± 3600 48000  ± 4000 

CD3+ 7 34800 ± 2100 21800 ± 1100 8 30000 ± 700 3110 ± 80 

CD4+ 7 33900 ± 2100 21000 ± 1600 8 29300 ± 1300 13600  ± 1400 

CD8+ 7 22600 ± 1400 11200 ± 1800 8 16100 ± 2100 3470   ± 670 

HUT-78 9 30400 ± 2400 19800 ± 1500 10 43900 ± 1800 24900 ± 700 

CD3+ 9 13200 ± 600 7900 ± 400 10 16400 ± 300 8000 ± 50 

CD4+ 9 12800 ± 700 7300 ± 500 10 15700 ± 600 7300   ± 400 

CD8+ 9 8400 ± 800 3600 ± 500 10 7600 ± 800 1900   ± 300 
 

aA 5:1 mixture of non-stimulated PMBCs and HUT-78 cells was treated with 7.5 × 10-

8 selenorhodamine for 20 min (uptake). A second 5:1 mixture of non-stimulated PMBCs 
and HUT- 78 cells was treated with 7.5 × 10-8 selenorhodamine for 20 min followed by 
30 min in photosensitizer-free media (extrusion). Values of MFI were determined by flow 
cytometry following both uptake and extrusion and are the mean of three independent 
experiments. Error limits are ± SEM. 
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Supplemental table IV. Extrusion kinetics for thioamide/amide pairs 5/6, 7/8, and 9/10 
as measured by the change in mean fluorescence intensity (∆MFI) for a mixture of non-
stimulated PMBCs and HUT- 78 cells. 
            

T-cell 
Thioamide 

∆MFI ± 
   Amide 

∆MFI ± Paired t- 
subset SEM, % SEM, % test p-value 
HUT-78 5 28.1 ± 5.4 6 55.7 ± 1.9 0.009 

CD3+ 5 33.1 ± 5.5 6 54.6 ± 1.6 0.02 

CD4+ 5 36.1 ± 5.2 6 59.1 ± 2.0 0.015 

CD8+ 5 59.2 ± 7.3 6 69.0 ± 2.0 0.27 
            

 HUT-78 7 28.2 ± 3.2 8 47.1 ± 3.9 0.02 

CD3+ 7 36.8 ± 2.4 8 52.7 ± 2.9 0.013 
CD4+ 7 37.7 ± 3.3 8 54.1 ± 2.8 0.02 

CD8+ 7 51.0 ± 6.3 8 79.6 ± 1.6 0.012 
            

HUT-78 9 34.6 ± 2.4 10 43.1 ± 0.9 0.03 

CD3+ 9 40.1 ± 1.9 10 51.3 ± 0.6 0.005 

CD4+ 9 42.8 ± 1.2 10 53.3 ± 1.7 0.007 

CD8+ 9 57.5 ± 1.5 10 76.2 ± 3.3 0.007 
 

aA 5:1 mixture of non-stimulated PMBCs and HUT-78 cells was treated with 7.5 × 10-8 
selenorhodamines 5-10 for 20 min (uptake). A second 5:1 mixture of non-
stimulated PMBCs was treated with 7.5 × 10-8 selenorhodamines 5-10 for 20 min and 
cells were then washed and placed in photosensitizer-free media for 30 min (extrusion). 
Values of MFI were determined by flow cytometry following both uptake and extrusion. 
The change in ∆MFI following uptake and extrusion was calculated as the mean of three 
independent experiments. Error limits are ± SEM. The significance of the difference in 
∆MFI for thioamide/amide pairs is reported as the paired Student t-test p value. 
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Supplemental table V. Mean fluorescence intensity (MFI) in arbitrary units (a.u.). from a 
5:1 mixture of SEB-stimulated PMBCs and selenorhodamine photosensitizers 3-
10 following uptake and extrusion. 
              
T-cell 

Dye 

MFI, a.u. MFI, a.u. 

Dye 

MFI, a.u. MFI, a.u. 

subset uptake extrusion Uptake extrusion 
                  
HUT-78 3 39300 ± 1500 37600 ± 1100 4 15300 ± 80 5270 ± 80 
CD25+ 3 45800 ± 2400 32200 ± 500 4 5390 ± 150 3110 ± 80 

CD25- 3 10500 ± 360 4800   ± 210 4 900 ± 20 270 ± 10 

HUT-78 5 81000 ± 2700 66000 ± 1700 6 6800 ± 170 4500 ± 210 

CD25+ 5 83300 ± 1800 69000   ± 1000 6 7510 ± 130 4500 ± 70 

CD25- 5 25500 ± 600 16600 ± 530 6 1450 ± 70 580 ± 20 
                      
HUT-78 7 42000 ± 600 36000 ± 1700 8 33200 ± 900 20000 ± 900 
CD25+ 7 43300 ± 600 33800 ± 600 8 33800 ± 600 25000 ± 600 

CD25- 7 14100 ± 120 9500   ± 130 8 9300 ± 400 3900 ± 240 
HUT-78 9 13800 ± 300 11700 ± 300 10 9130 ± 360 6240 ± 320 
CD25+ 9 14500 ± 20 12100 ± 260 10 10900 ± 130 7300 ± 210 

CD25- 9 5400 ± 20 3700 ± 40 10 2500 ± 60 1100 ± 40 
 

aA 5:1 mixture of SEB-stimulated PMBCs and HUT-78 cells was treated with 7.5 × 10-

8 selenorhodamine for 20 min (uptake). A second 5:1 mixture of non-stimulated PMBCs 
and HUT- 78 cells was treated with 7.5 × 10-8 selenorhodamine for 20 min followed by 
30 min in photosensitizer-free media (extrusion). Values of MFI were determined by flow 
cytometry following both uptake and extrusion and are the mean of three independent 
experiments. Error limits are ± SEM. 
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Supplemental table VI. Extrusion kinetics for thioamide/amide pairs 5/6, 7/8, and 9/10 
from HUT-78 cells and SEB-stimulated PBMCs as measured by the change in mean 
fluorescence intensity (∆MFI).a 
            

T-cell 

Thioamide 

∆MFI ± 

Amide 

∆MFI ± Paired t- 

subset SEM, % SEM, % test p-value 

HUT-78 5 18.2 ± 3.2 6 34.0 ± 2.2 0.015 

CD25+ 5 16.8 ± 3.1 6 39.9 ± 0.5 0.02 

CD25- 5 35.2 ± 0.9 6 59.8 ± 0.6 <0.0001 
            

HUT-78 7 21.1 ± 1.2 8 32.9 ± 1.5 0.004 

CD25+ 7 22.0 ± 0.6 8 37.0 ± 2.5 0.004 

CD25- 7 32.9 ± 1.5 8 58.6 ± 1.0 0.0001 
            

HUT-78 9 15.3 ± 2.0 10 31.6 ± 2.5 0.007 

CD25+ 9 16.4 ± 1.8 10 33.5 ± 1.5 0.002 

CD25- 9 30.7 ± 0.7 10 58.0 ± 0.8 <0.0001 
 

aA 5:1 mixture of SEB-stimulated PMBCs and HUT-78 cells was treated with 7.5 × 10-8 
selenorhodamines 5-10 for 20 min (uptake). A second 5:1 mixture of SEB-
stimulated PMBCs was treated with .5 × 10-8 selenorhodamines 5-10 for 20 min and 
cells were then washed and placed in photosensitizer-free media for 30 min (extrusion). 
Values of MFI were determined by flow cytometry following both uptake and extrusion. 
The change in MFI following uptake and extrusion was calculated as the mean of three 
independent experiments. Error limits are ± SEM. The significance of the difference in 
∆MFI for thioamide/amide pairs is reported as the paired Student t-test p value. 
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Supplemental figure 2. Fluorescence spectra of selenorhodamines 5, 6, 9, and 10 compared to 
tetramethyl selenorosamine (2) used as a standard (ΦFL = 0.09). 
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Supplemental figure 3. Singlet oxygen yields of selenorhodamines 5,6,9, and 10. Decays of 
phosphorescence from 1O2 sensitized by selenorhodamines 5, 6, 9, and 10 used for 
determination of Φ(1O2). Signal obtained from air-saturated MeOH in the cuvette was used as the 
instrument response function (IRF). Tetramethyl selenorosamine (2) was used as a standard 
[Φ(1O2) = 0.87].  
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Supplemental figure 4. Mitochondrial localization of selenorhodamines 3, 4, and 5. A 
histogram of the pixel-by-pixel statistical analysis of each HUT-78 cell analyzed, in which the y-
axis is number of cells and the x-axis is the similarity coefficient between MTG and 
selenorhodamines 3, 4, or 5. 
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Supplemental figure 5.  Flow cytometric analysis of resting, stimulated, and malignant T 
cells. Donor peripheral blood mononuclear cells (PBMC) were mixed with green fluorescent 
protein (GFP)- transfected HUT-78 malignant T cells prior to photodepletion. FACS analysis was 
then performed 18 hours after photodepletion to determine cell survival. All cells were then 
stained, acquired, and analyzed as outlined in the Experimental Section. A) Lymphocytes 
(Lymph) were identified in a side scatter-area (SSC-A) versus forward scatter-area (FSC-A) plot. 
Next, GFP+ HUT-78 malignant T cells and PBMC were identified in a GFP versus FSC-A plot. 
Within the PBMC population, T cells were identified by gating on CD3+ cells in a CD3 versus 
FSC-A plot. Finally, in resting PBMC containing samples, T cell subsets were identified by gating 
separately on the CD4+ and CD8+ populations in a CD4 versus CD8 plot. B) In SEB-stimulated 
PBMC containing S11 samples, T cell subsets were identified by gating separately on stimulated 
(CD25+) and resting (CD25-) populations in a CD25 versus FSC-A plot. 
 

  



133 
 

REFERENCES 

1. Pasquini MC. Impact of graft-versus-host disease on survival. Best Pract Res 

Clin Haematol. 2008;21(2):193-204. 

2. Deeg HJ, Sullivan KM, Buckner CD, Storb R, Appelbaum FR, Clift RA, et al. 

Marrow transplantation for acute nonlymphoblastic leukemia in first remission: toxicity 

and long-term follow-up of patients conditioned with single dose or fractionated total 

body irradiation. Bone Marrow Transplant. 1986;1(2):151-7. 

3. Billingham RE. The biology of graft-versus-host reactions. Harvey Lect. 

1966;62:21-78. 

4. Garnett C, Apperley JF, Pavlu J. Treatment and management of graft-versus-

host disease: improving response and survival. Ther Adv Hematol. 2013;4(6):366-78. 

5. Zuniga-Pflucker JC. T-cell development made simple. Nat Rev Immunol. 

2004;4(1):67-72. 

6. Brzostek J, Gascoigne NR. Thymic origins of T cell receptor alloreactivity. 

Transplantation. 2017. 

7. Starr TK, Jameson SC, Hogquist KA. Positive and negative selection of T cells. 

Annu Rev Immunol. 2003;21:139-76. 

8. Felix NJ, Allen PM. Specificity of T-cell alloreactivity. Nat Rev Immunol. 

2007;7(12):942-53. 

9. Kurd N, Robey EA. T-cell selection in the thymus: a spatial and temporal 

perspective. Immunol Rev. 2016;271(1):114-26. 

10. Prinz I, Silva-Santos B, Pennington DJ. Functional development of gammadelta 

T cells. Eur J Immunol. 2013;43(8):1988-94. 

11. von Boehmer H. The thymus in immunity and in malignancy. Cancer Immunol 

Res. 2014;2(7):592-7. 



134 
 

12. Seo W, Taniuchi I. Transcriptional regulation of early T-cell development in the 

thymus. Eur J Immunol. 2016;46(3):531-8. 

13. Hogquist KA, Starr TK, Jameson SC. Receptor sensitivity: when T cells lose their 

sense of self. Curr Biol. 2003;13(6):R239-41. 

14. Huang CY, Sleckman BP, Kanagawa O. Revision of T cell receptor {alpha} chain 

genes is required for normal T lymphocyte development. Proc Natl Acad Sci U S A. 

2005;102(40):14356-61. 

15. Huesmann M, Scott B, Kisielow P, von Boehmer H. Kinetics and efficacy of 

positive selection in the thymus of normal and T cell receptor transgenic mice. Cell. 

1991;66(3):533-40. 

16. Masopust D, Schenkel JM. The integration of T cell migration, differentiation and 

function. Nat Rev Immunol. 2013;13(5):309-20. 

17. Itano AA, Jenkins MK. Antigen presentation to naive CD4 T cells in the lymph 

node. Nat Immunol. 2003;4(8):733-9. 

18. Pepper M, Jenkins MK. Origins of CD4(+) effector and central memory T cells. 

Nat Immunol. 2011;12(6):467-71. 

19. Mescher MF, Curtsinger JM, Agarwal P, Casey KA, Gerner M, Hammerbeck CD, 

et al. Signals required for programming effector and memory development by CD8+ T 

cells. Immunol Rev. 2006;211:81-92. 

20. Curtsinger JM, Mescher MF. Inflammatory cytokines as a third signal for T cell 

activation. Curr Opin Immunol. 2010;22(3):333-40. 

21. Gaffen SL. Signaling domains of the interleukin 2 receptor. Cytokine. 

2001;14(2):63-77. 

22. Malek TR. The main function of IL-2 is to promote the development of T 

regulatory cells. J Leukoc Biol. 2003;74(6):961-5. 



135 
 

23. Esensten JH, Helou YA, Chopra G, Weiss A, Bluestone JA. CD28 Costimulation: 

From Mechanism to Therapy. Immunity. 2016;44(5):973-88. 

24. Ward-Kavanagh LK, Lin WW, Sedy JR, Ware CF. The TNF Receptor 

Superfamily in Co-stimulating and Co-inhibitory Responses. Immunity. 2016;44(5):1005-

19. 

25. Stuart RW, Racke MK. Targeting T cell costimulation in autoimmune disease. 

Expert Opin Ther Targets. 2002;6(3):275-89. 

26. Chen L, Flies DB. Molecular mechanisms of T cell co-stimulation and co-

inhibition. Nat Rev Immunol. 2013;13(4):227-42. 

27. Montoya MC, Sancho D, Vicente-Manzanares M, Sanchez-Madrid F. Cell 

adhesion and polarity during immune interactions. Immunol Rev. 2002;186:68-82. 

28. Trambas CM, Griffiths GM. Delivering the kiss of death. Nat Immunol. 

2003;4(5):399-403. 

29. Green DR, Droin N, Pinkoski M. Activation-induced cell death in T cells. Immunol 

Rev. 2003;193:70-81. 

30. Wan YY, Flavell RA. How diverse--CD4 effector T cells and their functions. J Mol 

Cell Biol. 2009;1(1):20-36. 

31. Schurch CM, Riether C, Ochsenbein AF. Cytotoxic CD8+ T cells stimulate 

hematopoietic progenitors by promoting cytokine release from bone marrow 

mesenchymal stromal cells. Cell Stem Cell. 2014;14(4):460-72. 

32. van der Windt GJ, Pearce EL. Metabolic switching and fuel choice during T-cell 

differentiation and memory development. Immunol Rev. 2012;249(1):27-42. 

33. Wang R, Green DR. Metabolic reprogramming and metabolic dependency in T 

cells. Immunol Rev. 2012;249(1):14-26. 



136 
 

34. Wahl DR, Byersdorfer CA, Ferrara JL, Opipari AW, Jr., Glick GD. Distinct 

metabolic programs in activated T cells: opportunities for selective immunomodulation. 

Immunol Rev. 2012;249(1):104-15. 

35. Verbist KC, Guy CS, Milasta S, Liedmann S, Kaminski MM, Wang R, et al. 

Metabolic maintenance of cell asymmetry following division in activated T lymphocytes. 

Nature. 2016;532(7599):389-93. 

36. van der Windt GJ, O'Sullivan D, Everts B, Huang SC, Buck MD, Curtis JD, et al. 

CD8 memory T cells have a bioenergetic advantage that underlies their rapid recall 

ability. Proc Natl Acad Sci U S A. 2013;110(35):14336-41. 

37. O'Sullivan D, van der Windt GJ, Huang SC, Curtis JD, Chang CH, Buck MD, et 

al. Memory CD8(+) T cells use cell-intrinsic lipolysis to support the metabolic 

programming necessary for development. Immunity. 2014;41(1):75-88. 

38. Cao Y, Rathmell JC, Macintyre AN. Metabolic reprogramming towards aerobic 

glycolysis correlates with greater proliferative ability and resistance to metabolic 

inhibition in CD8 versus CD4 T cells. PLoS One. 2014;9(8):e104104. 

39. Gatza E, Wahl DR, Opipari AW, Sundberg TB, Reddy P, Liu C, et al. 

Manipulating the bioenergetics of alloreactive T cells causes their selective apoptosis 

and arrests graft-versus-host disease. Sci Transl Med. 2011;3(67):67ra8. 

40. Glick GD, Rossignol R, Lyssiotis CA, Wahl D, Lesch C, Sanchez B, et al. 

Anaplerotic metabolism of alloreactive T cells provides a metabolic approach to treat 

graft-versus-host disease. J Pharmacol Exp Ther. 2014;351(2):298-307. 

41. Vaughn AE, Deshmukh M. Glucose metabolism inhibits apoptosis in neurons and 

cancer cells by redox inactivation of cytochrome c. Nat Cell Biol. 2008;10(12):1477-83. 

42. Chiaranunt P, Ferrara JL, Byersdorfer CA. Rethinking the paradigm: How 

comparative studies on fatty acid oxidation inform our understanding of T cell 

metabolism. Mol Immunol. 2015;68(2 Pt C):564-74. 



137 
 

43. Cammann C, Rath A, Reichl U, Lingel H, Brunner-Weinzierl M, Simeoni L, et al. 

Early changes in the metabolic profile of activated CD8(+) T cells. BMC Cell Biol. 

2016;17(1):28. 

44. Frauwirth KA, Thompson CB. Regulation of T lymphocyte metabolism. J 

Immunol. 2004;172(8):4661-5. 

45. Buck MD, O'Sullivan D, Pearce EL. T cell metabolism drives immunity. J Exp 

Med. 2015;212(9):1345-60. 

46. Araki K, Turner AP, Shaffer VO, Gangappa S, Keller SA, Bachmann MF, et al. 

mTOR regulates memory CD8 T-cell differentiation. Nature. 2009;460(7251):108-12. 

47. Blagih J, Coulombe F, Vincent EE, Dupuy F, Galicia-Vazquez G, Yurchenko E, et 

al. The energy sensor AMPK regulates T cell metabolic adaptation and effector 

responses in vivo. Immunity. 2015;42(1):41-54. 

48. Pearce EL, Walsh MC, Cejas PJ, Harms GM, Shen H, Wang LS, et al. 

Enhancing CD8 T-cell memory by modulating fatty acid metabolism. Nature. 

2009;460(7251):103-7. 

49. Choo SY. The HLA system: genetics, immunology, clinical testing, and clinical 

implications. Yonsei Med J. 2007;48(1):11-23. 

50. Granados DP, Sriranganadane D, Daouda T, Zieger A, Laumont CM, Caron-

Lizotte O, et al. Impact of genomic polymorphisms on the repertoire of human MHC 

class I-associated peptides. Nat Commun. 2014;5:3600. 

51. Whitelegg AM, Oosten LE, Jordan S, Kester M, van Halteren AG, Madrigal JA, et 

al. Investigation of peptide involvement in T cell allorecognition using recombinant HLA 

class I multimers. J Immunol. 2005;175(3):1706-14. 

52. Huseby ES, Crawford F, White J, Kappler J, Marrack P. Negative selection 

imparts peptide specificity to the mature T cell repertoire. Proc Natl Acad Sci U S A. 

2003;100(20):11565-70. 



138 
 

53. Felix NJ, Donermeyer DL, Horvath S, Walters JJ, Gross ML, Suri A, et al. 

Alloreactive T cells respond specifically to multiple distinct peptide-MHC complexes. Nat 

Immunol. 2007;8(4):388-97. 

54. van Bergen CA, van Luxemburg-Heijs SA, de Wreede LC, Eefting M, von dem 

Borne PA, van Balen P, et al. Selective graft-versus-leukemia depends on magnitude 

and diversity of the alloreactive T cell response. J Clin Invest. 2017;127(2):517-29. 

55. Martin PJ, Levine DM, Storer BE, Warren EH, Zheng X, Nelson SC, et al. 

Genome-wide minor histocompatibility matching as related to the risk of graft-versus-

host disease. Blood. 2017;129(6):791-8. 

56. Billingham RE, Hings IM. The H-Y antigen and its role in natural transplantation. 

Hum Genet. 1981;58(1):9-17. 

57. McIver Z, Melenhorst JJ, Wu C, Grim A, Ito S, Cho I, et al. Donor lymphocyte 

count and thymic activity predict lymphocyte recovery and outcomes after matched-

sibling hematopoietic stem cell transplant. Haematologica. 2013;98(3):346-52. 

58. Hobo W, Broen K, van der Velden WJ, Greupink-Draaisma A, Adisty N, Wouters 

Y, et al. Association of disparities in known minor histocompatibility antigens with 

relapse-free survival and graft-versus-host disease after allogeneic stem cell 

transplantation. Biol Blood Marrow Transplant. 2013;19(2):274-82. 

59. Harris AC, Ferrara JL, Levine JE. Advances in predicting acute GVHD. Br J 

Haematol. 2013;160(3):288-302. 

60. Sung AD, Chao NJ. Concise review: acute graft-versus-host disease: 

immunobiology, prevention, and treatment. Stem Cells Transl Med. 2013;2(1):25-32. 

61. Mavroudis DA, Dermime S, Molldrem J, Jiang YZ, Raptis A, van Rhee F, et al. 

Specific depletion of alloreactive T cells in HLA-identical siblings: a method for 

separating graft-versus-host and graft-versus-leukaemia reactions. Br J Haematol. 

1998;101(3):565-70. 



139 
 

62. Fujiwara H, Sconocchia G, Melenhorst J, Eniafe R, Nakamura R, Hensel N, et al. 

Tissue-restricted T cell alloresponses across HLA barriers: selection and identification of 

leukemia-restricted CTL in HLA-mismatched stimulator-responder pairs. Bone Marrow 

Transplant. 2003;32(4):371-8. 

63. Solomon SR, Mielke S, Savani BN, Montero A, Wisch L, Childs R, et al. Selective 

depletion of alloreactive donor lymphocytes: a novel method to reduce the severity of 

graft-versus-host disease in older patients undergoing matched sibling donor stem cell 

transplantation. Blood. 2005;106(3):1123-9. 

64. Askenasy N, Mizrahi K, Ash S, Askenasy EM, Yaniv I, Stein J. Depletion of naive 

lymphocytes with fas ligand ex vivo prevents graft-versus-host disease without impairing 

T cell support of engraftment or graft-versus-tumor activity. Biol Blood Marrow 

Transplant. 2013;19(2):185-95. 

65. Mielke S, McIver ZA, Shenoy A, Fellowes V, Khuu H, Stroncek DF, et al. 

Selectively T cell-depleted allografts from HLA-matched sibling donors followed by low-

dose posttransplantation immunosuppression to improve transplantation outcome in 

patients with hematologic malignancies. Biol Blood Marrow Transplant. 

2011;17(12):1855-61. 

66. McIver ZA, Melenhorst JJ, Grim A, Naguib N, Weber G, Fellowes V, et al. 

Immune reconstitution in recipients of photodepleted HLA-identical sibling donor stem 

cell transplantations: T cell subset frequencies predict outcome. Biol Blood Marrow 

Transplant. 2011;17(12):1846-54. 

67. Leavy O. T cells: Mitochondria and T cell activation. Nat Rev Immunol. 

2013;13(4):224. 

68. Myette RL, Conseil G, Ebert SP, Wetzel B, Detty MR, Cole SP. 

Chalcogenopyrylium dyes as differential modulators of organic anion transport by 



140 
 

multidrug resistance protein 1 (MRP1), MRP2, and MRP4. Drug Metab Dispos. 

2013;41(6):1231-9. 

69. Gannon MK, 2nd, Holt JJ, Bennett SM, Wetzel BR, Loo TW, Bartlett MC, et al. 

Rhodamine inhibitors of P-glycoprotein: an amide/thioamide "switch" for ATPase activity. 

J Med Chem. 2009;52(10):3328-41. 

70. Aversa F, Tabilio A, Velardi A, Cunningham I, Terenzi A, Falzetti F, et al. 

Treatment of high-risk acute leukemia with T-cell-depleted stem cells from related 

donors with one fully mismatched HLA haplotype. N Engl J Med. 1998;339(17):1186-93. 

71. Papadopoulos EB, Carabasi MH, Castro-Malaspina H, Childs BH, Mackinnon S, 

Boulad F, et al. T-cell-depleted allogeneic bone marrow transplantation as postremission 

therapy for acute myelogenous leukemia: freedom from relapse in the absence of graft-

versus-host disease. Blood. 1998;91(3):1083-90. 

72. Montero A, Savani BN, Shenoy A, Read EJ, Carter CS, Leitman SF, et al. T-cell 

depleted peripheral blood stem cell allotransplantation with T-cell add-back for patients 

with hematological malignancies: effect of chronic GVHD on outcome. Biol Blood 

Marrow Transplant. 2006;12(12):1318-25. 

73. Mielke S, Nunes R, Rezvani K, Fellowes VS, Venne A, Solomon SR, et al. A 

clinical-scale selective allodepletion approach for the treatment of HLA-mismatched and 

matched donor-recipient pairs using expanded T lymphocytes as antigen-presenting 

cells and a TH9402-based photodepletion technique. Blood. 2008;111(8):4392-402. 

74. Vander Heiden MG, Cantley LC, Thompson CB. Understanding the Warburg 

effect: the metabolic requirements of cell proliferation. Science. 2009;324(5930):1029-

33. 

75. Brand KA, Hermfisse U. Aerobic glycolysis by proliferating cells: a protective 

strategy against reactive oxygen species. FASEB J. 1997;11(5):388-95. 



141 
 

76. Bustamante E, Pedersen PL. High aerobic glycolysis of rat hepatoma cells in 

culture: role of mitochondrial hexokinase. Proc Natl Acad Sci U S A. 1977;74(9):3735-9. 

77. Ahmed R, Salmi A, Butler LD, Chiller JM, Oldstone MB. Selection of genetic 

variants of lymphocytic choriomeningitis virus in spleens of persistently infected mice. 

Role in suppression of cytotoxic T lymphocyte response and viral persistence. J Exp 

Med. 1984;160(2):521-40. 

78. Chen BJ, Cui X, Liu C, Chao NJ. Prevention of graft-versus-host disease while 

preserving graft-versus-leukemia effect after selective depletion of host-reactive T cells 

by photodynamic cell purging process. Blood. 2002;99(9):3083-8. 

79. Cooke KR, Kobzik L, Martin TR, Brewer J, Delmonte J, Jr., Crawford JM, et al. 

An experimental model of idiopathic pneumonia syndrome after bone marrow 

transplantation: I. The roles of minor H antigens and endotoxin. Blood. 1996;88(8):3230-

9. 

80. Wilson J, Cullup H, Lourie R, Sheng Y, Palkova A, Radford KJ, et al. Antibody to 

the dendritic cell surface activation antigen CD83 prevents acute graft-versus-host 

disease. J Exp Med. 2009;206(2):387-98. 

81. Grayson JM, Laniewski NG, Lanier JG, Ahmed R. Mitochondrial potential and 

reactive oxygen intermediates in antigen-specific CD8+ T cells during viral infection. J 

Immunol. 2003;170(9):4745-51. 

82. Perl A, Hanczko R, Doherty E. Assessment of mitochondrial dysfunction in 

lymphocytes of patients with systemic lupus erythematosus. Methods Mol Biol. 

2012;900:61-89. 

83. Chang X, Wei C. Glycolysis and rheumatoid arthritis. Int J Rheum Dis. 

2011;14(3):217-22. 



142 
 

84. Wang R, Dillon CP, Shi LZ, Milasta S, Carter R, Finkelstein D, et al. The 

transcription factor Myc controls metabolic reprogramming upon T lymphocyte activation. 

Immunity. 2011;35(6):871-82. 

85. Orchard A, Schamerhorn GA, Calitree BD, Sawada GA, Loo TW, Claire Bartlett 

M, et al. Thiorhodamines containing amide and thioamide functionality as inhibitors of 

the ATP-binding cassette drug transporter P-glycoprotein (ABCB1). Bioorg Med Chem. 

2012;20(14):4290-302. 

86. Piekarz RL, Robey RW, Zhan Z, Kayastha G, Sayah A, Abdeldaim AH, et al. T-

cell lymphoma as a model for the use of histone deacetylase inhibitors in cancer 

therapy: impact of depsipeptide on molecular markers, therapeutic targets, and 

mechanisms of resistance. Blood. 2004;103(12):4636-43. 

87. Nagy G, Koncz A, Perl A. T cell activation-induced mitochondrial 

hyperpolarization is mediated by Ca2+- and redox-dependent production of nitric oxide. 

J Immunol. 2003;171(10):5188-97. 

88. Detty MR, Gibson SL, Wagner SJ. Current clinical and preclinical 

photosensitizers for use in photodynamic therapy. J Med Chem. 2004;47(16):3897-915. 

89. Sharma P, Wang N, Kranz DM. Soluble T cell receptor Vbeta domains 

engineered for high-affinity binding to staphylococcal or streptococcal superantigens. 

Toxins (Basel). 2014;6(2):556-74. 

90. Kalia V, Sarkar S, Subramaniam S, Haining WN, Smith KA, Ahmed R. Prolonged 

interleukin-2Ralpha expression on virus-specific CD8+ T cells favors terminal-effector 

differentiation in vivo. Immunity. 2010;32(1):91-103. 

91. van der Windt GJ, Everts B, Chang CH, Curtis JD, Freitas TC, Amiel E, et al. 

Mitochondrial respiratory capacity is a critical regulator of CD8+ T cell memory 

development. Immunity. 2012;36(1):68-78. 



143 
 

92. Martin PJ, Schoch G, Fisher L, Byers V, Anasetti C, Appelbaum FR, et al. A 

retrospective analysis of therapy for acute graft-versus-host disease: initial treatment. 

Blood. 1990;76(8):1464-72. 

93. McCullough J, Perkins HA, Hansen J. The National Marrow Donor Program with 

emphasis on the early years. Transfusion. 2006;46(7):1248-55. 

94. Children's Oncology G, Aplenc R, Alonzo TA, Gerbing RB, Smith FO, Meshinchi 

S, et al. Ethnicity and survival in childhood acute myeloid leukemia: a report from the 

Children's Oncology Group. Blood. 2006;108(1):74-80. 

95. Dew A, Collins D, Artz A, Rich E, Stock W, Swanson K, et al. Paucity of HLA-

identical unrelated donors for African-Americans with hematologic malignancies: the 

need for new donor options. Biol Blood Marrow Transplant. 2008;14(8):938-41. 

96. Lee SJ, Klein J, Haagenson M, Baxter-Lowe LA, Confer DL, Eapen M, et al. 

High-resolution donor-recipient HLA matching contributes to the success of unrelated 

donor marrow transplantation. Blood. 2007;110(13):4576-83. 

97. Worel N, Leitner G. Clinical Results of Extracorporeal Photopheresis. Transfus 

Med Hemother. 2012;39(4):254-62. 

98. Quaglino P, Knobler R, Fierro MT, Savoia P, Marra E, Fava P, et al. 

Extracorporeal photopheresis for the treatment of erythrodermic cutaneous T-cell 

lymphoma: a single center clinical experience with long-term follow-up data and a brief 

overview of the literature. Int J Dermatol. 2013;52(11):1308-18. 

99. Girardi M, Berger CL, Wilson LD, Christensen IR, Thompson KR, Glusac EJ, et 

al. Transimmunization for cutaneous T cell lymphoma: a Phase I study. Leuk 

Lymphoma. 2006;47(8):1495-503. 

100. Evans AV, Wood BP, Scarisbrick JJ, Fraser-Andrews EA, Chinn S, Dean A, et al. 

Extracorporeal photopheresis in Sezary syndrome: hematologic parameters as 

predictors of response. Blood. 2001;98(5):1298-301. 



144 
 

101. Holtick U, Wang XN, Marshall SR, Scheid C, von Bergwelt-Baildon M, Dickinson 

AM. Immature DC isolated after co-culture with PUVA-treated peripheral blood 

mononuclear cells downregulate graft-versus-host reactions in the human skin explant 

model. Curr Stem Cell Res Ther. 2013;8(4):324-32. 

102. Brasseur N, Menard I, Forget A, el Jastimi R, Hamel R, Molfino NA, et al. 

Eradication of multiple myeloma and breast cancer cells by TH9402-mediated 

photodynamic therapy: implication for clinical ex vivo purging of autologous stem cell 

transplants. Photochem Photobiol. 2000;72(6):780-7. 

103. Tombline G, Holt JJ, Gannon MK, Donnelly DJ, Wetzel B, Sawada GA, et al. 

ATP occlusion by P-glycoprotein as a surrogate measure for drug coupling. 

Biochemistry. 2008;47(10):3294-307. 

104. Tombline G, Donnelly DJ, Holt JJ, You Y, Ye M, Gannon MK, et al. Stimulation of 

P-glycoprotein ATPase by analogues of tetramethylrosamine: coupling of drug binding at 

the "R" site to the ATP hydrolysis transition state. Biochemistry. 2006;45(26):8034-47. 

105. Detty MR, Prasad PN, Donnelly DJ, Ohulchanskyy T, Gibson SL, Hilf R. 

Synthesis, properties, and photodynamic properties in vitro of heavy-chalcogen 

analogues of tetramethylrosamine. Bioorg Med Chem. 2004;12(10):2537-44. 

106. Holt JJ, Gannon MK, 2nd, Tombline G, McCarty TA, Page PM, Bright FV, et al. A 

cationic chalcogenoxanthylium photosensitizer effective in vitro in chemosensitive and 

multidrug-resistant cells. Bioorg Med Chem. 2006;14(24):8635-43. 

107. Ohulchanskyy TY, Donnelly DJ, Detty MR, Prasad PN. Heteroatom substitution 

induced changes in excited-state photophysics and singlet oxygen generation in 

chalcogenoxanthylium dyes: Effect of sulfur and selenium substitutions. J Phys Chem B. 

2004;108(25):8668-72. 



145 
 

108. Hill JE, Linder MK, Davies KS, Sawada GA, Morgan J, Ohulchanskyy TY, et al. 

Selenorhodamine photosensitizers for photodynamic therapy of P-glycoprotein-

expressing cancer cells. J Med Chem. 2014;57(20):8622-34. 

109. Kryman MW, Davies KS, Linder MK, Ohulchanskyy TY, Detty MR. 

Selenorhodamine photosensitizers with the Texas-red core for photodynamic therapy of 

cancer cells. Bioorg Med Chem. 2015;23(15):4501-7. 

110. Kryman MW, Schamerhorn GA, Hill JE, Calitree BD, Davies KS, Linder MK, et al. 

Synthesis and Properties of Heavy Chalcogen Analogues of the Texas Reds and 

Related Rhodamines. Organometallics. 2014;33(10):2628-40. 

111. Edward JT, Chubb FL, Sangster J. Iron chelators of the pyridoxal isonicotinoyl 

hydrazone class. Relationship of the lipophilicity of the apochelator to its ability to 

mobilize iron from reticulocytes in vitro: reappraisal of reported partition coefficients. Can 

J Physiol Pharmacol. 1997;75(12):1362-8. 

112. Sawada GA, Barsuhn CL, Lutzke BS, Houghton ME, Padbury GE, Ho NF, et al. 

Increased lipophilicity and subsequent cell partitioning decrease passive transcellular 

diffusion of novel, highly lipophilic antioxidants. J Pharmacol Exp Ther. 

1999;288(3):1317-26. 

113. Raub TJ. P-glycoprotein recognition of substrates and circumvention through 

rational drug design. Mol Pharm. 2006;3(1):3-25. 

114. Dantzig AH, Shepard RL, Law KL, Tabas L, Pratt S, Gillespie JS, et al. Selectivity 

of the multidrug resistance modulator, LY335979, for P-glycoprotein and effect on 

cytochrome P-450 activities. J Pharmacol Exp Ther. 1999;290(2):854-62. 

115. Spoelstra EC, Dekker H, Schuurhuis GJ, Broxterman HJ, Lankelma J. P-

glycoprotein drug efflux pump involved in the mechanisms of intrinsic drug resistance in 

various colon cancer cell lines. Evidence for a saturation of active daunorubicin 

transport. Biochem Pharmacol. 1991;41(3):349-59. 



146 
 

116. Evers R, Kool M, Smith AJ, van Deemter L, de Haas M, Borst P. Inhibitory effect 

of the reversal agents V-104, GF120918 and Pluronic L61 on MDR1 Pgp-, MRP1- and 

MRP2-mediated transport. Br J Cancer. 2000;83(3):366-74. 

117. Johnson LV, Walsh ML, Bockus BJ, Chen LB. Monitoring of relative 

mitochondrial membrane potential in living cells by fluorescence microscopy. J Cell Biol. 

1981;88(3):526-35. 

118. Davis S, Weiss MJ, Wong JR, Lampidis TJ, Chen LB. Mitochondrial and plasma 

membrane potentials cause unusual accumulation and retention of rhodamine 123 by 

human breast adenocarcinoma-derived MCF-7 cells. J Biol Chem. 1985;260(25):13844-

50. 

119. Riddell JR, Wang XY, Minderman H, Gollnick SO. Peroxiredoxin 1 stimulates 

secretion of proinflammatory cytokines by binding to TLR4. J Immunol. 

2010;184(2):1022-30. 

120. Mosmann T. Rapid colorimetric assay for cellular growth and survival: application 

to proliferation and cytotoxicity assays. J Immunol Methods. 1983;65(1-2):55-63. 

121. Chaudhary PM, Mechetner EB, Roninson IB. Expression and activity of the 

multidrug resistance P-glycoprotein in human peripheral blood lymphocytes. Blood. 

1992;80(11):2735-9. 

122. Ludescher C, Pall G, Irschick EU, Gastl G. Differential activity of P-glycoprotein 

in normal blood lymphocyte subsets. Br J Haematol. 1998;101(4):722-7. 

123. Pilarski LM, Paine D, McElhaney JE, Cass CE, Belch AR. Multidrug transporter 

P-glycoprotein 170 as a differentiation antigen on normal human lymphocytes and 

thymocytes: modulation with differentiation stage and during aging. Am J Hematol. 

1995;49(4):323-35. 

124. Coon JS, Wang YZ, Bines SD, Markham PN, Chong AS, Gebel HM. Multidrug 

resistance activity in human lymphocytes. Hum Immunol. 1991;32(2):134-40. 



147 
 

125. Guimond M, Balassy A, Barrette M, Brochu S, Perreault C, Roy DC. P-

glycoprotein targeting: a unique strategy to selectively eliminate immunoreactive T cells. 

Blood. 2002;100(2):375-82. 

126. Tsuruo T, Iida H, Hori K, Tsukagoshi S, Sakurai Y. Membrane affinity and 

metabolism of N4-palmitoyl-1-beta-D-arabinofuranosylcytosine into cultured KB cells. 

Cancer Res. 1981;41(11 Pt 1):4484-8. 

127. Bernal SD, Lampidis TJ, McIsaac RM, Chen LB. Anticarcinoma activity in vivo of 

rhodamine 123, a mitochondrial-specific dye. Science. 1983;222(4620):169-72. 

128. Kessel D, Woodburn K. Selective photodynamic inactivation of a multidrug 

transporter by a cationic photosensitising agent. Br J Cancer. 1995;71(2):306-10. 

129. Ogata M, Inanami O, Nakajima M, Nakajima T, Hiraoka W, Kuwabara M. Ca(2+)-

dependent and caspase-3-independent apoptosis caused by damage in Golgi apparatus 

due to 2,4,5,7-tetrabromorhodamine 123 bromide-induced photodynamic effects. 

Photochem Photobiol. 2003;78(3):241-7. 

130. Szewczyk P, Tao H, McGrath AP, Villaluz M, Rees SD, Lee SC, et al. Snapshots 

of ligand entry, malleable binding and induced helical movement in P-glycoprotein. Acta 

Crystallogr D Biol Crystallogr. 2015;71(Pt 3):732-41. 

131. Gilchrest BA, Parrish JA, Tanenbaum L, Haynes HA, Fitzpatrick TB. Oral 

methoxsalen photochemotherapy of mycosis fungoides. Cancer. 1976;38(2):683-9. 

132. Villeneuve L. Ex vivo photodynamic purging in chronic myelogenous leukaemia 

and other neoplasias with rhodamine derivatives. Biotechnol Appl Biochem. 1999;30 ( Pt 

1):1-17. 

133. Lampidis TJ, Bernal SD, Summerhayes IC, Chen LB. Selective toxicity of 

rhodamine 123 in carcinoma cells in vitro. Cancer Res. 1983;43(2):716-20. 

134. Chen LB. Mitochondrial membrane potential in living cells. Annu Rev Cell Biol. 

1988;4:155-81. 



148 
 

135. Murphy MP. Selective targeting of bioactive compounds to mitochondria. Trends 

Biotechnol. 1997;15(8):326-30. 

136. Pal P, Zeng H, Durocher G, Girard D, Li T, Gupta AK, et al. Phototoxicity of some 

bromine-substituted rhodamine dyes: synthesis, photophysical properties and 

application as photosensitizers. Photochem Photobiol. 1996;63(2):161-8. 

137. Villeneuve L, Pal P, Durocher G, Migneault D, Girard D, Giasson R, et al. 

Spectroscopic and photophysical investigations on the nature of localization of 

rhodamine-123 and its dibromo derivative in different cell lines. J Fluoresc. 

1996;6(4):209-19. 

138. Crump KE, Langston PK, Rajkarnikar S, Grayson JM. Antioxidant treatment 

regulates the humoral immune response during acute viral infection. J Virol. 

2013;87(5):2577-86. 

139. Laniewski NG, Grayson JM. Antioxidant treatment reduces expansion and 

contraction of antigen-specific CD8+ T cells during primary but not secondary viral 

infection. J Virol. 2004;78(20):11246-57. 

140. Michalek RD, Crump KE, Weant AE, Hiltbold EM, Juneau DG, Moon EY, et al. 

Peroxiredoxin II regulates effector and secondary memory CD8+ T cell responses. J 

Virol. 2012;86(24):13629-41. 

141. Michalek RD, Nelson KJ, Holbrook BC, Yi JS, Stridiron D, Daniel LW, et al. The 

requirement of reversible cysteine sulfenic acid formation for T cell activation and 

function. J Immunol. 2007;179(10):6456-67. 

142. Juliano RL, Ling V. A surface glycoprotein modulating drug permeability in 

Chinese hamster ovary cell mutants. Biochim Biophys Acta. 1976;455(1):152-62. 

143. Padowski JM, Pollack GM. Pharmacokinetic and pharmacodynamic implications 

of P-glycoprotein modulation. Methods Mol Biol. 2010;596:359-84. 



149 
 

144. Pendse SS, Briscoe DM, Frank MH. P-glycoprotein and alloimmune T-cell 

activation. Clin Appl Immunol Rev. 2003;4(1):3-14. 

145. Drach J, Gsur A, Hamilton G, Zhao S, Angerler J, Fiegl M, et al. Involvement of 

P-glycoprotein in the transmembrane transport of interleukin-2 (IL-2), IL-4, and 

interferon-gamma in normal human T lymphocytes. Blood. 1996;88(5):1747-54. 

146. Tainton KM, Smyth MJ, Jackson JT, Tanner JE, Cerruti L, Jane SM, et al. 

Mutational analysis of P-glycoprotein: suppression of caspase activation in the absence 

of ATP-dependent drug efflux. Cell Death Differ. 2004;11(9):1028-37. 

147. Pavletic SZ, Kumar S, Mohty M, de Lima M, Foran JM, Pasquini M, et al. NCI 

First International Workshop on the Biology, Prevention, and Treatment of Relapse after 

Allogeneic Hematopoietic Stem Cell Transplantation: report from the Committee on the 

Epidemiology and Natural History of Relapse following Allogeneic Cell Transplantation. 

Biol Blood Marrow Transplant. 2010;16(7):871-90. 

148. Gooley TA, Chien JW, Pergam SA, Hingorani S, Sorror ML, Boeckh M, et al. 

Reduced mortality after allogeneic hematopoietic-cell transplantation. N Engl J Med. 

2010;363(22):2091-101. 

149. Smyth MJ, Dunn GP, Schreiber RD. Cancer immunosurveillance and 

immunoediting: the roles of immunity in suppressing tumor development and shaping 

tumor immunogenicity. Adv Immunol. 2006;90:1-50. 

150. Schreiber RD, Old LJ, Smyth MJ. Cancer immunoediting: integrating immunity's 

roles in cancer suppression and promotion. Science. 2011;331(6024):1565-70. 

151. Mittal D, Gubin MM, Schreiber RD, Smyth MJ. New insights into cancer 

immunoediting and its three component phases--elimination, equilibrium and escape. 

Curr Opin Immunol. 2014;27:16-25. 

152. Austin R, Smyth MJ, Lane SW. Harnessing the immune system in acute myeloid 

leukaemia. Crit Rev Oncol Hematol. 2016;103:62-77. 



150 
 

153. Teague RM, Kline J. Immune evasion in acute myeloid leukemia: current 

concepts and future directions. J Immunother Cancer. 2013;1(13). 

154. Vago L, Perna SK, Zanussi M, Mazzi B, Barlassina C, Stanghellini MT, et al. 

Loss of mismatched HLA in leukemia after stem-cell transplantation. N Engl J Med. 

2009;361(5):478-88. 

155. Crucitti L, Crocchiolo R, Toffalori C, Mazzi B, Greco R, Signori A, et al. Incidence, 

risk factors and clinical outcome of leukemia relapses with loss of the mismatched HLA 

after partially incompatible hematopoietic stem cell transplantation. Leukemia. 

2015;29(5):1143-52. 

156. Warren EH, Fujii N, Akatsuka Y, Chaney CN, Mito JK, Loeb KR, et al. Therapy of 

relapsed leukemia after allogeneic hematopoietic cell transplantation with T cells specific 

for minor histocompatibility antigens. Blood. 2010;115(19):3869-78. 

157. Pardoll DM. Immunology beats cancer: a blueprint for successful translation. Nat 

Immunol. 2012;13(12):1129-32. 

158. Pardoll DM. The blockade of immune checkpoints in cancer immunotherapy. Nat 

Rev Cancer. 2012;12(4):252-64. 

159. Martin-Liberal J, Ochoa de Olza M, Hierro C, Gros A, Rodon J, Tabernero J. The 

expanding role of immunotherapy. Cancer Treat Rev. 2017;54:74-86. 

160. Ishida Y, Agata Y, Shibahara K, Honjo T. Induced expression of PD-1, a novel 

member of the immunoglobulin gene superfamily, upon programmed cell death. EMBO 

J. 1992;11(11):3887-95. 

161. Greenwald RJ, Freeman GJ, Sharpe AH. The B7 family revisited. Annu Rev 

Immunol. 2005;23:515-48. 

162. Francisco LM, Salinas VH, Brown KE, Vanguri VK, Freeman GJ, Kuchroo VK, et 

al. PD-L1 regulates the development, maintenance, and function of induced regulatory T 

cells. J Exp Med. 2009;206(13):3015-29. 



151 
 

163. Dong H, Zhu G, Tamada K, Chen L. B7-H1, a third member of the B7 family, co-

stimulates T-cell proliferation and interleukin-10 secretion. Nat Med. 1999;5(12):1365-9. 

164. Loke P, Allison JP. PD-L1 and PD-L2 are differentially regulated by Th1 and Th2 

cells. Proc Natl Acad Sci U S A. 2003;100(9):5336-41. 

165. del Rio ML, Buhler L, Gibbons C, Tian J, Rodriguez-Barbosa JI. PD-1/PD-L1, 

PD-1/PD-L2, and other co-inhibitory signaling pathways in transplantation. Transpl Int. 

2008;21(11):1015-28. 

166. Zou W, Chen L. Inhibitory B7-family molecules in the tumour microenvironment. 

Nat Rev Immunol. 2008;8(6):467-77. 

167. Dong H, Strome SE, Salomao DR, Tamura H, Hirano F, Flies DB, et al. Tumor-

associated B7-H1 promotes T-cell apoptosis: a potential mechanism of immune evasion. 

Nat Med. 2002;8(8):793-800. 

168. Konishi J, Yamazaki K, Azuma M, Kinoshita I, Dosaka-Akita H, Nishimura M. B7-

H1 expression on non-small cell lung cancer cells and its relationship with tumor-

infiltrating lymphocytes and their PD-1 expression. Clin Cancer Res. 2004;10(15):5094-

100. 

169. Brown JA, Dorfman DM, Ma FR, Sullivan EL, Munoz O, Wood CR, et al. 

Blockade of programmed death-1 ligands on dendritic cells enhances T cell activation 

and cytokine production. J Immunol. 2003;170(3):1257-66. 

170. Thompson RH, Gillett MD, Cheville JC, Lohse CM, Dong H, Webster WS, et al. 

Costimulatory B7-H1 in renal cell carcinoma patients: Indicator of tumor aggressiveness 

and potential therapeutic target. Proc Natl Acad Sci U S A. 2004;101(49):17174-9. 

171. Brahmer JR, Tykodi SS, Chow LQ, Hwu WJ, Topalian SL, Hwu P, et al. Safety 

and activity of anti-PD-L1 antibody in patients with advanced cancer. N Engl J Med. 

2012;366(26):2455-65. 



152 
 

172. Kazandjian D, Suzman DL, Blumenthal G, Mushti S, He K, Libeg M, et al. FDA 

Approval Summary: Nivolumab for the Treatment of Metastatic Non-Small Cell Lung 

Cancer With Progression On or After Platinum-Based Chemotherapy. Oncologist. 

2016;21(5):634-42. 

173. Wang J, Yuan R, Song W, Sun J, Liu D, Li Z. PD-1, PD-L1 (B7-H1) and Tumor-

Site Immune Modulation Therapy: The Historical Perspective. J Hematol Oncol. 

2017;10(1):34. 

174. Abola MV, Prasad V. The Use of Superlatives in Cancer Research. JAMA Oncol. 

2016;2(1):139-41. 

175. Hermel DJ, Ott P. Combining forces: the promise and peril of synergistic immune 

checkpoint blockade and targeted therapy in metastatic melanoma. Cancer Metastasis 

Rev. 2017. 

176. Jiao S, Xia W, Yamaguchi H, Wei Y, Chen MK, Hsu JM, et al. PARP inhibitor 

upregulates PD-L1 expression and enhances cancer-associated immunosuppression. 

Clin Cancer Res. 2017. 

177. Gacerez AT, Arellano B, Sentman CL. How Chimeric Antigen Receptor Design 

Affects Adoptive T Cell Therapy. J Cell Physiol. 2016;231(12):2590-8. 

178. Savoldo B, Dotti G. Chimeric antigen receptors (CARs) from bench-to-bedside. 

Immunol Lett. 2013;155(1-2):40-2. 

179. Sadelain M, Brentjens R, Riviere I. The basic principles of chimeric antigen 

receptor design. Cancer Discov. 2013;3(4):388-98. 

180. Kenderian SS, Porter DL, Gill S. Chimeric Antigen Receptor T Cells and 

Hematopoietic Cell Transplantation: How Not to Put the CART Before the Horse. Biol 

Blood Marrow Transplant. 2017;23(2):235-46. 



153 
 

181. Allegra A, Innao V, Gerace D, Vaddinelli D, Musolino C. Adoptive immunotherapy 

for hematological malignancies: Current status and new insights in chimeric antigen 

receptor T cells. Blood Cells Mol Dis. 2016;62:49-63. 

182. Diaconu I, Ballard B, Zhang M, Chen Y, West J, Dotti G, et al. Inducible 

Caspase-9 Selectively Modulates the Toxicities of CD19-Specific Chimeric Antigen 

Receptor-Modified T Cells. Mol Ther. 2017;25(3):580-92. 

183. Maude SL, Barrett D, Teachey DT, Grupp SA. Managing cytokine release 

syndrome associated with novel T cell-engaging therapies. Cancer J. 2014;20(2):119-

22. 

184. Guidance Development Review C, Working Group for Clinical Studies of Cancer 

I, Working Group for Effector Cell T, Working Group for CMCN-cS, Working Group for 

Cancer V, Adjuvants, et al. 2015 Guidance on cancer immunotherapy development in 

early-phase clinical studies. Cancer Sci. 2015;106(12):1761-71. 

185. Edelson R, Berger C, Gasparro F, Jegasothy B, Heald P, Wintroub B, et al. 

Treatment of cutaneous T-cell lymphoma by extracorporeal photochemotherapy. 

Preliminary results. N Engl J Med. 1987;316(6):297-303. 

186. Yoo EK, Rook AH, Elenitsas R, Gasparro FP, Vowels BR. Apoptosis induction of 

ultraviolet light A and photochemotherapy in cutaneous T-cell Lymphoma: relevance to 

mechanism of therapeutic action. J Invest Dermatol. 1996;107(2):235-42. 

187. Di Renzo M, Rubegni P, De Aloe G, Paulesu L, Pasqui AL, Andreassi L, et al. 

Extracorporeal photochemotherapy restores Th1/Th2 imbalance in patients with early 

stage cutaneous T-cell lymphoma. Immunology. 1997;92(1):99-103. 

188. Dummer R, Kohl O, Gillessen J, Kagi M, Burg G. Peripheral blood mononuclear 

cells in patients with nonleukemic cutaneous T-cell lymphoma. Reduced proliferation 

and preferential secretion of a T helper-2-like cytokine pattern on stimulation. Arch 

Dermatol. 1993;129(4):433-6. 



154 
 

189. Dall'Acqua F, Martelli P. Photosensitizing action of furocoumarins on membrane 

components and consequent intracellular events. J Photochem Photobiol B. 

1991;8(3):235-54. 

190. Caffieri S, Di Lisa F, Bolesani F, Facco M, Semenzato G, Dall'Acqua F, et al. The 

mitochondrial effects of novel apoptogenic molecules generated by psoralen photolysis 

as a crucial mechanism in PUVA therapy. Blood. 2007;109(11):4988-94. 

191. Vowels BR, Cassin M, Boufal MH, Walsh LJ, Rook AH. Extracorporeal 

photochemotherapy induces the production of tumor necrosis factor-alpha by 

monocytes: implications for the treatment of cutaneous T-cell lymphoma and systemic 

sclerosis. J Invest Dermatol. 1992;98(5):686-92. 

192. Berger CL, Xu AL, Hanlon D, Lee C, Schechner J, Glusac E, et al. Induction of 

human tumor-loaded dendritic cells. Int J Cancer. 2001;91(4):438-47. 

193. Edelson RL. Photopheresis: a clinically relevant immunobiologic response 

modifier. Ann N Y Acad Sci. 1991;636:154-64. 

194. Edelson RL. Mechanistic insights into extracorporeal photochemotherapy: 

efficient induction of monocyte-to-dendritic cell maturation. Transfus Apher Sci. 

2014;50(3):322-9. 

 

  



155 
 

CURRICULUM VITAE 
 

NAME:  
 
Zachariah Augustus McIver 
 
CURRENT ACADEMIC TITLE: 

 
Assistant Professor of Internal Medicine 
 
ADDRESS: 
Department of Hematology and Oncology  
Comprehensive Cancer Center of Wake Forest University 
Medical Center Boulevard 
Winston-Salem, NC 27157 
Office: (336) 716-0471 
    
EDUCATION: 
1994 Bachelor of Science in Physics, University of Oregon, Eugene, Oregon 
 
2004 Doctor of Osteopathic Medicine (DO), Ohio University College of Osteopathic 
Medicine, Athens, OH 
 
2005 Internship in Internal Medicine, Cleveland Clinic Foundation, Cleveland, OH 
 
2007 Residency in Internal Medicine, Cleveland Clinic Foundation, Cleveland, OH 
 
2011 Fellowship in Hematology and Oncology. NHLBI, NIH, Bethesda, MD 
 
 
ACADEMIC APPOINTMENTS: 
2010-2011, Chief Fellow of Hematology/Oncology, NHLBI, NIH, Bethesda, MD 
 
2011-2013, Assistant Professor of Clinical Medicine, Department of 
Hematology/Oncology, Tulane University School of Medicine, New Orleans, LA 
 
Assistant Professor of Internal Medicine, Wake Forest School of Medicine. 

i. Primary appointment: Division of Hematology/Oncology, Wake Forest School of 
Medicine, Winston-Salem, NC. 2013 – present. 

ii. Secondary appointment: Translational Science Institute, Wake Forest School of 
Medicine, Winston-Salem, NC. 2015 – present. 

 
SPECIAL CERTIFICATIONS: 
2007 - Board certified in Internal Medicine 
 
2010 - Principles and Practice of Clinical Research Certificate, NIH 
 
2010 - Board certified in Hematology 
 
  



156 
 

INSTITUTIONAL SERVICES: 
2014 – current - Member of the IRB of the Comprehensive Cancer Center of Wake 

Forest University. 
 
PROFESSIONAL MEMBERSHIPS AND ACTIVITIES: 
2000 – American Society of Osteopathic Medicine 
 
2006 – American Society of Hematology 
 
2008 – American Society of Blood and Marrow Transplantation 
 
2010 – Ad Hoc Reviewer - Experimental Hematology 
 
2011 – Ad Hoc Reviewer - Bone Marrow Transplantation 
 
2011 – Ad Hoc Reviewer - Blood  
 
2011 – Ad Hoc Reviewer - Bioorganic & Medicinal Chemistry 
 
2014 – Ad Hoc Reviewer – JAMA 
 
2014 – American Association of Immunologists 
 
HONORS: 
2001  Ohio University Institute of Tropical Diseases Research Award 
 
2006 Cleveland Clinic Internal Medicine Scholarly Activity Award 
 
2010 American Society of Hematology/EHA Translational Research Training in 

Hematology Award 
 
2012 Louisiana Clinical and Translational Research Roadmap Scholar Award 
 
2013 Wake Forest University Translational Research Institute Scholar Academy Award 
 
2016 Wake Clinical and Translational Science Institute KL2 Scholar Award 
 
PATENTS: 
2014 – Methods and compounds for phototherapy with chalcogenorhodamine 
photosensitizers, US Patent Application Number PCT/US2015/034187. Inventors: 
McIver, Z; Hill, J; Detty, M. 
 
CURRENT CLINICAL RESEARCH: 
2014 - present, Haploidentical Donor Stem Cell Transplant Followed by 
Cyclophosphamide in Treating Patients with Hematological Diseases. Clinical trials.gov 
identifier: NCT02248597. Responsibilities: Principle Investigator. 
 
  



157 
 

GRANTS CURRENT AND COMPLETED: 
 
Current 
Wake Forest Baptist Medical Center Clinical and Translational Science Institute 
(CTSI) 
CTSI KL2 Scholar 
Development of selective photosensitizers to prevent graft-versus-host disease after 
allogeneic stem cell transplant. 
Role: Principle Investigator 
 
Wake Forest Innovations Value Inflection Award 
Title: Prevention of Graft-versus-Host Disease Using a Novel Photosensitizer  
02/2015 – present. 
Role: Principal Investigator 
 
Completed 
Eagle Memorial Leukemia Research Foundation 
Title: Selective Depletion of Alloreactive T Cells to Prevent Graft-Versus-Host 
Disease  
04/13/15 – 03/30/16 
Role: Principle Investigator 
 
Comprehensive Cancer Center of Wake Forest University 
Title: Selective Depletion of Alloreactive T cells Using a Novel Photodepletion 
Technique to Prevent GvHD 01/2014 – 12/2014. 
Role: Principle Investigator. 
 
BIBLIOGRAPHY: 
 
Accepted 
1. McIver Z, Grayson J, Coe B, Hill J, Schamerhorn G, Ohulchanskyy T, Linder M, 

Davies K, Weiner R, and Detty M. Targeting T cell Bioenergetics by Modulating P-
glycoprotein Selectivity Depletes Alloreactive T cells to Prevent GVHD. J Immunol. 
2016 Sep 1;197(5):1631-41. 

 
2. McIver Z, Kryman M, Choi Y, Coe B, Schamerhorn G, Linder M, Davies K, Hill E, 

Sawada G, Grayson J,  and Detty M Selective photodepletion of malignant T cells in 
extracorporeal photopheresis with selenorhodamine photosensitizers 
photosensitizers. J Bioorg Med Chem. 2016 Sep 1;24(17):3918-31. 

 
3. Lamar Z, Kennedy L, Kennedy B, Lynch M, Goad A, Hurd D, McIver Z, Ibrutinib and 

rituximab induced rapid response in refractory Richter syndrome. Clin Case Rep. 
2015 Jul;3(7):615-7. 

 
4. Battiwalla M, Fakhrejahani F, Jain N, Klotz J, Pophali P, Draper D, Haggerty J, 

McIver Z, Jelinek J, Chawla K, Ito S, Barret AJ. Radiation Exposure from Diagnositic 
Procedures following Allogeneic Stem Cell Transplantation – How Much Is 
Acceptable? Hematology. 2014 Jul;19(5):275-9. 

 
5. McIver, Z, Yin, F, Hughes, T, Battiwalla, M, Ito, S, Koklanaris, E, Haggerty, J, 

Hensel, N, Barrett, AJ, Second Hematopoietic Stem Cell Transplantation for 



158 
 

Leukemia Relapsing after Myeloablative T Cell Depleted Transplants Does Not 
Prolong Survival. Bone Marrow Transplant. 2013 Sep;48(9):1192-7. 

 
6. McIver, Z, Melenhorst, JJ, Wu, C, Grim, A, Ito, S, Cho, I, Hensel, N, Battiwalla, M, 

Barrett, AJ, Donor Lymphocyte Count and Thymic Activity Predict Lymphocyte 
Recovery and Outcomes after Matched-Sibling Hematopoietic Stem Cell Transplant. 
Haematologica. 2013 Mar; 98(3):346-52. 

 
7. Melenhorst, JJ, Tian, X, Xu, D, Sandler N, Scheinberg P, Biancotto, A, McIver, Z, 

Scheinberg, P, McCoy, JP, Jr., Hensel NF, Douek, DC, Barrett, AJ, Cytopenia and 
leucocyte recovery shapes cytokine fluctuations after myeloablative allogeneic 
hematopoietic stem cell transplantation. Hematologica.  2012 Jun; 97(6):867-73.  

 
8. Taylor J, Darbari D, Maric I, McIver Z, Arthur D; Therapy-related acute myelogenous 

leukemia in a hydroxyurea-treated patient with sickle cell anemia. Ann Intern Med. 
2011 Nov 15; 155(10):722-4. 

 
9. McIver Z, Mielke S, Shenoy A, Fellowes V, Khuu H, Stroncek D, Leitman S, Childs 

R, Battiwalla M, Haggerty J, Savani BN, Rezvani K, Barrett AJ. Selectively T cell 
depleted allografts from HLA-matched sibling donors followed by low-dose post-
transplant immunosuppression to reduce acute GVHD and disease relapse in 
patients with hematological malignancies. Biol Blood Marrow Transplant. 2011 
Dec;17(12):1855-61. 

 
10. McIver Z, Melenhorst JJ, Grim A, Naguib N, Weber G, Fellowes V, Khuu H, Stroncek 

D, Leitman S, Battiwalla M, Barrett AJ. Immune Reconstitution Recipients of 
Photodepleted Stem Cell Transplants: T cell subset frequencies predict outcome. 
Biol Blood Marrow Transplant. 2010 Nov;16(11):1549-56. 

 
11. McIver Z, Stephens N, Grim A, Barrett AJ. Rituximab Administration within 6 months 

of T cell-depleted Allogeneic SCT is Associated with Prolonged Life-threatening 
Cytopenias. Bio Blood and Marrow Transplantation 2010 Nov;16(11):1549-56.  

 
12. Thakkar SG, Fu AZ, Sweetenham JW, McIver Z, Mohan SR, Ramsingh G, Advani 

AS, Sobecks R, Rybicki L, Kalaycio M, Sekeres MA. Survival and predictors of 
outcome in patients with acute leukemia admitted to the intensive care unit. Cancer 
2008 May; 112(10):2233-40. 

 
13. McIver Z, Serio B, Dunbar A, O'Keefe CL, Powers J, Wlodarski M, Jin T, Sobecks R, 

Bolwell B, Maciejewski JP.Double-negative regulatory T cells induce allotolerance 
when expanded after allogeneic haematopoietic stem cell transplantation. Br J 
Haematol 2008 April; 141(2):170-8. 

 
14. O'Keefe CL, Gondek L, Davis R, Kuczkowski E, Sobecks RM, Rodriguez A, Narvaez 

Y, McIver Z, Tuthill R, Laughlin M, Bolwell B, Maciejewski JP.Molecular analysis of 
alloreactive CTL post-hemopoietic stem cell transplantation. J Immunol 2007 Aug; 
179(3): 2013-22.  

 
  



159 
 

INVITED PRESENTATIONS: 
 
1. University of Southern California, Hematology and Oncology Grand Rounds. 

Selective Depletion of Alloreactive T cells prior to Hematopoietic Stem Cell 
Transplant to Prevent Graft-versus-host Disease. December 9, 2016. 

 
2. McIver Z, Grayson J, Young Choi, Benjamin Coe, Hill J, Schamerhorn G, 

Ohulchanskyy T, Linder M, Davies K, Weiner R, and Detty M. Targeting T cell 
Bioenergetics by Modulating P-glycoprotein Improves Selectivity of Phototherapy. 
Oral presentation ASBMT 2016. 

 
3. McIver Z, Phipps J, Grayson JM, Hill J, Schamerhorn G, Ohulchanskyy T, Linder T, 

Davies K, Weiner R, and Detty M. P-Glycoprotein Modulation Facilitates the 
Selective Inhibition of Oxidative Phosphorylation in Alloreactive T Cells to Prevent 
Graft-Versus-Host Disease after Hematopoietic Stem Cell Transplant. Poster 
presentation ASH 2015. 

 

4. McIver Z, Melenhorst JJ, Zheng H, Wu CO, Grim A,Ito S, Cho C, Hensel N, Battiwalla 

M, Barrett AJ. Low Donor Thymic Output Predicts Increased Incidence of Extensive 
Chronic GvHD and Worse Overall Survival after TCD Matched Sibling SCT, Oral 
presentation ASH 2011 

5. McIver Z, Hughes T, Ito S, Battiwalla M,Koklanaris E, Haggerty J, Barrett AJ. Second 
Stem Cell Transplantation (SCT) for Relapsed Leukemia Provides Only Modest 
Prolongation of Survival. Poster presentation ASH 2011.  

6. McIver Z, Mielke S, Shenoy A, Fellowes V, Khuu H, Stroncek D, Leitman S, Childs 
R, Battiwalla M, Haggerty J, Barrett AJ. Selectively T cell depleted allografts from 
HLA-matched sibling donors followed by low-dose post-transplant 
immunosuppression to reduce acute GVHD and disease relapse in patients with 
hematological malignancies. Poster presentation ASBMT 2011.  

7. McIver Z, Battiwalla M, Barrett AJ Mismatched Donor Lymphocyte Infusions for 
Relapsed Acute Leukemia Following HLA Identical Allogeneic Stem Cell Transplant. 
Poster presentation ASBMT 2011.  

8. McIver Z, Khuu H, Mielke S, Grim A, Naguib N, Stroncek D, Barrett AJ. Selective 
depletion of T cell alloresponses using a photodepletion strategy preferentially 
targets CD4+ T cells. Poster presentation ASH 2010.  

9. McIver Z, Stephens N, Grim A, Barrett AJ. Rituximab Administration within 6 months 
of Allogeneic SCT is Associated with Prolonged Life-threatening Cytopenias. Oral 
presentation at ASH 2009. 

10. McIver Z, Grim A, Niguib A, Barrett AJ. Low Absolute CD4 Central Memory Count on 
Day 30 is Associated with an Increased Incidence of Chronic Graft-versus-Host 
Disease. Oral presentation at ASH 2009. 

11. Mielke S, Shenoy A, Rezvani K, Yong A, McIver Z, Fellowes V, Savani B, Kurlander 
R, Khuu H, Boss C, Barrett AJ. Allografts Selectively Photodepleted of GvHD 
Causing T Cells and Followed by Low-Level Immunosuppression: A Novel Method to 
Improve Disease Control After HLA-Matched Sibling Transplantations. Oral 
presentation at ASH 2009. 



160 
 

12. Serio B, McIver Z, Risitiano A, Selleri C, Maciejewski J. Double Negative Tregs are 
Reduced in Allo-transplanted Patients Developing Graft-versus-Host Disease. Oral 
presentation EBMT 2008.  

13. McIver Z, Double-negative regulatory T cells induce allotolerance when expanded 
after allogeneic haematopoietic stem cell transplantation. Cleveland Clinic Internal 
Medicine Grand Rounds Presentation May 18, 2007. 

14. McIver Z, Serio B, Dunbar A, O'Keefe CL, Powers J, Wlodarski M, Jin T, Sobecks R, 
Bolwell B, Maciejewski JP.Double-negative regulatory T cells induce allotolerance 
when expanded after allogeneic haematopoietic stem cell transplantation. Oral 
presentation at ASH 2006. 

15. McIver Z, Thakkar S, Whinney C. Hydralazine Induced Pulmonary Renal Syndrome; 
A Case Presentation and Review of the Literature. Poster presentation at Annual 
Meeting of ACP 2005.  

 
 


