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Abstract

The efficacy of photodynamic therapy (PDT) using aminolevulinic acid (ALA), which is 

preferentially taken up by cancerous cells and converted to protoporphyrin IX (PpIX), can be 

substantially improved by pretreating the tumor cells with Vitamin D (Vit D). Vit D is one of several 

“differentiation-promoting agents” that can promote the preferential accumulation of PpIX within the 

mitochondria of neoplastic cells, making them better targets for PDT.  This article provides a 

historical overview of how the concept of using combination agents (“neoadjuvants”) for PDT 

evolved, from initial discoveries about neoadjuvant effects of methotrexate and fluorouracil, to later 

studies to determine how Vitamin D and other agents actually work to augment PDT efficacy. While 

this review focuses mainly on skin cancer, it includes a discussion about how these concepts may be 

applied more broadly toward improving PDT outcomes in other types of cancer.
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Introduction

Photodynamic therapy (PDT) is a treatment modality in which a photosensitizing molecule 

(dye or drug) is used to target and kill bacteria, parasites, or cancer cells (1-3). For human cancer, 

most PDT photosensitizers in use at the current time are porphyrins or porphryin-related molecules 

that absorb visible light, undergo photochemical breakdown, and release free radicals; these highly 

reactive species cause cell membrane damage and trigger cell death (4). A unique variation on this 

theme, proposed and developed in the 1990’s (5, 6), is the use of 5-aminolevulinic acid (ALA) which 

is a precursor for the synthesis of porphyrins within mitochondria. ALA is taken up and converted 

into protoporphyrin IX (PpIX) within carcinoma cells to a relatively greater extent than in the normal 

surrounding tissues, thereby providing a high degree of cancer selectivity and reducing off-target 

phototoxicity (7). Use of ALA (Levulan, Ameluz) or ALA methyl-ester (Metvix) as pro-drugs to 

drive PpIX generation is now the most prevalent form of PDT used in dermatology for treating skin 

cancer (8-10). ALA and its esters have also been explored for a number of internal malignancies 

including cancers of the gynecologic tract (11-13), oral cavity (14, 15), head and neck (16-18) and 

brain (19-21). Besides PDT, ALA is proving valuable as a tool for photodiagnosis. Thus, after 

preferential accumulation of PpIX within cancer cells, low-intensity blue light can stimulate a red 

fluorescent signal that can help the physician to identify residual tumor nests within a surgical field 

when attempting to excise difficult-to-visualize cancers such as bladder wall carcinoma (22, 23) or 

glioblastoma of the brain (24, 25). A recent example was the approval in 2017 of ALA as a 

photodiagnostic agent (Gleolan) for image-guided surgical resection of high-grade gliomas (26).

Effective PDT and photodiagnostic visualization both depend upon achieving high levels of 

PpIX accumulation preferentially within target cells. For skin cancer, and indeed for most cancers, 

ALA diffusion through the skin and penetration into thick neoplastic lesions is limited by depth. This 

makes the problem of how to enhance intratumoral PpIX production from low starting amounts of 

ALA even more important. It is no wonder then that many researchers have sought ways to induce 

higher PpIX levels within cancer cells using a variety of approaches, such as increasing ALA uptake 

into the cells, decreasing ALA efflux, or using iron chelators to block the final enzymatic step in 

heme synthesis so as to increase PpIX accumulation within mitochondria (3). However, most of these 

approaches require drugs or chemicals that are investigational and/or not widely approved for human A
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use. An alternative approach (and one that we focus on here) is to find already-available, licensed 

agents or drugs that have an ability to boost PpIX accumulation, and to re-purpose them for use in 

combination with PDT. Almost 2 decades ago we began to investigate drugs that modulate the 

differentiation status of cancer cells and simultaneously alter cellular PpIX metabolism. This idea was 

greeted with some skepticism at first, but subsequent studies have ultimately proven the validity of 

this approach, and mechanisms of action have become apparent over time. This review provides a 

historical perspective on the discovery of how differentiating-promoting agents can be used as 

neoadjuvants (combination agents) together with ALA-based PDT to improve therapeutic outcomes. 

The latter part of the review focuses more specifically on Vitamin D.

The concept of differentiation therapy    

The first hint that PpIX production in epithelial tissues might be related to the differentiation 

state of the cells came from studies in epidermal keratinocytes (27). Ortel et al investigated the effect 

of terminal differentiation upon ALA-induced synthesis in primary mouse keratinocytes and 

subsequent PDT phototoxicity. Differentiation of the keratinocytes, triggered by elevating the calcium 

concentration in the medium, led to greater intracellular PpIX accumulation in ALA-treated cells. It 

also enhanced photodynamic sensitization and cell lethality. Further experiments showed that the 

differentiation-dependent increase in PpIX levels resulted from a combination of effects, including 

increased ALA uptake, enhanced PpIX synthesis, and decreased PpIX export into the culture media. 

This paper also provided the first evidence that heme-synthetic enzymes might be part of the 

connection between cellular differentiation and enhanced PpIX accumulation, since the mRNA level 

of coproporphyrinogen oxidase (CPO) was greater in differentiated cells. Furthermore, the 

stimulation of heme synthesis was seen in primary keratinocytes but not in PAM 212 cells that fail to 

undergo differentiation. 

In a subsequent paper by Ortel et al, it was shown that the effects of combining differentiation-

promoting agents with PDT was generalizable to other epithelial cell types, such as human prostate 

cancer cells (28). LNCaP prostate cancer cells are hormonally responsive, so in this study hormonal 

agents were applied for a short course of differentiation therapy (3-4 days) prior to giving ALA. Three 

classes of hormones were tried, namely androgens, isomers of retinoic acid (Vitamin A), and 

analogues of vitamin D.  After each of these pretreatments, it was demonstrated that ALA-dependent A
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PpIX production was increased, in parallel with markers for growth arrest and for differentiation. Due 

to the elevated PpIX production, cytotoxicity after visible light exposure was also enhanced, 

indicating the possibility of using these agents to boost PDT efficacy.

Methotrexate, the first differentiation-promoting drug for ALA-PDT 

The first non-hormonal drug to be investigated for its effects on cellular differentiation and 

ALA-PDT was methotrexate (MTX).  MTX is an old drug that is still widely used for the treatment of 

psoriasis and other hyperproliferative conditions in which excessive cellular proliferation is linked to 

failure of terminal differentiation. Sinha et al pretreated LNCaP prostate cancer cells with MTX for 3 

days, and showed that MTX alone promoted growth arrest and differentiation. Furthermore, MTX 

increased intracellular PpIX levels by 3-fold, leading to significant enhancement of phototoxic killing 

in the MTX-preconditioned cells (29). The reverse order of treatments, ALA-PDT followed by MTX, 

yielded no enhancement. Following MTX pretreatment, similar increases in PpIX were observed 

regardless of whether the cells were incubated with ALA, methyl-ALA, or hexyl-ALA, arguing 

against a major effect upon ALA transport. In an examination of porphyrin-synthetic enzymes, 

coproporphyrinogen oxidase (CPO) was found to be increased 3-fold after MTX pretreatment. 

Transfection of the cells with a CPO-expressing vector stimulated PpIX accumulation, arguing that 

differentiation-related increases in CPO might be driving the observed increases in PpIX levels. 

To investigate the link between MTX and heightened PDT responsiveness in a different 

system, Anand et al examined the effects of combining MTX and ALA-PDT in skin carcinoma cell 

lines in vitro and skin tumor models in vivo (30).  Human SCC13 cells, HEK1 cells, and normal 

keratinocytes were preconditioned with MTX for 72 h, followed by incubation with ALA for 4 h. In 

the monolayer cultures, MTX preconditioning increased intracellular PpIX levels by 2- to 4-fold in 

carcinoma cells, relative to normal keratinocytes. PpIX enhancement correlated with changes in 

protein expression of two heme pathway enzymes, coproporphyrinogen oxidase (CPO; increased) and 

ferrochelatase (FC; slightly decreased). These enzymes are located near the end of the heme synthesis 

pathway, described in Fig. 1. Differentiation markers E-cadherin, involucrin, and filaggrin were also 

increased by MTX (30). Combination therapy led to synergistically enhanced photodynamic killing 

compared to PDT alone. Clinical relevance was established by studies performed in vivo, showing 

that MTX preconditioning enhanced PpIX accumulation in three models: (a) organotypic cultures of A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

immortalized keratinocytes, (b) chemically induced skin tumors in mice; and (c) human A431 

squamous cell tumors implanted subcutaneously in mice.

5-Fluorouracil as a topical alternative to oral methotrexate

Although systemic MTX was clearly an effective neoadjuvant for PDT in mouse models, the 

idea of using oral MTX as a PDT neoadjuvant for skin cancer was problematic because MTX is 

associated with a long-term risk of liver toxicity. In the dermatologic arena, use of oral MTX and 

PDT in large populations of patients with actinic pre-cancers or basal cell carcinoma (diseases that in 

themselves are not life-threatening) could present an unfavorable risk-to-benefit ratio. Looking for 

alternatives, we considered 5-Fluorouracil (5-FU). MTX and 5-FU each inhibit the same metabolic 

pathway (involving pyrimidine salvage) but unlike MTX, 5-FU can be administered as a topical 

cream that is minimally absorbed.  Importantly, topical 5-FU is approved by the FDA and is widely 

used for the treatment of skin precancers (so-called “actinic keratoses”). Therefore, there are no 

regulatory barriers when using topical 5-FU (31).

To test the idea of using 5-FU as a neoadjuvant for ALA-based PDT, Anand et al pursued a 

mechanism-based approach (32). In several mouse models of squamous cell carcinoma, including 

skin lesions induced by UV light or subcutaneously-implanted carcinoma cells (A431 and 4T1), a 5-

FU pretreatment was administered for 3 days, followed by ALA for 4 hours. This led to enhanced 

PpIX levels within tumor cells and to greater cell death upon illumination. Several mechanisms for 

these observations were identified. First, changes in the expression of two critical enzymes in the 

heme synthesis pathway (CPO and FC) were observed. Second, a large induction of p53, a protein 

known to induce apoptosis, was observed in the 5-FU-pretreated tumors. Interestingly, A431 cells 

(which contain a mutant form of p53) still showed a strong induction of PpIX after neoadjuvant 5-FU. 

Even 4T1 tumors (which lack p53 altogether), showed significant beneficial inductions of PpIX 

accumulation and PDT-induced cell death (2.5-fold) after 5-FU pretreatment. These findings are 

significant because they indicate that a 5-FU neoadjuvant/PDT combination approach may be useful 

for p53-mutant and p53-null tumors that typically do not respond to traditional chemotherapy.

Armed with these preclinical data in mice, Maytin et al undertook a clinical trial to test the 

concept of using 5-FU cream as a neoadjuvant for PDT of actinic keratosis (AK); AK are highly 

prevalent, precancerous lesions that occur most often on the face and scalp (33).  In a bilaterally A
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controlled trial of 17 patients, AK lesions were counted, and then one side of the body (face and 

scalp) was pretreated with 5-FU cream daily for 6 days. The contralateral side served as the no-

pretreatment control. Topical methylaminolevulinate (MAL) cream was applied for 3 hours, and then 

PpIX levels were measured by surface fluorimetry. A skin biopsy was done of one representative 

lesion on each side. Red light illumination was then performed, and AK lesion counts were monitored 

at repeat visits at 3, 6, 9, and 12 months post-PDT. PpIX fluorescent measurements done at the first 

visit revealed a 2- to 3-fold increase in 5-FU pretreated AK lesions, relative to non-pretreated 

controls. Lesion clearance at 3 months post PDT were 75% with neoadjuvant 5-FU versus 45% 

without 5-FU, a difference that was not only statistically significant but also clinically meaningful. 

The conclusion is that a simple combination treatment in which the patient applies 5-FU cream daily 

for one week prior to PDT treatment offers significant improvement in patient care, and this approach 

is immediately actionable because the necessary drugs are already licensed and approved in both 

Europe and the U.S.A.

What about Vitamin D as a possible neoadjuvant for PDT?

In the mechanistic context of Figure 1, the apparent similarity of PpIX-elevating mechanisms 

after MTX and 5-FU, along with the previous demonstration that Vit D can promote terminal 

differentiation and PpIX production in normal keratinocytes and prostate cancer cells (28), prompted 

us to consider Vit D more seriously as a potential neoadjuvant for PDT.  For an initial look, Sato et al 

asked what effect Vit D might have in 3-D organotypic cultures of rat keratinocytes, which mimic the 

physiology of the skin much better than do monolayer keratinocyte cultures (35). In the organotypic 

system, a 4 day exposure to 10-10 M of calcitriol (the active form of Vitamin D; more on this later) 

stimulated the expression of the terminal differentiation markers K10 and loricrin. After addition of 

ALA (1 mM for 4 hours), PpIX levels were significantly increased in the Vit D-preconditioned 

cultures. Phototoxic cell killing after exposure to 635 nm light was significantly higher as well. A 

truly remarkable finding here was the sensitivity of the hormonally-mediated response; maximal PpIX 

inductions (2-fold) were observed with calcitriol concentrations in the picomolar range (35). In 

squamous cell carcinoma A431 cells grown in monolayers, calcitriol pretreatment also induced PpIX 

levels, but to lesser degree and requiring higher (nanomolar) concentrations of calcitriol (36).A
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To investigate neoadjuvant Vit D and PDT in animals in vivo, Anand et al studied mice with 

squamous cell skin cancers generated by DMBA/TPA treatment, or by subcutaneous injection of 

A431 cells, for a preclinical proof of concept (37). Calcitriol was delivered topically or 

intraperitoneally, and increased intratumoral accumulation of PpIX up to 10-fold was observed. To 

investigate potential reasons for these PpIX increases, the mitochondrial enzymes most commonly 

involved in regulation of heme synthesis were investigated, and significant changes in expression of 

two enzymes were observed, i.e., CPO was increased and FC was decreased (Fig. 2). Calcitriol-

pretreated tumors exhibited enhanced apoptotic cell death after PDT. Tumors that had been 

preconditioned by calcitriol prior to receiving ALA-PDT showed greater activation of the extrinsic 

apoptotic pathway (greater cleavage of caspase-8, and increased production of TNF). Very low 

doses of calcitriol (0.1 - 1.0 g/kg body weight) were sufficient to elicit preferential enhancement of 

ALA-PDT efficacy in tumors, suggesting minimal toxicity with this approach (37).

Systemic delivery of calcitriol is easily performed in mice, but in humans, high calcitriol 

levels can be associated with a risk of developing hypercalcemia (described more fully under “Safety 

of systemic Vitamin D treatment”; see below). To mitigate that risk, it was important to ask whether 

topical calcitriol (instead of systemic) is effective as a neoadjuvant for skin cancer, given that 

systemic absorption of topical calcitriol should be low. In a study by Rollakanti et al, hairless mice 

were subjected to repeated UVB exposure in 24-week carcinogenesis protocol to induce Squamous 

cell carcinoma (SCC) on their backs (38).  SCC tumor-bearing mice were pretreated with topical 

calcitriol, or vehicle (Aquaphor), prior to application of ALA. Using noninvasive fluorescence optical 

techniques, the authors confirmed that preconditioning with topical Vit D induces a preferential 

increase of PpIX levels in tumors (38). 

As a second skin cancer model in which to investigate topical calcitriol as a neoadjuvant, 

Basal cell carcinoma (BCC)-bearing mice were preconditioned for 3 days with topical calcitriol 

ointment (3 g/g) prior to PDT (39). After ALA application, PpIX accumulation in the BCC lesions 

was increased by up to 6-fold. The pretreatment also led to increased expression of differentiation 

marker E-cadherin (145 fold), and proliferation maker Ki-67 (42 fold), associated with enhanced 

tumor destruction upon PDT illumination (18-fold higher staining with TUNEL, a marker of apoptotic 

cell death).A
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In humans, ointments containing calcitriol, or calcipotriol (a synthetic Vit D analog), are 

widely used as topical treatment for psoriasis, a human skin disease that features scaly plaques of the 

elbows and knees. In psoriasis, abnormal cellular proliferation (too much) and differentiation (too 

little) play a major etiological role. As a first-in-human trial to ask whether a topical Vit D 

formulation can work as a PDT neoadjuvant to ameliorate an epithelial disease with abnormal 

differentiation, Maytin et al. conducted a pilot study of 7 patients with bilaterally-matched plaques of 

psoriasis (40). Calcipotriol 0.005% ointment was applied to a test plaque on one elbow daily for 3 

days prior to blue light ALA-PDT; a control plaque on the contralateral elbow received Aquaphor 

only. Calcipotriol-pretreated plaques showed preferential increases in PpIX (~130%), and reduced 

thickness, redness, scaling, and itching. Although ALA-PDT has now fallen out of favor as a viable 

treatment for psoriasis, partly due to the pain experienced during illumination, the results of this study 

supported the principle of differentiation as an important determinant of PDT response in a 

hyperproliferative skin disease in humans.

Summary of known mechanisms for differentiating agents acting as PpIX-elevating agents for 

ALA-PDT 

At this point, we will pause to summarize what is known about the mechanisms of the 

differentiation-promoting agents identified in the studies discussed up to now. The main focus of 

action appears to be the heme synthetic pathway, shown in Fig. 1. While many different enzymes 

were surveyed in previous studies, only two (CPO and FC) appear to be consistently altered by 

differentiation-promoting pretreatments (Table 1). In other words, for all three neoadjuvant agents 

that were examined (MTX, 5-FU, and Vit D), the most consistent changes were observed in levels of 

CPO (increased in all cases) and FC (decreased in 2 of 3 cases). The net effect of these changes is to 

increase the size of the PpIX pool within mitochondria.

An interesting question is how these 3 different agents might be acting to exert a similar 

overall effect upon the mitochondrial enzyme levels. The answer, at least for CPO, indicates that the 

explanation may lie at the gene transcriptional level (Fig. 3) (41). A well-known transcriptional 

regulator in epithelial cell differentiation is the C/EBP family of transcription factors, considered 

“master regulators” of differentiation-related genes in keratinocytes and other stratifying epithelial 

systems (42, 43). C/EBP factors may also play a regulatory role in squamous cell carcinoma (44). To A
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ask whether C/EBP factors might be involved in differentiation-related regulation of the CPO gene, 

Anand et al examined 1,300 DNA base pairs of the upstream promoter region of mouse CPO and 

human CPO genes in great detail (41). Administration of the differentiating agents was able to 

increase different members of the C/EBP family; for example, Vit D induced expression of C/EBP. 

Transfecting the cancer cells with various C/EBP expression vectors led to increases in PpIX, C/EBP, 

and CPO levels in parallel. Transfection experiments, employing different C/EBP family members 

(recombinant proteins C/EBP, C/EBP, C/EBP, and C/EBP), revealed the existence of multiple 

C/EBP consensus binding sites in the CPO upstream regulator regions (15 for mouse, 18 for human). 

When binding sites were inactivated by site-directed mutagenesis in the context of the native 

promoter, transcriptional activity was reduced regardless of whether the individual site was a high-

affinity or a low-affinity binding site, indicating that cooperative interactions between regularly 

spaced C/EBP sites are critical for CPO transcriptional regulation by differentiation therapy (Fig. 3). 

These results provide a mechanistic rationale for how different agents may be able to enhance CPO 

expression and therefore, enhance combination PDT therapy in cancer cells.

A more detailed look at Vitamin D as a clinical neoadjuvant for PDT of cancer

The Vitamin D system is actually a family of signaling molecules within a regulatory pathway 

present in all mammals (Fig. 4). The most upstream molecule in this system is cholecalciferol, a 

vitamin made in the skin through the action of sunlight. Cholecalciferol is then modified in the liver 

and the kidney to produce calcitriol; (more about this pathway below). Calcitriol is a hormone that 

binds to a steroid hormone receptor (the Vit D receptor, or VDR. The VDR translocates to the 

nucleus, where it binds to DNA-regulatory regions of many genes whose functions are to regulate 

serum calcium levels, facilitate proper growth of bones and muscles, and regulate a wide variety of 

other important physiological functions that are beyond the scope of this minireview (45). What about 

Vit D and cancer? An extensive literature on this topic suggests that Vit D plays a role in cancer 

etiology (46-50). In fact, many lines of evidence suggest that Vit D deficiency may favor the 

development of skin cancer, although this is far from proven and mechanisms remain controversial 

(47, 50). Here however we are only interested in Vit D as a therapeutic neoadjuvant (a short-term 
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preparatory agent for PDT). Below we will only focus upon possible effects of Vit D in an acute 

clinical setting.

As alluded to earlier, it would be highly problematic to use calcitriol (the active hormonal 

form of Vit D) as a combination PDT treatment in patients, because of the potential risk of inducing 

hypercalcemia. Before explaining this further, and to explore possible alternatives, we will now 

describe some basics of Vit D metabolism in more detail (see Fig. 4). Calcitriol is a steroid hormone 

that represents the final result of modifications of cholecalciferol (also called Vitamin D3, or simply 

“D3”). D3 is normally synthesized from a cholesterol-based precursor in the skin, via a 

photoconversion reaction that requires (solar) ultraviolet radiation.  D3 is the substance that people 

normally take as a Vitamin D supplement. Conversion to the active hormone requires that D3 must be 

modified by addition of two hydroxyl (-OH) groups. D3 gains the first hydroxyl in the liver, 

becoming 25-hydroxy-D3 (“calcidiol”). The second hydroxyl is added in the kidney, to create 1,25-

dihydroxy-D3 (“calcitriol”), the active hormone. Calcidiol is the form of Vitamin D that is normally 

measured in blood tests, because it is present at relatively high (nanomolar) concentrations and is 

quite good as an indicator of the overall Vit D status of the patient. In contrast, calcitriol levels in 

serum are typically 1000-fold lower (i.e., picomolar concentrations). Therefore calcitriol is not 

routinely assayed in clinical practice, although it is certainly possible to do so (45). 

To avoid the hypercalcemic risk of calcitriol, an obvious-sounding alternative might be to use 

cholecalciferol (D3, the natural vitamin) as the PDT neoadjuvant. However, this can only work if D3 

is converted to calcitriol in exactly the right amount to boost PpIX levels in tumor cells while not 

raising serum calcium to dangerous levels. To test the safety and potential efficacy of oral 

cholecalciferol as a PDT neoadjuvant, a preclinical study was undertaken in mice (51). Mice with 

subcutaneous A431 tumors received D3 supplementation by ingesting a diet with D3 amounts 10-fold 

higher than normal, for a period of 10 days. This pretreatment led to a 3- to 4-fold enhancement of 

PpIX levels, and a 20-fold enhancement of PDT-mediated cell death. PpIX levels and cell viability in 

normal tissues were not affected. The hydroxylated forms of D3 (calcidiol and calcitriol) were only 

modestly elevated in serum (51), indicating minimal hypercalcemic risk and suggesting that a brief 

oral administration of cholecalciferol can serve as a safe neoadjuvant to ALA-PDT.

Safety of systemic Vitamin D treatmentA
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Vitamin D toxicity, a clinical syndrome with both high serum Vit D levels (hypervitaminosis 

D) and high blood calcium levels (hypercalcemia), is extremely rare (52, 53). Patients with clinical 

Vit D toxicity can have symptoms and signs associated with hypercalcemia (nausea, dehydration, 

constipation) and with high urinary calcium levels (polyuria, kidney stones). A high serum Vit D level 

in the absence of hypercalcemia is not considered a medical emergency, although the cause should be 

investigated. The most common reason for hypervitaminosis D is ingestion of excess Vit D 

supplements, but because of the highly-regulated nature of Vit D conversion to calcitriol (see Fig. 4), 

clinical symptoms are rare. Thus, the minimum calcidiol (25-OH-D) level that was ever reported to be 

associated with clinical toxicity was 80 ng/mL (with the ‘normal range’ being 30-75 ng/mL, with 

varying slight variations between reference laboratories), whereas most patients with signs of toxicity 

have calcidiol levels greater than 150 ng/mL (52). Overall, administration of Vit D supplements 

(cholecalciferiol) is very safe, and problems only occur after ingesting large doses (>10,000 IU/d) for 

prolonged periods. Even administration of 50,000 IU/month of Vit D supplements was not associated 

with any laboratory parameters of toxicity (53).

Clinical trials of Vitamin D as a neoadjuvant for AK/squamous precancer

The preclinical studies described earlier showed that topical Vitamin D analogs are effextive as PDT 

neoadjuvants for skin cancer in mice. Moving forward from there, Torezan et al performed a clinical 

study in 2018 in which topical calcipotriol pretreatment was combined with methyl aminolevulinate 

(MAL)-PDT in patients with actinic keratoses (AKs) of the scalp (54). Twenty patients were 

randomized to receive conventional MAL-PDT (which included surgical curettage prior to MAL) on 

one side of the scalp, and Vit D-assisted PDT (calcipotriol application daily for 15 days prior to 

MAL-PDT) on the other side. After 3 months, overall AK lesion clearance rates were 92.1% for Vit-

D assisted PDT versus 82.0% for conventional PDT (P < 0.001). PpIX fluorescence intensity was 

higher in lesions on the Vit D-assisted side. The authors concluded, in this first human trial, that 

pretreatment with calcipotriol can increase PpIX accumulation within the skin and may enhance the 

efficacy.

The above-mentioned clinical trial on topical Vit D and PDT (54) was conducted in Europe. 

Physicians in the Unites States, unfortunately, cannot legally prescribe topical Vit D analogs for use 

in the treatment of skin cancer because this considered an “off-label” use, and is not approved by the A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

US Food and Drug Administration. To address this problem, an alternative approach using the natural 

vitamin (cholecalciferol) as a neoadjuvant for ALA-PDT is now being tested. In a clinical trial 

initiated in 2017 (ClinicalTrials.gov NCT03319251), patients with AK of the face or scalp are being 

treated with ALA and blue light PDT to test correlations between AK lesion response rate and serum 

Vit D (calcidiol) level. The hypothesis is that patients with Vit D deficiency will have a worse (lower) 

AK lesion response rate than patients with normal Vit D levels. In another arm of this study, a cohort 

of patients will receive a bolus pretreatment (5 or 10 days of Vit D supplementation, depending upon 

their initial Vit D status) prior to ALA-PDT, to ask whether this pretreatment will enhance clinical 

responses to ALA-PDT. 

One additional rationale for developing novel combination approaches for PDT treatment, 

such as oral Vitamin D, is that such measures might help to boost PDT efficacy in a regimen that 

reduces pain during treatment. This idea requires a little more background explanation. Conventional 

PDT protocols are notorious for the stinging pain that many patients experience during illumination 

(55, 56). This unpleasant side effect occurs when patients undergo ALA preincubation for >1 h, 

probably due to diffusion of PpIX out of cancer cells and into nearby nerve endings (57). We recently 

described a new “painless” ALA-PDT regimen for AK lesions of the face, in which pain is drastically 

reduced by eliminating the ALA pre-incubation step and instead administering topical ALA and 

illumination simultaneously (58). In the new regimen ALA, is applied to the skin and then the light is 

immediately switched on and left on for double the usual illumination period (i.e., for 30 min rather 

than for 16 min 40 sec). With this modified regimen patients experience essentially no pain, yet 

cutaneous inflammation still develops (by ~24 h) and AK lesions are effectively cleared by 3 months 

post-treatment (58). Recognizing that AK clearance is never 100% effective after a single treatment, 

for any ALA-based PDT techniques whether “painless” or conventional, it would seem that adding a 

neoadjuvant such as 5-FU or topical Vit D might be a reasonable way to improve AK clearance. 

However, conventional MAL-PDT preceded by topical Vit D reportedly led to worse pain during 

illumination (pain score of 5.4 on the Vit D-PDT side, versus 4.0 on the conventional PDT side) (54). 

It will be interesting in the future to see whether combining neoadjuvant Vit D with our newly-

described “painless” PDT regimen might boost PDT efficacy while still maintaining a relatively pain-

free experience.A
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Clinical trials of Vitamin D as a PDT neoadjuvant for BCC

Basal cell carcinoma is the most common skin cancer, with over 3 million new cases per year in the 

United States alone (59). Although BCC are curable with surgery, the scars that result can cause 

considerable morbidity, especially for patients with the hereditary condition called Gorlin Syndrome 

in which dozens-to-hundreds of BCC tumors develop over a lifetime (60). PDT, a non-scarring 

treatment, has been approved in Europe for treatment of BCC for many years, but is not yet approved 

in the USA. This is partly because PDT is not as effective as surgery for deep (nodular) variants of 

PDT.  Combination PDT regimens might be a solution for this problem. 

Translation of the European PDT experience to the United States is difficult, due to the fact 

that different light sources are used in each location (red light in Europe, blue light in the U.S.). This 

means that European clinical trial data cannot be easily extrapolated to support a drug application to 

the FDA. As a first step toward reconciling these differences, a clinical trial was recently conducted to 

compare the efficacy of blue light versus red light PDT in Gorlin syndrome patients with multiple 

BCC tumors (61). A total of 141 BCC lesions were studied. Patients received ALA (preincubation for 

4 hours), after which half of the tumors were illuminated with blue light and the remainder with red 

light. Using a dose-escalation scheme, light delivery was increased gradually during three biweekly 

sessions over 4 months. Clearance rates at 2 months after the final PDT session were 98% for blue 

light and 93% for red light; these values were deemed statistically indistinguishable (61). Despite 

certain caveats (i.e., a longer follow-up is needed), the study established that blue light PDT is a 

promising modality and is worth pursuing in further studies to optimize BCC treatment.

Since red light and blue light PDT were shown to be equally effective for BCC tumors, a study 

to examine the neoadjuvant potential of Vit D could now be designed that is directly applicable to the 

American medical landscape. This study, now underway, is testing whether oral Vit D supplements 

administered prior to blue light PDT can improve BCC treatment outcomes (ClinicalTrials.gov NCT# 

03483441). Fifty patients with multiple BCC (Gorlin syndrome patients, or other patients with at least 

3 BCC tumors simultaneously present) will be enrolled in a randomized, placebo-controlled, double-

blinded study in which patients receive 3 blue light PDT treatments. Each patient serves as his/her 

own control. Prior to the first PDT treatment visit, serum levels of Vit D (calcidiol) are tested to A
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determine the patient’s Vitamin D status (> 30 ng/mL normal; < 30 ng/ml deficient).  To boost PpIX 

levels within tumors, all patients receive a pretreatment regimen of cholecalciferol (10,000 units/day), 

with the overall dosage adjusted according to the initial Vit D status (14 days for Vit D deficient 

patients, 5 days for Vit D normal patients). Prior to each PDT visit, the Research Pharmacy provides 

the patient with either Vit D pills or placebo pills; both the patients and the study physicians remain 

unaware of which pills are assigned. The primary study endpoint is BCC tumor volume, which is 

measured at each visit using a digital 3-D camera and computer image-processing software to 

facilitate exact measurement of tumor volumes (LifeViz Micro, Quantificare, Inc). The primary 

hypothesis of the study is that the rate of tumor shrinkage after a PDT session preceded by 

neoadjuvant Vit D will be greater than after PDT alone. 

Vitamin D as a PDT neoadjuvant: Other mechanisms and other cancers

Up to this point, our discussion of Vit D as a PDT neoadjuvant has focused on mechanisms of 

action that occur within cancer cells, (e.g., heme-synthetic enzyme levels and mitochondrial PpIX 

accumulation). However, other mechanistic effects of Vit D might be useful to exploit, such as 

manipulation of the mesenchymal cells (fibroblasts) that surround most tumor nests. Cancer 

associated fibroblasts (CAFs) have been shown in numerous reports to contribute to poor treatment 

outcomes by promoting fibrosis, altering tumor metabolism, increasing metastasis, and suppressing 

immunogenicity (62-64). An example of the powerful influence of CAFs in the tumor 

microenvironment can be found in pancreatic ductal adenocarcinoma (PDAC), a type of cancer 

known for its dense, tumor-associated stromal components that comprise a majority of the total tumor 

mass in PDAC. The desmoplastic reaction driven by these tumor-associated CAFs leads to extensive 

fibrosis, high interstitial fluid pressures, and low blood perfusion, precluding an effective response to 

chemotherapy at reasonable doses due to poor drug delivery and intrinsic tumor resistance (65).   The 

Vitamin D analog calcipotriol was shown to effectively modulate the PDAC-associated 

microenvironment by inducing epigenetic and transcriptomic changes in CAF precursors called 

cancer-associated pancreatic stellate cells (CAPSCs), consistent with their “reprogramming” to a 

non-cancer associated, or quiescent, state (66, 67).  Vitamin D has also been shown to modulate 

chemokines, such as CXCL12 (also known as stromal derived factor 1, or SDF1) that are implicated A
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in PDAC progression and whose secretion by CAFs triggers aggressive behavior of the PDAC cells 

(68).

In a paper by Anbil et al (69), a type of PDT regimen called “photodynamic priming” (PDP) 

was used together with chemotherapy and Vitamin D to produce a triple therapy that yielded an 

improved therapeutic outcome in PDAC orthotopic murine models. The chemotherapeutic agent was 

irinotecan in a nanoliposomal formulation (nal-IRI). The PDT treatment used liposomal verteporfin 

(Visudyne) as the photosensitizer, which was activated after a 1-hour drug-light interval via a 690 nm 

laser. Vit D combination treatment was performed using calcipotriol (100 g/kg, i.p.), given daily for 

4 days prior to the PDP treatment, and again for another 4 days following PDP. Tumor growth was 

monitored for 90 days. Many experimental conditions and associated controls were necessary in this 

extensive study. Two major findings with important implications were reported. First, the data 

showed that combining photodynamic (PDP) and biochemical manipulation (calcipotriol) to modulate 

the tumor microenvironment allowed a 75% dose reduction of the chemotherapeutic drug (nal-IRI), 

while still maintaining long-term treatment efficacy. Second, the combined PDP and calcipotriol 

treatment led to reduced CXCL12 secretion by CAFs, thereby suppressing the pro-tumorigenic 

signaling axis.  In summary, modifying the tumor microenvironment with Vit D and PDP can allow 

for better tolerability by lowering the effective dose of a toxic chemotherapeutic drug. This approach 

represents a promising and relatively underexplored strategy to enable dose de-escalation and improve 

tolerability. 

Although most of the hard data in our review on exogenous Vit D as a neoadjuvant have come 

from studies on skin cancer, there is no obvious reason why the neoadjuvant effects of Vit D should 

be limited to the skin.  In fact, evidence exists that Vit D can modulate PpIX accumulation in other 

cancers of epithelial origin.  For example, Rollakanti et al demonstrated that experimental breast 

carcinoma in mice (MDA-MB-231 cells implanted in the subcutaneous breast fat pad) can be 

effectively treated by preconditioning with calcitriol (1 g/kg) for 3 days prior to ALA-PDT (70). In 

that study, neoadjuvant Vit D led to 3.3-fold enhancement of PpIX levels in the breast tumors relative 

to mice without preconditioning; cancer cell-specific death was increased as well. Clearly, ALA-PDT 

will need major technical improvements to become clinically useful for human breast cancer, given 

the challenge of delivering sufficient light to these deep tumors.  However, a variety of other A
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epithelial cancers occur in superficial surface tissues (mucosa) that line various body cavities. Tumors 

in these squamous epithelial tissues begin as superficial pre-carcinomas, before undergoing further 

neoplastic progression and deep invasion. Situations in which ALA-based photodiagnosis and PDT 

are showing great promise for early detection and treatment include dysplasia and carcinoma in-situ 

of the oral cavity (15, 14), cervix (12, 13, 11), and bladder (22, 23). For all of these conditions, the use 

of Vitamin D in combination with ALA-PDT make sense conceptually. Malignant brain cancers such 

as glioblastoma multiforme (GBM) are another good candidate for this approach. In the operating 

room, neurosurgeons find it very difficult to distinguish GBM from surrounding normal tissues 

because everything looks essentially the same. In this situation, ALA has proven quite useful and is 

now an FDA-approved technique, to help the surgeon visualize the malignant tissues to be excised 

(26, 71-73). Subsequent illumination (ALA-PDT) of the surgical bed might clean up any residual 

GBM cells, and a combination approach with Vit D might prove useful for both intial photodiagnosis 

(PDD) and for subsequent PDT. As evidence of feasibility, a promising in vitro study by Chen et al in 

2014 showed that pretreatment of cultured glioma cells with calcitriol increased ALA-driven PpIX 

levels and subsequent photodynamic cell killing (74). This clearly suggests a need for further studies 

on neoadjuvant Vit D and ALA as a way to improve detection and treatment of GBM. .

Conclusion

In this review, we have described in detail the mechanisms and clinical rationale for the use of 

differentiation-modifying agents (e.g., fluorouracil and Vitamin D) as neoadjuvants for ALA-based 

PDT of epithelial skin cancers.  Vitamin D in particular is proving to be very safe and effective for 

this application. We suggest that the potential use of Vit D as a neoadjuvant for PDT should be 

explored and extended to a wider variety of human cancers. 
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FIGURE CAPTIONS

Fig. 1. The heme synthetic pathway. Heme is a 4-ring porphyrin molecule that is a used as a cofactor in many 

kinds of enzymes, including hemoglobin. Its synthesis requires 8 enzymatic conversion steps (numbered 1-8). 

The necessary enzymes are ALAS, aminolevulinic acid synthase; ALAD, aminolevulinic acid dehydratase; 

PBGD, porphobilinogen deaminase; UCS, uroporphyrinogen III cosynthase; UDC, uroporphyrinogen 

decarboxylase; CPO, coproporphyrinogen oxidase; PPO, protoporphyrinogen oxidase; FC, ferrochelatase. In 

the final reaction step, catalyzed by ferrochelatase, an atom of iron is inserted into the protoporphyrin IX 

(PpIX) molecule. The system is normally shut off by negative feedback inhibition at the first step, but this can 

be bypassed by adding large amounts of exogenous 5-ALA, which leads to accumulation of high levels of 

PpIX. Adapted from ref. (34). 

Fig. 2.  Analysis of the expression of mitochondrial enzymes most commonly involved in regulation of heme 

synthesis. Subcutaneous tumors (A431 squamous cell carcinoma line) in mice pretreated with calcitriol (Vit D) 

or with vehicle alone, were analyzed by Western blotting (A). Densitometric quantification of 3 tumors per 

condition is shown (B). ALAD, aminolevulinic acid dehydratase; PBGD, porphobilinogen deaminase; CPO, 

coproporphyrinogen oxidase; FC, ferrochelatase. GAPDH, glyceraldehyde 3-phosphate dehydrogenase 

(loading control).  Reproduced with permission from ref (37).

Fig. 3. Effect of Vit D combination pretreatment upon the transcription of the CPO gene. Vit D may act 

indirectly by increasing the expression of C/EBP transcription factors; these C/EBP factors bind to the 

upstream CPO gene promoter region and cooperate with other factors to stimulate gene transcription. Adapted 

from ref. (41).

Fig. 4.  Vitamin D is both an oral vitamin and a steroid-like hormone. Adapted from ref. (51).

TABLE CAPTION
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Table 1.  Three different combination pretreatments given prior to ALA-PDT yield the same pattern of change 

in coproporphyrinogen oxidase (CPO) and ferrochelatase (FC). CPO is increased and FC is decreased, favoring 

an enhanced accumulation of PpIX in tumors.
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Table 1.  Changes in expression of two critical heme 

enzymes after pretreatment with neoadjuvants. 

 

 CPO 1 FC 2 

Methotrexate 3  ± 

5-Fluorouracil 4   

Vitamin D 5   

 

1 CPO, coproporphyrinogen oxidase 

2 FC, ferrochelatase 

3 Anand, Honari, et al. Clin Cancer Res (2009) 

4 Anand, Wilson, Hasan, Maytin. Cancer Res (2011) 

5 Maytin, Anand, et al. Clin Cancer Res (2018)  
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