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Abstract

Background: In mouse skin cancer models, high-dose oral vitamin D3 (VD3; cholecalciferol)
combined with photodynamic therapy (PDT) can improve the clearance of squamous precancers
(actinic keratoses, AK).

Obijective: To determine whether oral VD3 can improve clinical efficacy of a painless PDT
regimen in humans with AK.

Methods: Baseline lesion counts and serum 250H-D3 levels were obtained. In one cohort
(Group 1), 29 patients received gentle debridement and 15-min ALA preincubation followed by
blue light (30 min; 20 J/cm?2). In Group 2, 29 patients took oral VD3 (10,000 IU daily, 5 or 14
days) prior to the debridement/PDT. Lesion clearance was assessed at 3—-6 months.
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Results: In Group 1, mean clearance rates (CR) of facial AK were lower in patients with VD3
deficiency (250H-D3 <31 ng/dL; CR 40.9 £ 42%) than in patients with normal 250H-D3 levels
(62.6 + 14.2%). High dose VD3 supplementation (Group 2) significantly improved overall AK
lesion response (72.5 + 13.6%) compared to Group 1 (54.4 + 22.8%). No differences in side
effects were noted.

Limitations: Nonrandomized trial design (interventional cohort matched to registry-based
controls).

Conclusion: Oral VD3 pretreatment significantly improves AK clinical responses to PDT. The
regimen appears promising and well tolerated.

Keywords

Vitamin D; photodynamic therapy; actinic keratosis; skin cancer; therapeutics; oncology;
phototherapy; clinical research

INTRODUCTION:

In photodynamic therapy (PDT), a prodrug 5-aminolevulinic acid (ALA) is selectively taken
up by precancerous skin cells which convert it into protoporphyrin 1X (PplX), which is
activated by either blue or red light!. For widespread actinic keratoses, PDT compares
favorably with cryotherapy? and topical 5-fluorouracil® 4 in terms of lesion clearance,
shorter treatment duration, and relatively rapid recovery times. Yet nearly twenty years
after FDA approval, blue light PDT is still not as widely accepted in the USA as one
might expect, given its potential benefits. This may reflect an apparent disconnect between
known clinical benefits and negative perceptions (pain for patients, and inconvenience for
providers). A major negative factor is the stinging pain associated with the original blue
light PDT protocol that specified a 14—18 hour incubation time with ALA?®. Practitioners
have gradually reduced ALA incubation times to 1 — 4 hours to reduce pain while still
maintaining reasonable efficacy®: 7, but fear of intraprocedural pain and post-treatment
inflammation continues to keep many patients away®: 9. Also, efficacy of blue light PDT

is not totally optimal when performed using 1- to 3-hour ALA incubation; median AK
clearance rates on the face and scalp are only 50-60% after a single treatment, which
improves to 65-75% if a second treatment is performed 8 weeks after the firstS. Similar
findings are observed with red light PDT, explaining why European guidelines typically
recommend a second PDT session after 3 months20.

Our long-term research goals are to find ways to reduce pain experienced by AK patients,
while simultaneously enhancing therapeutic responsiveness to blue light PDT. To achieve
the first goal, we recently reported a new blue light regimen in which illumination begins
within minutes after applying the photosensitizer, similar to “daylight PDT”11 but instead
of sunlight, the protocol uses standardized artificial blue light (30 minutes)12. With this
simultaneous incubation/illumination regimen, lesion clearance rates were indistinguishable
from a more traditional regimen (1 h ALA incubation), yet the treatment experience was
essentially pain free12. With either the new or old regimens, lesion clearance rates at 3
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months after treatment were ~55% for the face and ~45% for the scalp after one treatment
ion12
session<,

The next challenge is to improve the clinical response. Vitamin D3 (VD3) is a steroid
hormone that regulates bone and calcium metabolism, and may regulate skin cancer
susceptibility3. In preclinical work, we had shown that VD3 increases PpIX production

in mitochondria, thereby enhancing PDT-mediated killing of cancer cells in murine skin
cancer models4-16, This was true whether Vitamin D3 was delivered topicallyl’ or orally18,
Vitamin D3 has an outstanding safety profile1®-21 making it a strong candidate as a
potential neoadjuvant for PDT. A clinical trial in Brazil showed that topical calcipotriol
(synthetic vitamin D analog), when applied to AK lesions on half the scalp for 15 days
prior to red light PDT, led to greater PpIX accumulation and lesion clearance compared to
the contralateral side?2. In the United States, however, topical calcipotriol is FDA-approved
only for psoriasis, not for skin cancer/precancer, and is therefore not covered by medical
insurers. As an alternative to topical calcipotriol, we report here the results of a clinical trial
examining whether oral VD3 (cholecalciferol) might be useful as a neoadjuvant to boost
blue light PDT efficacy in patients with AK.

METHODS:
Study Design

The study comprised two groups. For the interventional group (Group 2), subjects were
enrolled in a prospective, nonrandomized trial in which AK patients received painless PDT
after pretreatment with high-dose oral VD3 (VDAK; ClinicalTrials.gov NCT04140292).
For the control group (Group 1), patients were selected by multivariate matching from

a large longitudinal database registry in which patients undergoing ‘painless’ PDT2 had
given blood samples for measurement of baseline serum 250H-D3 levels and Vitamin D
receptor status as possible correlates of clinical responsiveness to PDT (BIOMARKERS;
ClinicalTrials.gov NCT03319251). Both studies were conducted at a single academic
medical center (Cleveland Clinic) after IRB approval. Patients in the BIOMARKERS
registry were enrolled from October 2017 to October 2021, and in VDAK from October
2019 to October 2020.

Study Population

Eligible patients were males and nonpregnant females, 18 years or above, with 10 or more
Grade 1 or 2 AKs on the face or the scalp (Grade 1: slightly palpable, better felt than seen;
Grade 2: moderately thick, easily seen and felt). Use of tetracyclines or topical retinoids,
and elevated risk for hypercalcemia were additional criteria for exclusion. More information
about study eligibility is provided in Supplementary Materials.

Randomization

Patients were serially recruited. No randomization was required.
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Interventions

Procedures used for Group 1 and Group 2 were identical, except that Group 2 patients

also received oral VD3 pretreatment. Blood was drawn at Visit #1 to analyze vitamin D in
serum (250H-D3; calcidiol) and to collect leukocytes for vitamin D receptor gene analyses
(for reporting at a future date). A vitamin D-relevant history was taken. Nonhypertrophic
AK lesions (Olsen grade 1 or 2)23 on the face and/or scalp were identified using visual
inspection and palpation by one of two dermatologists (EM or CW) who met initially

to calibrate their AK diagnostic criteria. Each lesion was marked with a pen to facilitate
accurate recording of counts, backed up by photographs. In balding patients, the original
hairline was regarded as the boundary between face and scalp.

Following cleansing of the skin with isopropyl alcohol, all gritty AK lesions were rubbed
with moist sandpaper (3M Red Dot Trace Prep tape, Cat. No. 2236). ALA 20% solution
(Levulan Kerastick, Sun/DUSA Pharmaceuticals, Wilmington MA) was applied broadly to
the entire face and/or scalp and allowed to incubate for 15 min. The patient was placed under
blue light (Blu-U, Sun/DUSA Pharmaceuticals, 10 mW/cm?) for 30 min, and sent home
with aftercare instructions?. Patients returned for repeat AK counting and photography at 3
to 6 months after treatment.

Group 2 (VDAK) patients had three study visits; see Figure 1. At Visit #1, blood was drawn
for serum Vitamin D measurements. After counting of AK lesions, the patient was sent
home with 14 vitamin VD3 capsules (10,000 1U; soft gel capsules, Now Foods brand; VD3
content was independently verified by Heartland Assays, Ames, lowa). If the patient’s serum
250H-D3 level was normal, instructions were given to take 1 capsule daily for 5 days before
PDT treatment. If the 250H-D3 level was low (< 31 ng/dL), patients were instructed to
pretreat for 14 days, based upon literature evidence that doses of VD3 required to normalize
Vitamin D deficiency are higher than doses to maintain sufficiency® 20, Patients received
PDT at Visit #2, and follow-up AK counts were performed at Visit #3.

Outcome Measures

The primary endpoint was therapeutic efficacy (AK lesion clearance), defined as percent
decrease in AK lesion counts between the first and last visit. Secondary endpoints were
pain during treatment, and side effects experienced during and after treatment. During PDT
illumination, patients reported their pain on a 0 to 10 visual-analog (VAS) scale. At the final
follow-up visit, patients were asked (Yes/No) whether they had experienced each of the side
effects listed in Supplemental Figure 1 during the week after PDT. The “Yes’ answers were
added to yield a Side Effects Score (SES) for each patient.

Statistical Analysis

The primary endpoint was AK lesion reduction (% decrease from initial counts). Patients
receiving neoadjuvant VD3/PDT (Group 2) were matched to those receiving PDT alone
(Group 1) in a 1:1 ratio based upon the baseline 250H-D3 values, then stratified into two
groups (normal, >31 ng/dL; or deficient, <31 ng/dL). Within each stratum, optimal matching
was performed by considering 250H-D3 as a continuous variable. Within each matched
dataset, linear regression was used to compare the percent decrease of lesion numbers on
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face, scalp and both areas, respectively, while adjusting for age, sex, pre-treatment lesion
counts, and length of time to follow-up. Statistical significance was established at two-sided
p-value < 0.05.

Sample Size Justification

RESULTS

The study was powered to evaluate AK lesion clearance. We estimated the variance within
our study population by using data from prior clinical studies that examined PDT for AK of
the face and scalp!? 24, Assuming the mean clearance rate (CR) was 45%, with SD of 20%
three months after PDT, n=17 subjects per group will have 80% power to detect a difference
of 20% CR (i.e., 65% CR with neoadjuvant VD3) at two-sided alpha of 0.05. To detect a
15% difference, n=29 subjects per group are needed.

In the interventional study (VDAK, Group 2), 29 out of 33 enrolled patients completed

all visits (Figure 1). Four were lost to follow-up due to Covid-19 related issues. Those

29 patients were matched to an equal number of patients from the BIOMARKER registry
(Group 1) by multivariate matching as described in Methods. Demographic values were
similar between the groups, with no significant differences noted for age (mean > 70 years),
gender (predominantly male), average serum 250H-D3 levels, or initial number of AK
lesions (Table 1); see Supplementary Table 1 for all the raw data. Differences in individual
follow-up times after PDT could be important because maximal AK clearances are typically
observed at 3 months and then begin to climb back to baseline levels by 9-12 months24 25;
we accounted for this in our study using multivariate analysis (see Methods).

The primary endpoint was clinical efficacy, defined as % reduction in AK lesion counts

at 3 to 6 months after a single PDT treatment. Our overall hypothesis was that Vitamin

D status is important for the AK lesion clearance response after PDT. We first looked for

a relationship between Vitamin D3 serum levels and clearance rate (CR) for facial AK
lesions, by arranging patients in order of increasing 250H-D3 serum concentrations. Results
presented in Figure 2 and Table 2 show that VD3 deficient patients had a lower mean CR
(40.9 %) than did patients with normal VD3 levels (62.6 %), a difference that is statistically
significant (Table 2, Group 1). This finding indicates that normal Vitamin D levels may be
required for an optimal therapeutic response. Next, we investigated the effect of transient
VD3 supplementation using high dose oral cholecalciferol. As apparent from Table 2, Group
2, administration of high-dose oral VD3 increased the mean CR to 72.5 %, up from 54.4%
overall for Group 1. This 18% increase in treatment response is highly significant. We also
evaluated AK of the scalp (Supplem Table 2). The results suggest that scalp lesions may not
benefit from high-dose VD3 prior to PDT to the same degree as facial AK lesions, although
too few patients with scalp AK were available to provide adequate statistical power. Overall,
when AK counts from all patients with facial or scalp lesions are combined, the change
associated with high-dose VD3/PDT represents an ~11% increase in lesion clearance and is
statistically significant (Supplem Table 1).

In terms of side effects, the consequences of adding high-dose VD3 pretreatment appears
to be negligible. Some patients reported warmth and a mild tickling sensation during
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illumination, but none reported a pain level greater than 1/10. All patients developed
inflammatory side effects typically seen after PDT (i.e., the 12 parameters documented in
Supplemental Figure 1). The sum of all ‘yes’ answers, when an individual patient was asked
about these 12 parameters, was defined as the Side Effects Score (mean + SEM); this score
was statistically identical for patients who received VD3 supplementation (3.72 + 0.34;
Group 2) and those who did not (3.65 £ 0.44; Group 1). All patients described side effects as
tolerable, and almost all patients who had received traditional PDT (long incubation) in the
past expressed a preference for the new regimen.

DISCUSSION

We have shown that Vitamin D can affect the outcome of blue light PDT for facial actinic
keratoses in two ways: (1) Vitamin D deficiency is associated with a lower AK lesion
clearance rate, and (2) pretreatment with high-dose oral VD3 significantly improves lesion
clearance. These findings offer a way to simultaneously address two major problems with
traditional blue light PDT regimens, i.e., relatively low efficacy and unacceptable pain. Both
issues were addressed by adding high-dose VD3 supplementation to our previously reported
painless blue light protocol'2, with slight modifications. When blue light PDT is performed
exactly as described here with a 5-day pretreatment with high dose VD3, mild debridement
of lesions with fine sandpaper, brief incubation with ALA (<15 min), and 30 min of blue
light, a mean clearance rate of 73% is achievable as compared to 55% in the original
painless PDT study2. With addition of high-dose VD3, intraprocedural pain remains low
and cutaneous side effect profiles remain unchanged (i.e., reported by patients as being quite
tolerable).

Oral VD3 supplemented PDT appears to be safe and convenient. Vitamin D3 has a

wide safety margin; in fact, many physicians recommend large amounts (e.g., 50,000

IU in a single monthly dose) for supplementation without any evidence of Vitamin D
toxicityl9 21, Over-the-counter VD3 capsules are cheap, widely available, and do not require
a prescription. The modified VD3/PDT regimen adds improved efficacy (CR ~ 18% higher
than before) to other positive features (low pain, high tolerability, and shorter total in-office
treatment time). Patients who are not confronted with PDT-associated pain will undergo
multiple treatments and enjoy better outcomes, making the therapy more desirable for both
patients and physicians.

This study has several limitations. The study design was not randomized, and patients in
the control group (BIOMARKER registry) were accrued over a longer period of time (3
years) than those in the interventional VDAK study (1 year). However, we wish to point out
that patients in the BIOMARKER and VDAK studies received exactly the same treatment
except for oral VD3, and matching algorithms were used to select and compare patients
between the two groups. Having two different physician evaluators may have led to some
inter-observer variance. Finally, understanding how high dose VD3 works to affect PDT
responsiveness (mechanism of action) remains a work in progress. In preclinical studies,
VD3 increased protoporphyrin 1X accumulation in various epithelial cancer cells14 26 by
affecting heme-synthetic enzymes?”. Also, high-dose Vitamin D stimulated protoporphyrin
IX production in a greater proportion of cancer cells (all, not just some), leading to a more
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uniform therapeutic response?®, Data in Table 2 (smaller standard deviation for patients in
Group 2 versus Group 1) reflect this increased homogeneity of response. However, other
mechanisms may also be at play. Recent literature suggests that PDT stimulates strong anti-
tumor immune responses??, reinforced by our recent work in a mouse model of AK28, VD3
exerts profound effects on PDT tumor responsest®, and this might influence PDT-induced
immunomodulatory activities. The fact that neoadjuvant VD3 affects PDT responses on

the face but not the scalp could reflect differential effects of VD3 on pilosebaceous units,
which contain hormonally-responsive stem cells. Despite remaining biological unknowns,
the practical value of this new VD3/PDT regimen is that practitioners can use it immediately
to benefit patients with widespread facial AK.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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CAPSULE SUMMARY

. This study demonstrates that patients with actinic keratosis of the face who
are pretreated with high-dose oral vitamin D3 supplements prior to blue light
PDT show significantly increased lesion clearance.

. A combination approach using oral Vitamin D3 pretreatment and an ultra-
short 5-ALA incubation/blue light regimen is nearly painless and provides
clearance rates of ~75% after a single treatment session.
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VDAK Study

VISIT 1 (treatment)

110 patients serially enrolled.
Various pretreatments (+ 5FU,
+ curettage, 15 min vs 0 min ALA).
Serum 25-OH D3 measurement.

Lesion counts & photos.

Treatment with ALA-PDT.

VISIT 1 (initial screen)
33 patients enrolled.
Serum 25-OH D3 measurement.

Oral D3
daily for
5 or 14 days

3-6
months

VISIT 2 (treatment)
Lesion counts & photos.

VISIT 2 (post-treatment follow-up)
Lesion counts & photos

Curettage.
Treatment with ALA-PDT

29 patients chosen

as controls for VDAK
study; matched

for age, gender, initial
lesion count, and time
to follow-up.

All received curettage
and a 15 min ALA
incubation

v

3-6 4 patients
months lost to
follow-up
\ 4

VISIT 3 (post-treatment follow-up)
Lesion counts & photos

Group 1 (No D3)
29 patients for lesion
clearance analysis

Group 2 (+D3)
29 patients for lesion
clearance analysis

Fig. 1.

Patient enrollment in the registry study and the interventional study.
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No Yes

Lesion clearance rates for patients with facial AK. Clearance rates are dependent upon
serum 250H-D3 levels, and improve with the addition of neoadjuvant oral VD3. NS, not

significant.
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Table 1.

Patient demographics, Vitamin D3 status, and AK counts at baseline

Group 1 Group 2
(PDT only) (VD3 +PDT)

Values shown are Mean + SD

Age (years) 71.1+8.2 71185
Sex (number of males, females) 26 M, 3F 2TM,2F
Serum 250H-D3 values (mg/dL) 426+149 393174

Time between PDT and final visit (days) 111+ 31 124 + 30
Initial number of AK lesions (face) 26+ 18 34+21
Initial number of AK lesions (scalp) 40+ 32 3021
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Table 2.

Page 14

Facial AK clearance rates after PDT in relation to Vitamin D status prior to treatment, and with or without oral

VD3 pretreatment

Group 1 Group 2
(PDTonly) (VD3 +PDT)
Vitamin D deficient (< 31 mg/dL)
No. of patients (n) 7 8
250H-D3 values (mg/dL), range 149t029.3 14.2t028.7
AK clearance (%, mean + SD) 40.9+48 71.0+6.0
Vitamin D sufficient (> 31 mg/dL)
No. of patients (n) 22 21
250H-D3 values (mg/dL), range 32.0t083.3 31.0to 100
AK clearance (%, mean * SD) 62.6 +14.2 73.1+15.9
Are the Vitamin D deficient and replete groups statistically different? * Yes, p<0.014 No,p=0.71
All patients 29 29
AK clearance (%, mean * SD) 54.4+22.8 725+ 13.6
Statistical comparison of AK clearance
between Groups 1 and 2 A —— p <0002
FOOTNOTES:
)

P-value, Student t-test
(*%),

pre-treatment lesion counts, and length of time to follow-up.

P-value, multivariate regression analysis which includes the % decrease in number of lesions on the face while adjusting for age, sex,
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