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Abstract

Improved treatment outcomes for non-melanoma skin cancers can be achieved if Vitamin D (Vit
D) is used as a neoadjuvant prior to photodynamic therapy (PDT). However, the mechanisms
for this effect are unclear. Vit D elevates protoporphyrin (PplX) levels within tumor cells,

but also exerts immune-modulatory effects. Here, two murine models, UVB-induced actinic
keratoses (AK) and human squamous cell carcinoma (A431) xenografts, were used to analyze
the time course of local and systemic immune responses after PDT + Vit D. Fluorescence
immunohistochemistry of tissues and flow analysis (FACS) of blood were employed. In tissue,
damage-associated molecular patterns (DAMPSs) were increased, and infiltration of neutrophils
(Ly6G+), macrophages (F4/80+), and dendritic cells (CD11c+) were observed. In most cases,
Vit D alone or PDT alone increased cell recruitment, but Vit O+ PDT showed even greater
recruitment effects. Similarly for T cells, increased infiltration of total (CD3+), cytotoxic (CD8+)
and regulatory (FoxP3+) T-cells was observed after Vit D or PDT, but the increase was
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even greater with the combination. FACS analysis revealed a variety of interesting changes in
circulating immune cell levels. In particular, neutrophils decreased in the blood after Vit D,
consistent with migration of neutrophils into AK lesions. Levels of cells expressing the PD-1+
checkpoint receptor were reduced in AKs following Vit D, potentially counteracting PD-1+
elevations seen after PDT alone. In summary, Vit D and ALA-PDT, two treatments with individual
immunogenic effects, may be advantageous in combination to improve treatment efficacy and
management of AK in the dermatology clinic.
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1. Introduction

The incidence of non-melanoma skin cancer (NMSC), including basal cell carcinoma (BCC)
and squamous cell carcinoma (SCC) is continuously increasing at the global level [1,2].
NMSCs typically develop in chronically sun-exposed areas of skin after several decades,
with the UVB component of sunlight acting as both tumor-initiator and tumor-promoter
[3-5]. Actinic keratoses (AK, or pre-SCC) are precancerous lesions that develop after
prolonged exposure to sun in Caucasian populations, and carry a significant potential

for malignant progression to SCC if undiagnosed and left untreated [6-9]. Some of the
most commonly used treatment options available for AKs and NMSC are cryotherapy,
topical 5-fluorouracil (5FU), laser therapy, electrocautery, surgery, topical diclofenac,
topical imiquimod, and photodynamic therapy (PDT) [10,11]. Amongst those treatment
options, PDT offers particular advantages because it is non-invasive, non-scarring, and
non-mutagenic. PDT is especially useful for numerous AK lesions that occur in broad
areas of field cancerization, typically on the face, scalp, arms, or legs. This is because
PDT targets subclinical (invisible) neoplastic lesions as well as visible ones, and due to its
non-scarring and non-mutagenic properties can be safely administered as many times as
needed to achieve complete lesion clearance [10,11].

Photodynamic therapy (PDT) is a multi-component modality that employs a photosensitizer
(PS) and light in the presence of tissue oxygen to kill cancer cells [12-14]. Over the past
two decades, PDT has evolved into a popular treatment option for NMSCs in dermatology
and dermatologic oncology clinics [7,14-16]. Aminolevulinic acid (ALA)--mediated PDT
(ALA-PDT) utilizes ALA as a prodrug which is selectively absorbed by cancer cells and
converted into a photosensitizer, protopophyrin IX (PplX), within mitochondria; PplX is
then activated by exposure to blue or red light [12-14,17,18]. Unfortunately, while PDT is
quite effective for AKs, superficial Bowen’s disease (BD), superficial BCC and /n -situ SCC
lesions, ALA-PDT is less effective for treatment of thicker or larger lesions, mainly due

to inefficient ALA absorption, non-uniform distribution of PpIX, and limited penetration of
light for activation of PS in deeper tumor areas [14,19,20]. To overcome this limitation, our
laboratory has explored combinations of various differentiation-promoting agents, including
methotrexate (MTX), 5FU, and vitamin D (Vit D) as a pretreatment (neoadjuvant) with PDT
in order to enhance PplX levels and cell death post PDT (reviewed in [12,14,16]). Vit D
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may be one of the most interesting and well-studied of these neoadjuvantal agents. Vit D
induces cellular differentiation and simultaneously enhances PpIX accumulation and cell
death after PDT [21]. In immortalized rat keratinocyte 3D organotypic cultures, pretreatment
with Vit D (calcitriol) led to significant increases in PplX levels followed by phototoxic
cell killing when exposed to blue light [22]. In mice, Vit D pretreatment of superficial

skin cancers (produced by DMBA/TPA chemical carcinogenesis) or of SCC xenografts
tumors (A431 cells implanted subcutaneously) caused enhanced intra-tumoral PpIX levels
and resulted in a significant increase in PDT-induced cell death after exposure to light,
relative to vehicle treated controls [23]. In humans, to establish proof of principle that a
link between cellular differentiation and PDT exists, a clinical trial using topical Vit D and
PDT for psoriasis in humans showed that when patients with bilateral psoriasis plaques on
their elbows were treated with calcipotriol ointment (treatment) or inert ointment (control)
for three days prior to blue light PDT, the Vit D treated plaques attained higher PpIX

levels (~130 %) and reduced redness, thickness, itching and scaling relative to the control
plaques [24]. Unfortunately, topical Vit D application is hampered by limited penetration,
whereas systemic delivery of calcitriol carries a possible risk of hypervitaminosis D and
hypercalcemia. To bypass these undesirable side effects, we explored a safer alternative,
which is to use the oral/dietary form of Vit D (cholecalciferol; D3), rather than the
potent/active hormonal form (calcitriol; 1,25-dihydroxy D3). In a preclinical study using
subcutaneous A431 tumors in mice, ingestion of a diet containing either five- or ten-fold
higher than normal amounts of cholecalciferol (D3), followed by delivery of systemic ALA,
led to significantly enhanced PplX levels and increased cell death after PDT compared to the
tumors from normal diet mice [25]. Since that preclinical study established the efficacy of
dietary D3 as a neoadjuvant, the feasibility of oral Vit D as a PDT neoadjuvant was tested
in a clinical trial by Bullock et al. [26]. That trial, in patients with AK (pre-SCC) lesions of
the face and scalp, established two interesting findings. First, it demonstrated that patients
with Vit D deficiency (calcidiol levels <30 ng/dL) show lower clearance rates relative to
patients with normal Vit D levels (calcidiol levels >30 ng/dL), in response to PDT. Second,
it found that patients receiving oral Vit D pills (10,000 IU), had better lesion clearance
rates than patients receiving placebo pills [26]. Overall, the study by Bullock et al. clearly
demonstrated that dietary Vit D can be successfully used as a neoadjuvant for PDT [26].

A different research group in Brazil showed that a topical Vit D analog (calcipotriol) can
be an effective neoadjuvant for PDT of AKs of the scalp [27]; however, calcipotriol is not
approved for this indication in the U.S.

Regarding possible mechanisms of how Vit D might potentiate the efficacy of PDT, attention
has turned recently toward understanding immune-modulatory effects of PDT and Vit D.
Over the past decade, oncologists have come to realize that some cancer therapies including
radiation therapy and PDT, in addition to causing immediate destruction of some tumor
cells, also stimulate another type of cell death called /mmunogenic cell death (ICD), in
which partially-damaged cells express increased levels of proteins called damage-associated
molecular patterns (DAMPS), which act to induce an anti-tumor immune response [28—

31]. PDT in particular generates significant ICD (reviewed in [32]), leading to activation

of innate and adaptive arms of the immune system and generating long-term anti-tumor
immunity, which could theoretically eliminate tumors completely if the process were

Photodiagnosis Photodyn Ther. Author manuscript; available in PMC 2024 June 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Anand et al.

Page 4

optimized [33-36]. Toward that end, we demonstrated that even a mild PDT regimen

can generate a significant anti-tumor immune response in a murine model of cutaneous
AK, characterized by infiltration of neutrophils, macrophages, and T cells into the lesions,
beginning within days and lasting several weeks after PDT [37].

Vitamin D, in addition to its classical roles in bone and muscle health (calcium
homeostasis), also has important effects upon the immune system and cancer susceptibility
[38]. Vit D deficiency is not only linked to increased incidence of several cancers

including NMSCs [38-40] but is also associated with immune dysfunction. The latter was
dramatically illustrated by increased morbidity and mortality in Vit D deficient patients
during the Covid-19 pandemic [41,42]. Vit D receptors (VDR) are found on many types

of cells involved in the immune response, which participate in both immunomodulatory
and immunostimulatory effects [39,43]. Particular alleles (single nucleotide variants) of the
human Vit D receptor were recently shown to confer increased susceptibility to development
of AKs and squamous cell carcinoma in humans [40]. This suggests the involvement of Vit
D and the VDR in anti-tumor immunity, as Vit D has been shown to regulate activation of
innate immunity and adaptive immunity through direct effects on antigen-presenting cells
such as dendritic cells (DC), and T cells [38,39,43].

Given the existing evidence that PDT and Vit D, given individually, can influence anti-
tumor immunity in various types of cancer, it seemed pertinent to asked what the immune-
modulatory influences Vit D and PDT might be when they are used together in a skin
cancer model. In this study, we used a murine model of actinic keratosis to explore how

a combination of neoadjuvantal topical Vit D and PDT, two treatment regimens with

known immunomodulatory properties when applied individually, stimulates intratumoral
recruitment of immune cells into the neoplastic lesions. Additionally, we asked how
pretreatment of subcutaneous SCC tumors (human A431 cells in nude mice), using systemic
Vit D followed by ALA-PDT, affects innate immune response.

2. Materials and methods

2.1. Cell culture

Human squamous cell carcinoma cells (A431) were purchased from ATCC and cultured in
DMEM (supplemented with 10 % fetal bovine serum and penicillin-streptomycin) at 37 °C
under 5 % CO,, as per instructions by the vendor.

2.2. UV-induced AK mouse model

Murine model of actinic keratosis (AK) was generated by exposing SKH-1 hairless female
mice at 8 weeks of age to UV-irradiation three times weekly. Chronic UV exposure resulted
in appearance of AK lesions resembling human actinic keratosis both morphologically and
histologically around week 15 [44]. All experimental procedures were approved by the
Institutional Animal Care and Use Committee (IACUC) of the Cleveland Clinic.
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2.3. Subcutaneous SCC (A431) xenograft model

A431 cells (1 x 108) were suspended in injection medium (0.1 ml; Matrigel™ mixed 1:1
with growth medium) and injected bilaterally in the flanks of 8 weeks old female nude mice.
Palpable subcutaneous tumors developed at the site of injection after 8-10 days and used for
the experiments [23,25].

2.4. Neoadjuvant pretreatment and photodynamic therapy

AK lesions were preconditioned with topical Vit D ointment (3 g calcitriol/gram;
Vectical™), once daily for 3 days. Aquaphor™ (petroleum jelly) was topically applied as
vehicle control. Mice with AK lesions were anesthetized with inhalant isoflurane using a
vaporizer and ALA solution [20 % in phosphate buffered saline (PBS) with 2 % EDTA
and 5 % DMSO] was topically applied and anesthetized mice were immediately placed
under Blu-U™ light source (Sun Pharmaceuticals, Mumbai, India; 417 nm, 30 min, 18
Joules/cm?) for PDT using a regimen designed to mimic the clinical protocol currently used
for ‘painless PDT’ [45], but adapted here for hairless mice [37]. Mice were sacrificed and
lesions harvested at various times post PDT as shown in the figures. Please note: In all
figures which show a time course (Figs. 2-7), a label of “VVD” on the X-axis means a 3-day
treatment (or pretreatment, if followed by PDT) has been performed.

Mice with A431 tumors received intraperitoneal (IP) injections of Vit D (calcitriol in PBS; 1
ug/Kg body weight) once a day for three consecutive days for neoadjuvant treatment. Mice
with A431 tumors (x Vit D pretreatment) received IP injections of ALA (200 mg/kg in
PBS), followed by 4 h of incubation and then exposed to 100 J/cm? of 633 nm light using

a LumaCare® xenon source (LumaCare) for PDT. Red light illumination was directed only
at the tumor, i.e., the mouse was covered with an opaque foil template containing a hole the
same size as the tumor.

The light source was calibrated using a FieldMate® laser power meter (Coherent) [23,25].
Mice were sacrificed and tumors harvested post PDT for immunofluorescence analyses at
indicated times in figures.

Immunofluorescence staining of AK and A431 tumor samples

Formalin-fixed and paraffin embedded (FFPE) sections were processed for
immunofluorescence staining for immune cell markers and their relative expression levels
were analyzed on a fluorescence microscope. Primary rabbit antibodies to neutrophils
(Ly6G), macrophages (F4/80), dendritic cells (CD11c), T cells (CD3, CD8 and FoxP3)
and PD1 were from Cell Signaling Technologies (Danvers, MA). The secondary antibody,
Cy3-conjugated donkey anti-rabbit 1gG was from Jackson ImmunoResearch Laboratories
(West Grove, PA). Multiple images (3 fields/tumor) were captured digitally, and the number
of positively stained cells were counted and expressed as cells per high power field.
Expression levels of DAMPs (total pixel area/field) from digitally captured images were
quantitated using ImageJ software [37,46]. Graphs in the figures represent data from three
immunofluorescent images from each of five lesions per condition (harvested from five
different mice), for each treatment group examined in the time course.
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2.6. Fluorescence-activated cell sorting (FACS) and antibodies

Whole blood samples from mice (fresh, not frozen) were blocked with anti-Mouse CD16/
CD32 (Clone 93) and subsequently processed for flow cytometry analysis on the BD
FACSymphony A5 SORP. The gating scheme used for cell identification is shown in Fig.

1. Analysis was done using FlowJo v10.8 (Treestar, Ashland, OR, USA). Most of the
antibodies for immune cell identification were purchased from BD Biosciences, unless
otherwise indicated. Antibody panel for analysis included: anti-CD45 (Clone 30-F11), anti-
Ly6G (Clone 1A8), anti-CD11c (Clone HL3), anti-NK1.1 (Clone PK136), anti-CD8 (Clone
53-6.7), anti-CD11b (Clone M1/70) anti-CD3e (Clone 500A2), anti-CD335 (NKp46)
(Clone 29A1.4), and anti-Ly6C (Clone AL-21). Antibodies for T-reg identification include
anti-CD4 (GK1.5), anti-CD25 (Clone PC61), anti-CD127 (Clone-SB/199). Other antibodies
used for various classifications include anti-CD154 (CD40 Ligand) (Clone MR1), anti-
CDA44 (Clone IM7), anti-CD62L (Clone MEL-14), anti-CD69 (Clone H1 2F3), anti-1-A/I-E
(BioLegend; Clone M5/114.15.2), anti-CCR2 (Clone 475,301) and anti-CXCR2 (Clone
V48-2310). Checkpoint inhibitor antibodies used are anti-PD-1 (Clone J43), anti-PDL1
(eBioscience; Clone MIH5), anti-CD278 (ICOS) (BioLegend; Clone 15F9) and anti-TIM3
(BioLegend; Clone B8.2C12).

2.7. Statistical analysis

Cell counts per 20X field from immunofluorescence images were analyzed using GraphPad
Prism (GraphPad Software, San Diego, CA). Data sets were analyzed by a nonparametric
test (Mann-Whitney) for statistical significance. P values < 0.05 were considered statistically
significant.

3. Results

To investigate the anti-tumor immune responses triggered by neoadjuvant Vit D (either
topical or systemic), combined with ALA-PDT, we designed detailed time course
experiments and analyzed the involvement of different immune cell populations in murine
models of UV-induced actinic keratosis and subcutaneous SCC (A431 cells).

3.1. Induction of immunogenic cell death (ICD) and enhanced expression of damage-
associated molecular patterns (DAMPSs) after combination of Vit D and PDT in murine
actinic keratosis lesions

To investigate how Vit D affects the expression of DAMPs, we performed
immunofluorescence analysis to measure calreticulin (CLR) and high mobility group box

1 HMGB1 expression levels in the AK lesions after treatment with vehicle alone, Vit D
alone, PDT alone, or Vit D plus PDT (Fig. 2A and C). Compared to vehicle-only controls,

3 days of Vit D pretreatment resulted in approximately 6- and 8-fold of enhancement in
expression levels of CLR and HMGBL, respectively (Fig. 2B and D). Following ALA-PDT,
the effect of Vit D pretreatment was still observed at 72 h post-PDT but with expression
levels enhanced an additional 1.3-fold and 2.5-fold for CLR and HMGBL, respectively (Fig.
2B and D).
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3.2. Additive effect of the combination of Vit D plus PDT regimen on induction of innate
immune cell recruitment in murine models of actinic keratosis and of subcutaneous SCC

Mice with AK lesions were topically pretreated with either vehicle or Vit D ointment for

3 days, followed by ALA application and immediate exposure to blue light (ALA-PDT) at
time zero. AK lesions were then harvested at the times after PDT indicated in the X-axis
labels of the graphs in Figs. 3—7, and tissue sections were analyzed by immunofluorescence
using antibodies specific for neutrophils, macrophages and dendritic cells. While neutrophils
were absent from untreated AK lesions, a robust infiltration of cells detectable with
neutrophil-specific Ly6G antibody was observed in lesions after Vit D pretreatment alone,
or at 72 hr after PDT alone or after Vit p-plus-PDT (Fig. 3A). The number of infiltrating
neutrophils, already significantly elevated by Vit D pretreatment alone, was nearly double
after PDT alone and even higher after Vit b-plus-PDT (Fig. 3B), consistent with an additive
effect of Vit D pretreatment upon neutrophil infiltration (Fig. 3B).

To examine systemic effects of Vit D and PDT, peripheral blood samples of mice were
analyzed by FACS to assess changes in the numbers of neutrophils relative to the total
population of myeloid (CD45+) cells (Fig. 3C). Compared to naive (Normal) mice, or to
AK-bearing mice exposed to vehicle alone, Vit p-treated mice showed fewer circulating
neutrophils which suggests the possibility that relatively more neutrophils exit the blood and
enter AK lesions during Vit D pretreatment. After PDT, however, there was a simultaneous
increase in neutrophils within AK lesions and in the peripheral blood (Fig. 3B and C). This
pattern is consistent with neutrophil responses reported by other groups, who showed that
neutrophils are the predominant type of leukocyte recruited early on after PDT. Neutrophils
typically enter PDT-treated lesions within minutes, and peak by 24 h post PDT [37,47].
Although, three mice each for flow analysis of normal or vehicle-treated with AKs, and

five mice each for Vit D only, ALA-PDT and Vit b-PDT were used, the changes observed
with flow analysis of neutrophils in circulation are quite interesting but statistically not
significant. The consistency of these trends across multiple cell types seems very suggestive
but more replicates will be needed to make more definitive conclusions.

To rule out the possibility that the neutrophil responses described above are unique to
superficial AKs, we extended our analysis to a xenograft model of subcutaneous SCC.
Human A431 cells were subcutaneously implanted bilaterally in nude mice, and palpable
and visible tumor nodules developed within 8-10 days [23,25]. These tumor-bearing mice
received systemic Vit D (calcitriol) pretreatment once daily for 3 days. On day 4, mice
received systemic ALA for 4 h followed by exposure to red light (PDT). Mice were
sacrificed and tumors harvested at different times after PDT. Tissue sections were processed
and analyzed by immunofluorescence using antibodies similar to those used earlier for
murine AK lesions. Vit D pretreatment alone, or PDT alone, resulted in enhanced infiltration
of neutrophils relative to vehicle alone, and there was an additive effect when Vit D
pretreatment and PDT were combined (Fig. 3D). Therefore, effects of Vit D and PDT

upon neutrophil recruitment appear to be qualitatively similar for superficial AKs (pre-SCC)
versus deep SCC tumors.

Next, we examined the presence of tumor-associated macrophages (TAMSs) in AK lesions
after Vit D and/or PDT. Macrophages expressing F4/80 (a pan macrophage marker) were
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present at low levels in vehicle-treated AK lesions, but were seen at significantly higher
levels (~2-fold) in samples treated with Vit D only for 3 days (Fig. 4A and B). These TAMs
increased continuously after PDT for the first 7-days post PDT, and interestingly, these
numbers were consistently higher in Vit D-pretreated lesions relative to PDT alone (Fig.
4B). Circulating monocytes (Ly6C+; progenitors for tissue macrophages) were analyzed

in blood samples (as described in Fig. 1), but unlike in the case of neutrophils, no

clear-cut patterns of change were discernible for monocytes (Fig. 4C). We also looked at
TAMs within subcutaneous A431 tumors, and found that the changes after treatment were
qualitatively similar to those in superficial AK lesions. Thus, Vit D alone or PDT alone
each resulted in an enhanced infiltration (~2-fold) of macrophages, relative to vehicle alone,
whereas the effect of combined treatment was greater (~2.5-fold) than either treatment alone
(Fig. 4D).

Dendritic cells (DCs) are a very important type of antigen presenting cells (APC) in PDT-
treated tumors (see Discussion). To investigate the effects of Vit D and PDT on DCs,

AK lesions from mice treated with Vit D and/or PDT alone or together were analyzed by
immunofluorescence using an antibody specific to CD11c (Fig. 5A). Compared to vehicle,
the 3-day pretreatment with Vit D alone resulted in a ~2-fold enhancement of DCs in lesions
(Fig. 5B). PDT alone increased DCs in lesions by ~4-fold by 72 h, whereas the combination
of Vit D pretreatment and PDT increased that number by an additional ~50 % (Fig. 5B).
Amongst circulating myeloid cells, using CD11c and HLA-DR staining (gating scheme in
Fig. 1), DC’s comprised a much low percentage than neutrophils and monocytes (Fig. 5C),
but did reveal an interesting pattern in which the number of DCs in the blood was decreased
in PDT-treated mice. The latter is consistent with migration of DCs from the peripheral
blood into PDT-treated lesions, although such a hypothesis will require formal testing in the
future. In subcutaneous A431 tumors, just as for neutrophils and macrophages, the response
pattern for DCs in subcutaneous A431 tumors was similar to the pattern in the AK lesions
where the induction of DC recruitment after Vit p-plus- PDT was greater than after either Vit
D or PDT alone (Fig. 5D).

3.3. Activation of adaptive immune cell recruitment (enhanced infiltration of different T
cell populations) in AK lesions after combined Vit D and PDT treatment

PDT-induced activation and differentiation of antigen-presenting immune cells (APCs), such
as those discussed above, serve as a link between innate and adaptive arms of immune
system because the interaction of APCs with T cells result in proliferation of T cell

clones that recognize specific epitopes on the target tumors [48,49]. Here, we analyzed the
infiltration of different T cell populations into lesions using antibodies specific for different
T cell subtypes. Immunofluorescence staining for CD3, a pan marker for activated T cells
(via the T cell receptor), showed that some CD3+ 7 cells were present in vehicle-treated
AK lesions (Fig. 6A). Pretreatment with Vit D for 3 days led to an increase (1.5-fold) in
overall T-cell infiltration (Fig. 6A). After PDT, a similar trend with increasing numbers of
infiltrating CD3+ 7 cells was observed along the time course (Fig. 6A). Interestingly, an
additive effect due to Vit D pretreatment prior to PDT led to higher numbers of infiltrating
CD3+ T cells was observed at 24 h, 72 h, and 1 week post PDT, with statistical significance
at 24 and 72 h (Fig. 6A). The FACS analysis of blood revealed that the numbers of
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CD3+ cells in circulation were increased at 72 h after PDT, and that these circulating

levels were slightly decreased by the combination with Vit D (Fig. 6B). Interestingly, an
examination of CD8x (cytotoxic) T-cells (Fig. 6C) and FoxP3z (regulatory) T cells (Fig. 6E)
revealed a qualitatively similar pattern, in which the combination of Vit D and PDT always
led to higher recruitment into tumors than either treatment alone, and the corresponding
cells in circulation were increased after PDT alone, but decreased by exposure Vit D
(either alone, or when administered as a neoadjuvant) (Fig. 6D and F). Using the same
immunofluorescence methods which successfully identified CD3+, CD8+ and FoxP3+ 7
cells in AK lesions, we could not observe any CD4+ T cells, possibly due to a technical
issue. However, FACS analysis of the mice blood showed a similar trend for CD4x cells, as
for the CD3+ T cells in systemic circulation (data not shown).

In the subcutaneous SCC tumor model (A431 xenografts), we observed changes in CD3+
(total) T cells in mice after Vit D and PDT treatment following a similar trend seen in

AK lesions, i.e., enhanced infiltration after PDT and Vit D pretreatment exhibiting an
additive effect (data not shown). However, nude mice used for the A431 model are known
to possess impaired T cell functions because they lack thymosin, a thymic factor secreted by
the thymus, rendering them incapable of differentiation into mature T-cells [50]; therefore
further analysis of CD8+ and FoxP3+ 7 cells was not pursued.

3.4. Vitamin D pretreatment suppresses PDT-induced expression of immune checkpoint
marker PD-1 in AK lesions

Tumors often utilize upregulation of inhibitory factors and pathways, often referred

to as ‘immune checkpoints’, to grow and survive in and immunosuppressive tumor
microenvironment and evade cancer therapies (see Discussion). Here, we investigated the
effects of Vit D alone or ALA-PDT and Vit b-PDT on the immune checkpoint markers
PD-1, PD-L1 and CTLA-4, using specific antibodies visualized by immunofluorescence.
PD-1 positive cells (Fig. 7A) were present in vehicle treated tumors, and their numbers
were significantly suppressed by 3 days of Vit D pretreatment (Fig. 7B). The number of
PD-1 positive cells per field rose from a low level in vehicle treated tumors to a 4-fold
increase at 72 h post PDT (Fig. 7B). Vit pb-plus-PDT compared to ALA-PDT alone showed a
significant reduction in PD-1 positive cells per field (Fig. 7B). Using a immunofluorescence
protocol similar to that which successfully stained PD-1 positive cells, we could not detect
any PD-L1 or CTLA-4 positive cells in AK lesions, suggesting that PD-1 may be the
predominant immune checkpoint receptor in murine AK lesions. Although PD1+ cells were
seen in AK lesions from all treatment groups, due to unknown technical issues, we could
not observe any PD-1+ immune cells in circulating blood of any of the mice tested by FACS
analysis.

4. Discussion

In the study reported here, we have established that treatment with topical Vit D for 3
days has a profound effect upon the tumor immune landscape of squamous nonmelanoma
skin cancer. In both superficial and deep squamous tumors in mice, Vit D stimulates the
expression of DAMPs on tumor cells and leads to a significant influx of neutrophils,

Photodiagnosis Photodyn Ther. Author manuscript; available in PMC 2024 June 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Anand et al.

Page 10

macrophages, dendritic cells, and T-cells into the neoplastic lesions. The study also confirms
and extends our earlier-reported findings [37] which showed that ALA-PDT induces
recruitment of these same populations of innate and adaptive immune cells. Here we go
further by describing a novel finding that a combination treatment with neoadjuvant Vit

D and ALA-PDT leads to enhanced recruitment of these immune cell populations, to an
extent greater than with either treatment alone. Also, analyses of the peripheral circulation
demonstrated that blood levels of some immune cell types (neutrophils, macrophages
T-cells) are increased after PDT, whereas others (DCs) are decreased. Conversely, Vit D
appears to decrease the circulating numbers of neutrophils and T-cells, consistent with
recruitment out of the blood and into Vit p-treated lesions, although this apparent finding
needs to be confirmed via further experimentation.

We now discuss some of the implications of our findings regarding Vit D and ALA-PDT, for
each type of molecule and immune cell analyzed in the current study.

Photodynamic therapy is known to induce immunogenic cell death, characterized by
synthesis and release of damage-associated molecular patterns (DAMPs) from dying cells
which trigger the cascade of anti-tumor immune responses [33,51,52]. DAMPs such as
calreticulin (CLR), high mobility group box 1 (HMGB1), Adenosine triphosphate (ATP)
and heat shock protein 70 (HSP70), bind to cellular receptors and activate innate immune
cells such as antigen presenting cells (APC) e.g., dendritic cells (DCs), macrophages and
certain types of T cells involved in processing and presentation of cellular debris as tumor-
associated antigens (TAA); these then activate the adaptive arm of anti-tumor immunity
[28,29,34,49]. We previously showed that PDT treatment of murine AK lesions resulted in
robust upregulation of CLR and HMGB1 and modest upregulation of HSP70, relative to no
treatment controls in a time course analyses [37]. Here, we found that treatment with Vit D
alone increases CLR and HMGBL levels to an extent similar to ALA-PDT alone, whereas
the combination Vit D and ALA-PDT increases those levels even further.

Neutrophils are a significant population of the white blood cells in humans and

the first line of defense of the innate immune system against microbial infections,

via mechanisms involving phagocytosis, degranulation and release of structures called
neutrophil extracellular traps (NETS) [53]. Both activating and inhibitory roles of Vit D

on neutrophil function and activity have been reported. Anti-inflammatory properties of Vit
D tend to reduce the production of inflammatory cytokines and ROS and downregulate
neutrophil activity and function. In a recent clinical trial involving Covid-19 patients, higher
neutrophil counts and neutrophil-lymphocyte ratio (NLR) values were seen in the group

of patients with low Vit D levels when compared with the group with normal Vit D [54].
Conversely, Vit D has been shown to promote granulopoiesis and neutrophil generation and
function in zebrafish [55] and /n vitro treatment of human neutrophils with calcitriol resulted
in production of NETs-like structure and expression of TLR7 and secretion of IFN-a as

a result of neutrophil activation [53]. Therefore, an induction of neutrophil infiltration and
production, observed with Vit D, PDT and Vit b-PDT treatments, may be the result of
induction of innate immune responses by these treatments, which is further supported by the
induction of DAMPs as shown in Fig. 2. Additionally, the observed positive effects of Vit
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D on neutrophil infiltration may be specific to the topical application of the active hormonal
form (calcitriol) of the Vit D.

Macrophages, or more specifically, Tumor associated macrophages (TAMSs) are another
class of innate immune cells. TAMs arise via differentiation from monocytes; in an
unperturbed tumor microenvironment (TME), the majority of macrophages display an
anti-inflammatory (M2) phenotype that favors growth, angiogenesis, immunosuppression,
and metastases. Following PDT, the majority of M2 macrophages are replaced by pro-
inflammatory (M1) macrophages that secrete immunostimulatory cytokines and promote
tumor regression [32,56,57]. Since both monocytes and macrophages express the VDR, and
since calcitriol is known to stimulate differentiation of monocytes into macrophages [39,58],
an examination of macrophages in AK lesions after Vit D and/or PDT seemed relevant. Our
finding here of a ~2-fold elevation of TAMs after PDT, a similar-sized elevation after Vit

D alone, and an apparent additive effect after the combination of Vit D and PDT (Fig. 4B),
suggests a significant involvement of Vit D regulated pathways in the biology of TAMs that
might be exploitable with further scrutiny.

Dendritic cells (DCs) are the predominant antigen presenting cells (APCs) in PDT-treated
tumors. After engulfing and processing tumor cell debris produced during immunogenic
cell death, APCs present tumor specific antigens to naive T cells, leading to activation

and proliferation of T cells and triggering long-term adaptive immunity. Photofrin-PDT and
ALA-PDT have been shown to induce accumulation of CD11c+ and CDla+ DCs at ~24 h
post treatment [59,60]. One of the most relevant effects of Vit D on the immune system is
the regulation of monocyte differentiation into immature DCs, and the maturation of DCs
to activate naive T cells and maintain DC survival [61-63]. Since the maturation of DCs is
regulated by Vit D, systemic Vit D levels (deficient vs. sufficient) have been linked to the
immunologic status of an individual [64]. Overall, the demonstration here of a significant
enhancement of the presence of DCs in tumor not only after Vit D alone and PDT alone,
but significantly augmented after a combination of the two (Fig. 5), could have mechanistic
implications for enhancing the generation of anti-tumor immunity.

T-lymphocytes (T-cells) are key elements of the adaptive immune response, which is
primarily responsible for long-term anti-tumor immunity, involves activation of various
populations of T-lymphocytes such as CD4+ (helper), CD8+ (cytotoxic) and FoxP3+
(regulatory; Treg) T cells [31,32,35,65]. In most cases, cells of the innate immune

system (APCs) serve as a means to activate the adaptive arms of the immune system,
because the interaction of APCs with T cells result in proliferation of T cell clones that
recognize specific epitopes on the target tumors [48,49]. For Vit D, both indirect and direct
mechanisms have been proposed for Vit D effects on T cells. While the indirect pathway
involves the stimulation of T cells by APCs, the direct effect of Vit D is dependent on the
activation state of T cells as they gain higher VDR concentration after activation [58,64,66].

In this paper, the fact that intralesional T-cells (total CD3+, CD8+ and FoxP3+
subpopulations) become significantly elevated in number after PDT, and are further
increased after a Vit pb-plus-PDT combination, represents a novel finding that invites
further research on the mechanisms leading to these increases and ways to exploit this
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phenomenon. The observation that FoxP3+ (immunosuppressive T-regs) cells are elevated
to the same extent after Vit D or PDT as are CD8+ (cytotoxic anti-tumor) cells, suggest
that compensatory (counterbalancing) mechanisms may be at play, and that a further
immunologic intervention may be needed to reap the potential benefits of a boost in anti-
tumor T-cell populations using Vit D and PDT.

Another novel finding here is that the number of cells expressing the immune checkpoint
inhibitor PD-1 is significantly lower after exposure to Vit D. Therapeutic resistance in
tumors is mainly attributed to neutralizing anti-tumor immunoregulatory molecules that
block the cytotoxic activities of the immune cells, resulting in failure of immunotherapy.

A strategy involving immune checkpoint inhibition (ICI) has been developed in the past
decade to neutralize these inhibitory signals and help immune cells with tumor recognition
and tumoricidal activities. Immune checkpoint molecules are inhibitory receptors present on
both immune and tumor cells which inhibit both immune recognition and T cell-mediated
tumor destruction [32,67,68]. Some of the most commonly expressed immune checkpoint
receptors in NMSCs are PD-1, PD-L1 and CTLA-4 [32,69,70]. Interestingly, regarding

the immunomodulatory potential of Vit D, an interaction between ICI efficacy and immune-
related adverse events (irAE) has already been reported, with sufficient Vit D levels linked
to a better response to ICI therapy and a better prognosis [71]. Our results on suppression of
PD-1 by Vit D and its combination with PDT is similar to observations reported in clinical
trials with advanced melanoma [72] and non-small cell lung carcinoma (NSCLC) [73]. Ina
clinical trial with advanced melanoma undergoing anti-PD-1 therapy, Vit D supplementation
increased the response rate (56% vs. 36 %) and prolonged progression free survival (11.25
vs. 5.75 months) [72]. In another clinical trial with ICI therapy in advanced lung carcinoma
patients, baseline Vit D levels of partial response (PR) patients were significantly higher
(19.39 vs. 16.28 ng/ml) than non-PR patients, respectively. Similarly, baseline Vit D levels
were higher in grade | irAE patients (20.07 vs. 15.22 ng/ml) than in grade 2/3/4 irAE
patients. An assessment of baseline Vit D levels for prognosis of ICI efficacy and prediction
of irAE, and a possible supplementation with Vit D to enhance ICI efficacy and reduce
moderate to severe itAE was suggested in this study [71]. A correlation with Vit D levels
and ICI markers has been reported, with a negative correlation between Vit D levels and
PD-1 expression on CD8+ cells in NSCLC patients [73]. Oral Vit D supplementation
decreased PD-1 expression, resulting in anti-tumor cytokine production and cytotoxic T cells
in NSCLC patients [73].

Overall, our findings in this study will require further consideration and validation. For
example, even though PD-1 is associated with immunosuppression, it is also upregulated in
cells that are activated, and this regulation is actually done by binding to PDL1. Therefore,
our interesting finding of altered PD-1 changes after Vit D and PDT will require further
studies before it can be fully understood and harnessed. In summary, the current data show
that immune-modulatory effects of Vit D as a neoadjuvant for ALA-PDT are significant
deserve further experimental study.
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Fig. 1.
Gating strategy to identify and quantify immunologic cell types from flow cytometry data.

Each blood sample was analyzed using the same gating strategy. First, single cells were
gated using FSC-A and FSC-H (forward scattering), followed by total cells using FSC-A
and SSC-A (side scattering). From total cells, total immune cells (CD45+) were gated.
Following this, total T cells (CD3+) and non-T cells (CD3-) were gated. All CD3+ 7 cells
were gated to discriminate CD8 T cells (CD8+) and CD4 T cells (CD4+). From CD4+ T
cells, T-regs (CD25+, CD127-) were gated. From CD3- non-T cells, neutrophils (Ly6G+,
CD11b+) were gated. From Ly6G- cells, dendritic cells (HLA-DR+, CD11c+) cells were
gated. Finally, monocytes (Ly6C+) were gated from non-dendritic cells.
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HMGB1

Expression of DAMPS in AK lesions after exposure to Vit D and/or PDT. Examples

of immunofluorescent staining of calreticulin (A) and HMGBL (C), at 72 h after Vit D
pretreatment and PDT exposure. /nsets, staining controls with no primary antibody. (B,

D) Quantification of staining intensity for calreticulin and HMGB1, respectively, from 5
mice (3 lesions/mouse) per experimental condition. Statistical comparisons: Mann-Whitney
non-parametric tests, (*), p< 0.0001; ns, not significant. Scale bars, 50 pM.
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Neutrophils in AK lesions
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Fig. 3.

Ef%ects of Vit D and PDT on recruitment of neutrophils into AK and SCC lesions.

(A) Examples of immunofluorescent staining (IF) of neutrophils and (B) quantification
of numbers of neutrophils per high-power field, in AK lesions. Mice were treated as
follows: Veh, vehicle alone. VD, topical Vitamin D pretreatment alone. Veh PDT 72 h,
lesions harvested 72 h after PDT alone. VD PDT 72 h, lesions harvested 72 h after PDT
combined with Vit D pretreatment. Data shown are from 5 mice (3 images/lesion/mouse)
per experimental condition. Differences are significant by nonparametric tests, namely, the
Wilcoxon signed-rank test (**, p< 0.0001) and the Mann-Whitney test (*, p< 0.0001).
(C) FACS analysis of neutrophils in peripheral blood from the mice with AK, collected
72 h after PDT. Three mice each for normal SKH-1 and SKH-1 mice with vehicle-treated
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AKs, and 5 mice each for Vit D, PDT and Vit o-PDT treatment conditions were analyzed.
Note that differences among different treatment groups were statistically not significant. (D)
Neutrophils in subcutaneous A431 SCC tumors harvested 1 hour after PDT. Data shown
represent 3 mice (2 tumors/mouse) per experimental condition. Differences are significant,
Wilcoxon signed-rank test, (**, p < 0.05), or Mann-Whitney test (*, p< 0.01). Scale bar, 50
M.
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Macrophages in AK lesions
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Fig. 4.

Effects of VD and PDT on recruitment of macrophages into AK and SCC lesions. (A)
Representative images, and (B) quantification of macrophages (F4/80 positive cells) in AK
lesional tissue, harvested at time zero or at 24 h, 72 h, or 1 week after PDT, with or

without Vitamin D pretreatment. Data shown are from 5 mice (3 images/lesion/mouse) per
experimental condition. Differences are significant by Mann-Whitney test (*, £<0.005; **,
p< 0.0001). (C) Monocytes in peripheral blood from AK-bearing mice at 72 h after PDT;
see Fig. 1 for gating scheme used to identify monocytes. Three mice each for normal SKH-1
and SKH-1 mice with vehicle-treated AKs, and 5 mice each for Vit D, PDT and Vit o-PDT
treatment conditions were analyzed. (D) Macrophages in subcutaneous A431 SCC tumor,
harvested 24 h after PDT. Data shown represent 3 mice (2 tumors/mouse) per experimental
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condition. Significant difference, Mann-Whitney test (*, p< 0.005); ns, not significant. Scale
bar, 50 uM.
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DCs in AK lesions
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Effects of VD and PDT on recruitment of dendritic cells into AK and SCC lesions. (A)
Representative images, and (B) quantification of dendritic cells in AK lesions, either before
or 72 h after PDT. Data shown are from 5 mice (3 images/lesion/mouse) per experimental
condition. Differences are significant by Mann-Whitney test. (* p< 0.002; ** p<0.0001). (C)
Dendritic cells in blood, at 72 h post PDT. Three mice each for normal SKH-1 and SKH-1
mice with vehicle-treated AKs, and 5 mice each for Vit D, PDT and Vit o-PDT treatment
conditions were analyzed. (D) Dendritic cells in subcutaneous A431 SCC tumors, at 24

h post PDT. Data shown represent 3 mice (2 tumors/mouse) per experimental condition.
Differences are significant by Mann-Whitney test. (* p< 0.01; ** p<0.005). Scale bar, 50
UM.
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in blood

in blood

in blood

Effects of VD and PDT on recruitment of T cells into AK lesions at specified times

after PDT (A, C, E), and in blood at 72 h after PDT (B, D, F). Data shown for
immunofluorescence are from 5 mice (3 images/lesion/mouse) per experimental condition.
For FACS analysis, three mice each for normal SKH-1 and SKH-1 mice with vehicle-treated
AKs, and 5 mice each for Vit D, PDT and Vit b-PDT treatment conditions were analyzed.
Insets, representative images of T-cells staining in AK lesional tissue. Changes in cell
numbers are statistically different for the following comparisons, by Mann-Whitney test. (A)
* p<0.001; (B) * p< 0.005; ** p<0.0001; (C) * p< 0.005. Scale bars, 50 uM.
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Fig. 7.
Number of cells expressing PD-1 in AK lesions. AK-bearing mice were either untreated or

treated with Vit D alone, PDT alone, or combined Vit p-plus-PDT; lesions were biopsied

72 h post-PDT and the number of cells expressing checkpoint inhibitor receptor PD-1 were
scored by IF in AK tissue sections (A). Whereas PDT increased the number of PD-1+ cells
in lesions, Vit D (either alone or in combination with PDT) led to a reduction in the number
of these cells (B). Data shown for immunofluorescence are from 5 mice (3 images/lesion/
mouse) per experimental condition. Differences are significant by Mann-Whitney test, * p <
0.0001. Scale bar, 50 pM.

Photodiagnosis Photodyn Ther. Author manuscript; available in PMC 2024 June 25.



	Abstract
	Introduction
	Materials and methods
	Cell culture
	UV-induced AK mouse model
	Subcutaneous SCC A431 xenograft model
	Neoadjuvant pretreatment and photodynamic therapy
	Immunofluorescence staining of AK and A431 tumor samples
	Fluorescence-activated cell sorting FACS and antibodies
	Statistical analysis

	Results
	Induction of immunogenic cell death ICD and enhanced expression of damage-associated molecular patterns DAMPs after combination of Vit D and PDT in murine actinic keratosis lesions
	Additive effect of the combination of Vit D plus PDT regimen on induction of innate immune cell recruitment in murine models of actinic keratosis and of subcutaneous SCC
	Activation of adaptive immune cell recruitment (enhanced infiltration of different T cell populations) in AK lesions after combined Vit D and PDT treatment
	Vitamin D pretreatment suppresses PDT-induced expression of immune checkpoint marker PD-1 in AK lesions

	Discussion
	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.
	Fig. 6.
	Fig. 7.

