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Abstract: Background: Actinic keratoses (AKs) are common pre-neoplastic lesions that
may progress to cutaneous squamous cell carcinoma (cSCC). Photodynamic therapy (PDT)
is an effective field-directed treatment for AK, but its impact on key biomarkers remains
unclear. This study evaluates the clinical, dermatoscopic, and immunohistochemical effects
of PDT on AK, with a focus on proliferation (Ki67, p53) and inflammation (COX-2) markers,
to assess its efficacy in delaying carcinogenesis. Methods: In our prospective one-center
study, we enrolled 31 patients with AK, with no history of previous AK treatment. They
underwent three PDT sessions at four-week intervals, with follow-up eight weeks after the
final session. Clinical, dermatoscopic, and immunohistochemical analyses of Ki67, p53, and
COX-2 expression were performed before and after treatment. Results: Clinically, 54.8%
of patients achieved complete lesion clearance, with no residual severe AK lesions. Ki67
and p53 immunoexpression significantly decreased post-PDT (p < 0.05), confirming its
antiproliferative effect. COX-2 expression also declined significantly (p < 0.05), supporting
PDT’s anti-inflammatory role. However, COX-2 remained stable or increased in 35.48% of
cases, possibly due to inflammation-induced regeneration. There is a positive correlation
between the reduction in Ki67, p53, and COX-2 immunoexpression and the decrease in
AK severity (both according to Olsen grade and dermatoscopic grade). Conclusions: PDT
effectively reduces AK severity, proliferation, and inflammation markers, potentially de-
laying carcinogenesis. However, residual biomarker expression suggests that additional
treatment sessions or combination therapies may be necessary for complete lesion clearance.
Further studies are required to optimize PDT protocols.
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1. Introduction
Actinic keratosis (AK) is a common benign intraepidermal dysplasia that may progress

to cutaneous squamous cell carcinoma (cSCC). It affects approximately 25% of the adult pop-
ulation, particularly the elderly, with a prevalence of 4.6% in individuals aged 60–69 years
and 14.57% in those over 80 years [1,2]. Clinically, AK presents as lesions characterized by
hyperkeratosis and erythema. The primary cause of AK is prolonged exposure to ultra-
violet (UV) light, with lesions typically occurring in sun-exposed areas such as the face,
scalp, neck, and the dorsal surfaces of the hands [3]. Individuals with a low Fitzpatrick
phototype (I or II) are more susceptible to developing AK [4]. The literature indicates that
the risk of AK progressing to invasive SCC (iSCC) ranges from 0.025% to 16% per year [5,6]
with a cumulative risk of approximately 40.7% within five years in patients with a history
of cSCC [5–7]. Moreover, the presence of a previous cSCC within an AK lesion increases
the risk of developing a second cSCC by 40.7% within five years [7]. In rare cases, AK
may also transform into basal cell carcinoma (BCC) [8]. Signs suggesting the malignant
transformation of AK into iSCC include lesion induration, bleeding, pain, and an increase
in both thickness and diameter [9]. Additionally, AK lesions are associated with “field
cancerization” (FC), a phenomenon in which an area of subclinical changes surrounds
clinically visible AKs, displaying genetic alterations, among other clonal proliferations of
p53- mutated fields, similar to those within the AK lesions [10]. FC also occurs in areas
exposed to chronic UV radiation and is characterized by multifocal AKs, SCCs in situ, and
SCCs [11]. Since AK is considered a precancerous condition, early treatment is crucial to
prevent malignant progression.

AK treatment can be categorized as lesion-directed or field-directed. Lesion-directed
treatments target individual AKs, while field-directed treatments address multiple,
widespread, and subclinical AKs within FC [3,12]. Lesion-directed therapy is suitable
for fewer than five AK lesions, mild to moderate photodamage, and a low risk of develop-
ing NMSC. Field-directed therapy is recommended for more than five AK lesions, severely
UV-damaged skin, and a high risk of developing non-melanoma skin cancers (NMSCs).
Both approaches include topical treatments (imiquimod, 5-fluorouracil, diclofenac) and
physical methods (cryotherapy, photodynamic therapy (PDT), chemical peels, laser therapy,
electrocoagulation, curettage).

One of the field-directed treatment options targeting the entire FC area is a PDT,
which can be further categorized into conventional PDT (c-PDT) and daylight PDT (dl-
PDT). According to the latest interdisciplinary European Guidelines for the treatment
of AK (2024) [3] and the most recent guidelines published by the American Academy
of Dermatology (AAD) in 2021 [12], all specialists agree on the high efficacy of PDT
and have given it a strong recommendation. The effectiveness of PDT in AK treatment
depends on various factors, including the available literature, the type of photosensitizer
used, the number of PDT sessions, and, most importantly, the specific treatment protocol
implemented. The most favorable protocol involves ALA–red light conventional PDT
(c-PDT), which uses a 10% 5-aminolevulinic acid (ALA) gel (78 mg/g ALA nanoemulsion
gel) as a photosensitizer, combined with a red-light source. According to the analysis
conducted by the AAD Guidelines Work Group, the efficacy of this protocol in a single
treatment session ranges from 77.1% to 89.1%. Moreover, it provides excellent cosmetic
outcomes [12–17]. Furthermore, conventional nanoemulsion ALA-PDT has been shown to
be superior to MAL (methyl aminolevulinate), another photosensitizer used in PDT, in the
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treatment of thin to moderately thick AK lesions on the face and scalp. Twelve weeks after
one or two PDT sessions, the overall clearance rates were 90% for ALA-PDT versus 83% for
MAL-PDT, with complete clearance rates of 78% and 64%, respectively [13]. Although the
physical mechanism of PDT is well established, the exact molecular mechanisms underlying
its effects on AK and FC lesions remain unclear.

In our study, we aimed to achieve the clinical resolution of AK lesions in our patients,
inhibit the progression to cSCC, and additionally investigate selected molecular mecha-
nisms involved in PDT treatment for AK. The specific objectives of our study included
analyzing the impact of PDT on the expression of selected proliferation and inflammation
biomarkers in AK.

Among the numerous biomarkers reported in the literature, we selected Ki67 and
p53 as proliferation markers and COX-2 (cyclooxygenase-2) as an inflammation marker.
For each patient, we performed clinical, dermoscopic, and histopathological evaluations
of suspicious AK features both before and after PDT treatment. We then analyzed the
expression of Ki67, p53, and COX-2 in skin samples from AK lesions and apparently healthy
skin (control group) using immunohistochemistry.

Ki67 is an essential enzyme for DNA replication, playing a crucial role throughout the
entire cell cycle, except during the M0 phase. It is widely used as a marker for evaluating cell
proliferation. Typically, Ki67 is expressed in the basal layer of the epidermis and is strongly
associated with tumor cell growth and proliferation. Several studies have confirmed its
presence in both AK and FC lesions, with significantly higher concentrations in cSCC
lesions (p < 0.01) [18]. Ki67 has also been studied in relation to various AK therapies;
however, these aspects remain insufficiently explored.

The p53 protein plays a crucial role in DNA repair and apoptosis. Mutations in TP53
represent the most common genetic alterations in human neoplasms [19]. While p53 is
not expressed in healthy skin, it is present in sun-exposed skin, AK lesions (26–50%), and
SCCs (12–64%) [20,21]. The role of p53 in skin malignancies is well-documented, with its
expression frequently observed in sun-damaged skin. The TP53 mutations are induced by
ultraviolet radiation and found in 50–60% primary cSCCs and nearly 95% in metastatic
cSCCs [22] whereas various sources report that genetic alterations in the TP53 are present
in approximately 30% to 75% of AK cases [23–30].

Furthermore, inflammation plays a critical role in the progression of AK and cSCC.
The expression of COX-2, an isoform of cyclooxygenase, can be induced in the epidermis
by various stimuli, including UV radiation—the primary trigger for AK development [31].
UV-induced COX-2 expression leads to elevated levels of prostaglandin E2 (PGE2), a
major cyclooxygenase product implicated in the pathogenesis of NMSC. Additionally,
COX-2 has been linked to several key processes, including angiogenesis, the inhibition of
apoptosis, increased cell proliferation, enhanced invasiveness, immunosuppression, and
the production of mutagens [32]. To our knowledge, this is the first study to investigate the
effects of PDT on COX-2 expression in AK.

This study is the first to simultaneously evaluate Ki67, p53, and COX-2 expression in
actinic keratoses before and after photodynamic therapy within a uniform treatment proto-
col. The inclusion of three mechanistically distinct markers allows for a multidimensional
interpretation of therapeutic efficacy, offering new insights into the subclinical resolution
of dysplasia and the biological normalization of photodamaged skin. This approach may
contribute to the development of molecularly informed follow-up strategies and optimized
treatment algorithms in field cancerization management.
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2. Materials and Methods
2.1. Study Population

Adult patients from the Department of Dermatology, Paediatric Dermatology, and On-
cology Clinic at the Medical University of Lodz, Poland, were included in this prospective
single-center study. The study was approved by the Bioethics Committee of the Medical
University of Lodz, and all patients provided written informed consent before participation.
Several exclusion criteria were applied (outlined in Table 1), with the most significant
being the absence of prior AK treatment, presence of active cancer (including other NM-
SCs, and malignant melanoma, MM), and chronic or intermittent use of nonsteroidal
anti-inflammatory drugs (NSAIDs).

Table 1. Inclusion and exclusion criteria for the study.

Inclusion Criteria

1 Signed informed consent for participation in the study.
2 Age ≥ 18 years.
3 Presence of a primary AK lesion with characteristic morphology, previously untreated.
4 Good general health, with no clinically significant conditions as assessed by the physician.

5 Ability to comprehend study-related information, adhere to protocol requirements, follow medical recommendations,
and attend scheduled visits.

Exclusion Criteria

1 Hypersensitivity to UV or blue light.
2 Age < 18 years.
3 Pregnant or breastfeeding women, or those planning pregnancy during the study.
4 Participation in another clinical trial within 30 days prior to study initiation.
5 Inability or unwillingness to comply with study requirements.
6 Presence of acute inflammatory disease at the time of examination, with body temperature > 38 ◦C.
7 Active malignancy or history of cancer, including skin cancers (SCC, BCC, MM).

8
Autoimmune diseases, including Hashimoto’s thyroiditis, Graves’ disease, type 1 diabetes, rheumatoid arthritis, celiac
disease, Crohn’s disease, systemic lupus erythematosus, dermatomyositis, polymyositis, ankylosing spondylitis,
polymyalgia rheumatica, multiple sclerosis, Sjögren’s syndrome, and vitiligo.

9 Impaired wound healing.
10 Blood clotting disorders.
11 Chronic or intermittent use of NSAIDs during the study period.
12 Long-term anticoagulant therapy.
13 Long-term use of medications with known phototoxic effects.
14 Long-term immunosuppressive, immunomodulatory, or systemic corticosteroid therapy.
15 Planned hospitalization or surgical procedures during the study period.
16 Diastolic blood pressure > 95 mmHg or <65 mmHg.
17 Congenital or acquired immunodeficiency disorders.

18 Genophotodermatoses associated with increased skin cancer risk, such as xeroderma pigmentosum, Cockayne
syndrome, and Bloom syndrome.

19 Renal dysfunction.
20 Psychiatric disorders with psychotic symptoms or major depressive disorder.
21 Substance abuse or dependence (alcohol, prescription medications, or illicit drugs) within the last 12 months.
22 Use of tanning beds or artificial UV exposure.

Abbreviations: AK, actinic keratosis; UV, ultraviolet; SCC, squamous cell carcinoma; BCC, basal cell carcinoma;
MM, malignant melanoma; NSAIDs, non-steroidal anti-inflammatory drugs.

2.2. Study Design and Assessments (Clinical, Dermatoscopic, Histopathological, and
Immunohistochemical Evaluation)

We scheduled three PDT sessions at four-week intervals. Subjects were assessed for
AK lesions both clinically and via dermoscopy at baseline, before each PDT session, and
again eight weeks after completing the treatment (final follow-up visit). Additionally,
photographic and dermoscopic documentation of each lesion was performed at every visit.
Lesions exhibiting characteristic scaling, keratotic patches, erythema, and a sandpaper-like
texture were identified as AKs [33]. As for dermoscopic diagnosis, lesions exhibiting the
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following features were considered: erythema forming a pink-reddish vascular pseudonet-
work surrounding hair follicles, yellowish-white scales, thin and wavy vessels surrounding
the follicles, and follicular openings filled with keratotic plugs, collectively known as the
“strawberry pattern” [34,35], and the “rosette” sign, a figure resembling a four-leaf clover,
formed by four whitish points surrounding the follicular opening [36].

Additionally, we assessed the severity of AK using the clinical Olsen classification
system, which includes grades 1, 2, and 3 [37]. Olsen’s classification system are presented
in Table 2. Furthermore, we evaluated the severity of AK using the Dermatoscopic Severity
Scale proposed by Zalaudek et al., with our slight modifications [35,38–40]. Dermatoscopi-
cally, we identified three common patterns associated with nonpigmented AK, classifying
lesions into three grades, I, II, and III. Given the FC and the broader area affected by varying
grades of AKs, we also introduced intermediate values, such as I/II and II/III, to better
represent these transitional stages (see Table 2).

Table 2. Assessment of the severity of actinic keratosis (AK) in the Clinical Classification (Olsen’s)
and Dermatoscopic Severity Scale proposed by Zalaudek et al. [35] Given the FC and the broader
area affected by varying grades of AKs, we proposed the modified version of the Dermatoscopic
Severity Scale and we also introduced intermediate values, such as I/II and II/III, to better represent
these transitional stages.

Grade Olsen’s Clasification System

1 lesions are slightly palpable, with the AK being more felt than visible
2 lesions are moderately thick, easily felt, and visible
3 lesions are very thick, hyperkeratotic, and/or clearly noticeable as AK

Grade Dermatoscopic Severity Scale [35] with Our Modification

I red pseudo-network pattern with discrete white scales
I/II features of I and II grade
II an erythematous background, the so-called “strawberry pattern”

II/III features of II and III grade

III enlarged follicular openings with keratotic plugs over a scaly,
white-to-yellow background

Regarding the PDT procedure, the identified AK lesions were degreased, cleared
of scales and crusts, and then covered with a photosensitizing agent containing 5-
aminolevulinic acid (5-ALA). Subsequently, the lesions were occluded with a non-absorbent,
occlusive dressing for a period of 3 h. After this incubation period, the dressing was re-
moved and the area was gently cleansed with a gauze pad soaked in 0.9% saline solution.
The region was then exposed to red light (wavelength 630 ± 5 nm) using a lamp with the
following parameters: energy dose of 37 J/cm2 and irradiance of 40 mW/cm2.

At baseline, prior to the first PDT session, we performed a punch skin biopsy (at least
4 mm in diameter) from both the AK lesion and apparently healthy skin (control group) to
confirm the AK diagnosis and facilitate the planned immunohistochemistry analysis. At the
final follow-up visit, another skin biopsy was taken from the previously treated AK lesions.
If the selected AK for biopsy was no longer clinically visible at the final follow-up, a biopsy
was still performed at the site where the lesion had been located (i.e., the regressed AK).

In accordance with established standards, tissue samples were immediately fixed in
10% buffered formalin after biopsy, processed using routine histopathological techniques,
and stained with hematoxylin and eosin. The specimens were then evaluated according to
current diagnostic criteria.

Immunohistochemical staining was performed using a standard protocol. Tissue
sections (3 µm thick) were deparaffinized in xylene and rehydrated through a series of
graded alcohols. Antigen retrieval was conducted by heating the sections in a microwave
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oven in TRS (Target Retrieval Solution, pH 9.0, Dako Denmark A/S, Glostrup, Denmark)
for 30 min. Endogenous peroxidase activity was quenched with 0.3% hydrogen peroxide in
methanol for 30 min. The sections were then washed with TBS and incubated for 30 min
with primary antibodies against Ki67 (mouse monoclonal Ab; clone MIB-1; No kat M7240;
dilution 1:100; Dako, Glostrup, Denmark), p53 (mouse monoclonal Ab; clone DO-7; No kat
IR616, RTU; Dako Omnis), and COX-2 (rabbit polyclonal Ab; No kat RP-111; dilution 1:350;
Diagnostic BioSystems, Pleasanton, CA, USA).

After washing, an adequate EnVision-HRP detection system (Dako, Carpinteria, CA,
USA) was applied, with 3,3′-diaminobenzidine serving as the chromogen. Following
counterstaining with Mayer’s hematoxylin, the slides were washed, dehydrated, cleared
in xylene, and coverslipped. Negative controls underwent the same procedure, but with
primary antibodies replaced by antibody diluent. The number of Ki67+ and p53+ cells
(nuclear staining) was counted by two independent observers in 3 to 10 high-power fields
(HPF), depending on the specimen size. Results were expressed as the mean number
of immunopositive cells per HPF, with biomarker expression graded based on staining
intensity and distribution. For p53 and Ki67, nuclear staining was scored as follows: 0 (<5%
immunopositive cells); 1 (6–15%); 2 (16–30%); 3 (31–50%); 4 (>50% immunopositive cells).
For the extent of Ki67 and p53 immunopositive cells in the epidermis, the grading was
as follows: 0—no immunopositive cells; 1—<1/3 of the lower epidermal/lesion level;
2—1/3 to 2/3 of the epidermal/lesion level; 3—2/3 to the entire epidermis (as outlined
in Table 3). For the statistical analysis, we used a Total Score, calculated as the sum of the
grading of nuclear staining for Ki67 and p53, along with the extent of immunopositive
cells for both markers. COX-2 immunoexpression (cytoplasmic staining) was assessed
semi-quantitatively at 200× magnification, based on staining detectability. The mean
grade was determined by averaging the scores assigned by two independent pathologists,
rounding the arithmetic mean to the nearest integer. The grading for COX-2 was as follows:
0—no staining; 1—mild immunoexpression; 2—moderate immunoexpression; 3—strong
immunoexpression (see Table 3).

Table 3. Biomarker expression analysis.

The expression of Ki67 and p53 (nuclear staining) was graded based on the mean percentage of
immunopositive cells per high-power field (HPF):

Score Immunopositive Cells (%)

0 <5%
1 6–15%
2 16–30%
3 31–50%
4 >50%

For Ki67 and p53, the extent of immunopositive cells in the epidermis was graded as follows:

Score Extent of Immunopositive Cells in the Epidermis

0 No immunopositive cells
1 <1/3 of the lower epidermal/lesion level
2 1/3–2/3 of the epidermal/lesion level
3 2/3 to the entire epidermis

The expression of COX-2 (cytoplasmic staining) was graded based on mean immunoexpression
intensity:

Score Immunoexpression Intensity

0 Not detectable
1 Mild
2 Moderate
3 Strong
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2.3. Statistical Analysis

The primary objective of this analysis was to determine whether the biomarkers Ki67,
p53, and COX-2 correlate with AK regression after PDT sessions and to assess whether
their decreased immunoexpression in AK lesions following PDT is statistically significant
(p < 0.05). For quantitative variables, data were analyzed using ANOVA or Student’s t-test.
Differences were considered statistically significant for p < 0.05. Statistical analysis was
performed using SPSS v20 (StatCorp, College Station, TX, USA).

3. Results
3.1. Study Group, Clinical, and Dermatoscopic Evaluation

Thirty-one adult patients with AK were enrolled in our study (Table 4 summarizes
the patient characteristics). The patients enrolled in the study presented with AK lesions
localized on the scalp (representing the majority of patients, 17; 54.84%), as well as on
the face, forearm, and trunk (see Table 4). Each patient’s AK diagnosis was confirmed
through histopathological examination of skin samples prior to PDT sessions. Clinical and
dermatoscopic improvement was observed in all patients (31 subjects, 100%) following
PDT (see Figure 1). Clinically, 17 patients (54.8%) achieved complete resolution of AK
lesions, while 14 patients (45.2%) showed a reduction in AK severity to grade 1 (according
to Olsen’s scale) after PDT. Notably, none of the patients exhibited grade 2 or 3 lesions
post-treatment. Moreover, age was found to significantly influence the clinical response to
PDT. Patients younger than 72.4 years exhibited a statistically superior therapeutic outcome
compared to older individuals (see Table 5). In multivariate analysis, only the younger age
of patients was an independent predisposing factor for better treatment response (according
to Olsen scale). In contrast, sex was not a significant determinant of clinical response, as
males and females responded equally well to PDT.

Table 4. Patients characteristics: demographic and clinical data of enrolled patients before treatment
(n = 31).

Characteristic n (%)

Age (mean = 72.4 ± 8.64; range 54–92)

≥72.4 18 (60)
<72.4 13 (40)

Sex

Male 24 (77.42)
Female 7 (22.58)

Anatomic location

Scalp 17 (54.84)
Face 9 (29.03)
Forearm 3 (9.68)
Trunk 2 (6.45)

Fitzpatrick Skin Type

I 3 (9.68)
II 26 (83.87)
III 2 (6.45)

AK clinical grade (Olsen’s Clasification System)

1
2
3
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Table 4. Cont.

Characteristic n (%)

AK dermatoscopic grade (Dermatoscopic Severity Scale [35] with
our modification)

I 4 (12.9)
I/II 3 (9.68)
II 7 (25.81)
II/III 11 (35.48)
III 6 (19.35)

Abbreviations: AK, actinic keratosis.

Figure 1. Clinical and dermatoscopic evaluation of actinic keratosis (AK) lesion before (a) and
after (b) the photodynamic therapy (PDT); the blue circle shows the AK lesion before (a) and after
treatment (b) and their dermoscopic images. Histological analysis of an AK lesion before (c) and
after (d) PDT, showing morphological changes following treatment (hematoxylin and eosin (H&E)
staining; magnification ×100 and ×200, respectively). Notable improvement in skin texture and
a reduction in forehead wrinkles, as demonstrated in the clinical photographs (a,b), are consis-
tent with the photorejuvenating effect of photodynamic therapy, which was observed in 16 of the
31 patients enrolled (51.61%). It is important to acknowledge that slight photographic variability,
particularly related to differences in lighting conditions, may have contributed minor artifacts in the
visual documentation.
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Table 5. Clinical improvement after the treatment with photodynamic therapy. Total number of
patients enrolled to the study, n = 31.

Complete Resolution of
Cutaneous Lesions Olsen 1

n % n %

Age p < 0.001 *

≥72.4 8 44 10 56
<72.4 9 69 4 31

Sex p = 0.034

Male 12 50 12 50
Female 5 71 2 29

Abbreviations: * p < 0.05.

Dermatoscopic evaluation showed that eight patients (25.81%) achieved complete
lesion clearance post-treatment. Additionally, 16 patients (51.61%) were reduced to grade I,
and 7 patients (22.61%) to grade II. Notably, no patients exhibited grade III severity
after PDT.

Adverse events (AEs) were reported by 18 patients (58.1%) during PDT sessions. The
most common AEs, observed in 16 patients (51.6%), were mild local reactions, such as burn-
ing or pinching sensations during or after the procedure. These patients required special
care, including pauses during irradiation, cooling air supply, reduced lamp power settings
(energy dose of 37 J/cm2 but the irradiance was reduced by either 25% or 50%), or shortened
exposure time (it was reduced by either 25% or 50%). Severe AEs occurred in two patients
(6.45%), who developed burns in the treated area after the first PDT session. These cases
required additional management, including topical and oral glucocorticosteroids and anti-
histamines, as well as an extended recovery period before the next session. Notably, these
patients had the most severe AK lesions (Olsen 3 and high dermatoscopic grade), support-
ing the hypothesis that more severe AK lesions correlate with more intense local reactions
following PDT. Moreover, these patients did not adhere to the recommended guidelines
and exposed the treated AK lesions to UV light in the days following the procedure, which
may have contributed to the severity of their reactions. On a positive note, 16 patients
(51.61%) reported additional benefits, such as skin photorejuvenation, highlighting the fa-
vorable cosmetic outcomes of PDT and its potential to stimulate collagen synthesis [41–43].
In 15 cases (48.38%), post-treatment histopathological examination confirmed collagen
thickening, which correlated with the clinical effects of skin photorejuvenation.

3.2. Ki67

Regarding Ki67 immunoexpression (1.16 ± 0.60), in apparently healthy skin (control
group), immunoexpression was mild and restricted to the basal layer of the epidermis and
skin appendages (sebaceous glands, hair follicles). Ki67 immunoexpression was detected
in 19 cases (61.29%) within the control group and in 100% of AK lesions prior to treatment.

Following treatment, Ki67 immunoexpression was negative in three cases (9.68%) and
reduced in all cases (100%) (Figure 2). According to the evaluation criteria, samples with
fewer than 5% Ki67+ and p53+ cells per HPF were classified as negative (Table 3).

Regarding statistical analysis, Ki67 epidermal immunopositivity in AK lesions signifi-
cantly decreased post-treatment (2.70 ± 1.16 vs. 1.51 ± 1.02; p < 0.05), further supporting
the antiproliferative effect of PDT (Figure 3a). Similarly, the extent of Ki67+ cells in the
epidermis of AK lesions also showed a significant reduction (2.00 ± 0.51 vs. 1.41 ± 0.62;
p < 0.05). The sum of both immunoexpression and the extent of Ki67-possitive cells de-
creased significantly (Figure 3a).



Biomedicines 2025, 13, 1487 10 of 20

Figure 2. Immunoexpression of selected markers in an actinic keratosis (AK) lesion before and
after photodynamic therapy (PDT); Ki67 immunostaining of an AK lesion before (a) and after (b)
PDT, demonstrating a reduction in Ki67-positive cells following treatment (Immunohistochemistry
(IHC), nuclear staining, magnification ×100 and ×200, respectively); p53 immunostaining of an AK
lesion before (c) and after (d) PDT, demonstrating a reduction in p53-positive cells post-treatment
(IHC, strong nuclear and weak cytoplasmic staining; magnification ×150 and ×200, respectively);
immunoexpression of COX-2 in AK before (e) and after (f) PDT, showing a reduction in COX-2
expression post-treatment (IHC, cytoplasmic staining; magnification ×150 and ×200, respectively).

Figure 3. Statistical evaluation of selected marker expression within actinic keratosis (AK) le-
sions before (T0) and after (T1) the photodynamic therapy (PDT) and apparently healthy skin
(Control)—(a) Ki67; (b) p53; (c) COX-2.; * p < 0.05.



Biomedicines 2025, 13, 1487 11 of 20

3.3. p53

Regarding p53+ cells (nuclear expression), 6 cases (19.35%) in the control group
showed positivity, while 23 cases (74.19%) of AK lesions were positive prior to treatment.
Following PDT, 17 cases (54.84%) became completely negative, and p53 expression de-
creased in all cases compared to pre-treatment levels (Figure 2).

The reduction in p53 immunoexpression following PDT was statistically significant
(2.38 ± 1.68 vs. 0.87 ± 1.20; p < 0.05) (Figure 3b). However, changes in the extent of p53+
cells within the epidermis of AK lesions were not statistically significant (1.45 ± 1.02 vs.
1.06 ± 0.89; p = 0.12). The reduction in p53 expression following PDT was comparable
to the expression of p53 in apparently healthy skin (0.87 ± 1.20 vs. 0.61 ± 1.68; p > 0.05).
The sum of both the immunoexpression and the extent of p53-possitive cells decreased
significantly (Figure 3b).

3.4. COX-2

COX-2 cytoplasmic immunoexpression (0.97 ± 0.60) was positive in 17 cases (54.84%)
in the control group and in all AK lesions (100%) prior to treatment. Following PDT, COX-2
immunoexpression became negative in two cases (6.45%) and decreased in the remaining
cases (Figure 2).

Overall, COX-2 staining significantly decreased in treated skin compared to baseline
(2.51 ± 0.57 vs. 1.74 ± 0.77; p < 0.05), further supporting the anti-inflammatory effect of
PDT (Figure 3c).

Additionally, post-treatment analysis revealed a positive correlation between the
reduction in Ki67, p53, and COX-2 immunoexpression and a decrease in AK severity (both
according to Olsen grade and dermatoscopic grade).

4. Discussion
AKs are common pre-neoplastic skin lesions that can evolve into NMSCs, primarily

cSCC. Photodynamic therapy (PDT) is an effective field-directed treatment for AKs, offering
the advantage of targeting the entire “field cancerization” (FC). Early intervention is crucial
to preventing malignant transformation, particularly into cSCC. In mild to moderate AK
cases, a single session of c-PDT (using 16% MAL, 8 mg of 5-ALA plaster, or 75 mg/g of
5-ALA) is typically recommended, with a follow-up evaluation after three months [44].

In cases of severe AK lesions, treatment becomes more complex, as no standardized
guidelines are currently available. In our study protocol, we planned to perform three
PDT sessions at four-week intervals, with the final follow-up visit scheduled eight weeks
after the last PDT session. Every four weeks, prior to each PDT session, AK lesions were
reassessed through both clinical and dermatoscopic examinations to monitor treatment
response and disease progression.

The clinical, dermatoscopic, and immunohistochemical findings in our study, demon-
strating a decrease in proliferation markers (Ki67 and p53) and the inflammation marker
(COX-2), confirm the effectiveness of PDT in managing AKs. These results suggest that
PDT may also help delay, or potentially inhibit, the carcinogenic process in the epidermis.

Several studies have already demonstrated a decrease in Ki67 and p53 expression
following therapy for AK, including PDT. However, their findings suggest that a single or
even two PDT sessions may not be sufficient for optimal efficacy [45–48].

For example, Campione et al. demonstrated that Ki67 expression decreased following
AK treatment with three different modalities: 0.8% piroxicam cream, PDT, and ingenol
mebutate gel. This further supports the efficacy of these therapies in reducing cellular
proliferation in AK lesions [45]. In their study, PDT treatment was administered using
a protocol consisting of two treatment cycles, each spaced four weeks apart, with a final
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reassessment conducted at 16 weeks from baseline. This protocol aligns closely with our
study design, though we implemented three PDT sessions at four-week intervals, with
final evaluation eight weeks post-treatment.

The study by Gellén et al., which involved 11 patients with multiple AKs on the scalp,
face, hands, or forearms, treated with conventional 5-aminolevulinic acid PDT (c-5ALA-
PDT) and Er:YAG laser-assisted 5-aminolevulinic acid PDT (5ALA-PDT) in a split-site
manner, confirmed a significant decrease in the number of Ki67- and p53-positive cells
(with analysis conducted before the PDT session, and at 48 h and 3 months after treatment).
However, the abnormal cells were not completely eliminated after treatment, suggesting
the need for multiple PDT sessions [46].

Furthermore, Abdalla et al. demonstrated that dl-PDT also reduces atypia and controls
Ki67 expression, decreasing the proliferation of atypical cells and suggesting its potential
in controlling carcinogenesis. According to their study, after dl-PDT, Ki67 expression
decreased or remained unchanged in both biopsied areas (AK lesions and FC before and
after dl-PDT). However, similar to their findings, residual Ki67 positivity remained in
some cases, reinforcing the notion that multiple PDT sessions may be required to achieve
sustained lesion clearance and reduce recurrence risk [47].

Bagazgoitia et al. also demonstrated that c-PDT with methyl aminolevulinic acid
(MAL-cPDT) reduced Ki67 expression in 22 AK cases, indicating a decrease in the prolifera-
tive activity of the epidermis. They found that while Ki67 is normally expressed in a healthy
epidermis, it is more intensely expressed in AKs. Ki67 was overexpressed in 20 of 22 (91%)
cases, and its expression was reduced after PDT in 17 of 22 (77%) cases (p < 0.0001), with
levels similar to those in control skin. Meanwhile, p53 expression significantly decreased
in 11 of 22 (50%) AK cases (p < 0.002) but remained stable in the other 11 (50%). However,
a complete disappearance of p53, which should not be expressed in healthy skin, was
observed in only one case (5%). These results suggest that PDT is effective in reducing these
markers, but a single treatment may not be sufficient to fully eliminate actinic damage [48].

The optimal number of PDT sessions required to completely eliminate carcinogenic
changes remains undetermined. Given reports that one or two sessions may often be
insufficient, our study protocol employed three PDT sessions spaced four weeks apart to
maximize therapeutic efficacy. This regimen resulted in complete clinical remission of AK
lesions in 17 patients (54.8%), while the remaining 14 patients (45.2%) achieved a partial
response, with all residual lesions regressing to Olsen grade 1 (mild). Importantly, no
patient had lesions of Olsen grade 2 or 3 after therapy, indicating that all remaining lesions
were of the least severe grade. These findings support the need for multiple treatment
cycles to optimize outcomes, but also illustrate that even a three-session regimen can
leave residual disease in a substantial proportion of patients. The presence of persistent
grade 1 lesions in nearly half of the treated patients raises critical questions about the
completeness of the therapeutic response and the long-term prognosis. It is unclear whether
these residual lesions represent an incomplete treatment response or early recurrences of
AK. Distinguishing between these scenarios is clinically important: if the lesions reflect
incomplete clearance, additional PDT sessions or adjunctive therapies might be required
to achieve full lesion eradication, whereas if they are early recurrences, their presence
could indicate underlying FC (persistent subclinical dysplasia in the surrounding skin)
and thus warrant more vigilant surveillance or more aggressive field-directed treatment.
Regardless of the underlying cause, a comprehensive long-term follow-up is warranted for
all patients with a history of AK, not only those with residual lesions after therapy. Such
follow-up should include regular clinical and dermoscopic examinations to monitor for
new or recurrent lesions and to ensure early detection of any progression to cSCC. Further
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research is needed to evaluate the long-term efficacy of repeated PDT sessions and to clarify
their role in preventing AK recurrence and progression to cSCC.

Similarly to the studies mentioned above, our study also confirmed that the expression
of Ki67 and p53 in the epidermis of AK lesions persisted after treatment (28/31 subjects,
90.32% for Ki67; 14/31, 45.16% for p53). We observed that in six cases (6/31, 9.35%), the
immunoexpression of Ki67 remained unchanged after treatment, and in one case (1/31,
3.22%), it increased. These findings suggest that intense keratinocyte proliferation is still
occurring in these lesions. However, it remains unclear whether this indicates a recurrence
of AK lesions or an ongoing epidermal regeneration process following PDT.

Notably, p53 expression remained unchanged in only one subject (1/31, 3.22%), while
it decreased in all other cases post-treatment. Our findings suggest that p53 may be a more
specific biomarker for monitoring AK treatment compared to Ki67.

However, this conclusion remains inconclusive, as previous studies have reported a
less pronounced reduction in p53 expression following PDT compared to Ki67. Further
research is needed to clarify the role of p53 in AK regression and its potential as a treatment
response indicator. Interestingly, our findings differ from some of the previously published
data, as we observed a significant decrease in p53 immunoexpression post-PDT [45–48].
This suggests that PDT may exert its therapeutic effect not only by reducing proliferation but
also by modulating key regulatory pathways involved in cell cycle control and apoptosis.
A possible explanation is that while Ki67 expression does not always decrease uniformly,
likely due to ongoing regenerative processes in the epidermis, p53 downregulation may
indicate the effective suppression of DNA damage responses and a shift toward normal
keratinocyte turnover.

On the other hand, it is important to acknowledge the limitations of our study, particu-
larly the relatively small sample size. This could impact the generalizability of our findings
and may partially account for discrepancies with previous reports. Further large-scale,
long-term studies are necessary to determine the precise molecular mechanisms underlying
PDT’s effects on p53 and Ki67 expression and to establish whether p53 downregulation
serves as a reliable biomarker of treatment efficacy.

Overall, a sustained reduction in Ki67 expression following PDT for AK indicates a
decreased proliferative fraction of keratinocytes, consistent with therapeutic efficacy and a
reduced likelihood of progression to iSCC. In contrast, persistently elevated Ki67 levels
post-treatment may be predictive of subclinical residual disease and increased recurrence
risk. Similarly, p53 overexpression, particularly if it reflects the accumulation of mutant,
non-functional p53 protein, correlates with genomic instability and neoplastic progres-
sion [30]. A post-treatment decrease in p53 expression is considered indicative of a reduced
mutational burden and normalization of DNA repair mechanisms. By contrast, persistent
p53 overexpression in the absence of clinical or histological improvement suggests residual
dysplasia or ongoing malignant potential. Regarding our study, for Ki67, we can propose a
post-treatment positivity in <15% of keratinocyte nuclei (which means a low proliferative
index) as an effective lesion clearance. Similarly, a post-treatment p53-positive nuclear frac-
tion below 5% is considered a strong predictor of diminished mutant clones and restored
DNA repair function, consistent with a favorable prognosis.

Subsequently, COX-2 overexpression is well documented in AK as well as in NMSC
lesions, with multiple studies supporting its role in skin carcinogenesis. A study by Kim
et al. confirmed elevated COX-2 and p53 expression in AK, SCC, BCC, and Bowen disease
(BD). However, according to the study results, while both markers are implicated in tumor
progression, their correlation in skin tumors was not statistically significant (p > 0.05). This
suggests that while COX-2 and p53 may contribute independently to carcinogenesis, their
interplay remains complex and requires further investigation [22].
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Similarly, Wu et al. reported significantly higher COX-2 expression in SCC, BD, and
AK compared to seborrheic keratosis (p < 0.01), reinforcing its role in skin carcinogenesis.
Amirnia et al. further confirmed elevated COX-2 levels in both malignant (SCC, BCC) and
pre-malignant (BD, AK) lesions, suggesting that COX-2 could serve as a molecular target
for treating various skin tumors [49,50].

Further supporting these findings, Adamska et al. conducted an immunohistochemical
analysis of COX-2 expression in 94 AK skin samples. While COX-2 levels were slightly
higher in KIN2 (lesions with keratinocytic atypia in the lower two-thirds of the epidermis)
AK lesions compared to KIN1 (lesions with keratinocytic atypia in the lower third of
the epidermis) (with no expression in KIN3, lesions with atypical cells throughout the
epidermis), no statistically significant correlation was found between COX-2 intensity
and AK stage. Additionally, COX-2 expression appeared independent of patient age, sex,
or skin phenotype, suggesting that its role in AK may be more complex than a simple
marker of disease progression [51]. Furthermore, our data also showed no significant
association between a reduction in COX-2 levels (as well as in Ki67 and p53) and patient
age or sex. However, we observed a better clinical response in younger patients (younger
than 72.4 years old). This observation may be attributed to a more efficient immune
response and accelerated wound healing capacity typically observed in younger skin. In
our analysis, the clinical efficacy of PDT did not demonstrate a statistically significant
association with patient sex. Both male and female participants exhibited comparable rates
of lesion regression and biomarker normalization following therapy. Nonetheless, our
analysis is limited by the relatively small number of female participants in the study group,
which may reduce the statistical power to detect subtle sex-based differences in response. As
a result, while our data suggest the comparable efficacy of PDT across sexes, this conclusion
should be interpreted with caution and validated in larger, sex-balanced cohorts.

One of the most critical aspects of COX-2 involvement in AK pathogenesis is its inhi-
bition by NSAIDs, such as diclofenac, which remain a widely used topical treatment for
AK. This makes it particularly intriguing to investigate whether PDT influences COX-2
expression in AK lesions. To the best of our knowledge, no prior study has examined
this phenomenon. Our study is the first to assess the impact of PDT on COX-2 expression
in AK. Our findings demonstrate a significant reduction in COX-2 immunoexpression
following PDT (Figure 3c). However, in two cases, COX-2 expression unexpectedly in-
creased post-treatment, while in nine cases it remained unchanged (2/31, 6.45% and 9/31,
29.03%, respectively). We hypothesize that this may be attributed to local regenerative
inflammation induced by reactive oxygen species (ROS) during PDT. This observation
aligns with the concept presented by Karampinis et al., who describe a cyclical interac-
tion between oxidative stress, inflammation, and immune modulation in non-melanoma
skin cancer. PDT-induced ROS may disrupt local immune tolerance and initiate immune
activation, by facilitating the release of damage-associated molecular patterns (DAMPs),
thereby promoting antigen presentation and the recruitment of immune effector cells.
Concurrently, ROS-induced alterations in the tumor microenvironment may stimulate the
production of immunoregulatory cytokines and foster phenotypic plasticity in resident
immune cells, thereby contributing to sustained immunosurveillance. On the other hand,
if oxidative-inflammatory signaling persists, it may hinder complete resolution. These
findings suggest that, while PDT offers both cytotoxic and immunomodulatory benefits,
certain cases may require combination therapies to fully break the ROS–inflammation cycle
and ensure long-term lesion clearance [52].

Summing up, PDT led to a marked reduction in COX-2 expression in treated AK
lesions, indicating a shift toward an anti-inflammatory state and a more normalized tumor
microenvironment. COX-2 overexpression is linked to UV-induced inflammation and
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tumor progression in skin, so its suppression suggests that the lesion is less conducive to
carcinogenesis. Notably, baseline COX-2 levels do not strictly correlate with AK severity:
Adamska et al. found no linear relationship between COX-2 immunoreactivity and his-
tological grade, with advanced lesions (KIN III) sometimes showing no COX-2 at all [51].
Thus, while an absence or minimal COX-2 immunoexpression intensity post-treatment
may signify therapeutic effect, this finding should be interpreted with caution, as a regen-
erating epithelium can also exhibit low COX-2 in the early healing phase [50,51]. Overall,
a concurrent reduction in COX-2, Ki67, and p53 provides the most reliable indication of
treatment efficacy and a lower risk of recurrence. This combined biomarker response
reflects decreased inflammation (COX-2), reduced cellular proliferation (Ki67), and the
clearance of dysplastic or mutated cell clones (p53). In fact, effective PDT is known to
downregulate proliferation markers like Ki67 and oncogenic stress markers like p53 in AK,
correlating with reduced growth and increased apoptosis of atypical keratinocytes [53].
The present findings align with this, suggesting that multi-faceted marker suppression is a
hallmark of successful lesion regression. Establishing standardized cutoff values for these
biomarkers enhances their potential utility in routine post-treatment surveillance and risk
stratification protocols; therefore, future prospective studies are essential.

Interestingly, similar biomarker improvements are observed not only in PDT but also
in other field therapies for AK. For example, topical diclofenac 3% (a COX-2 inhibitor)
significantly decreases COX-2 expression and T-cell infiltration (CD3+ and CD8+ cells) in
AK, along with a clear reduction in angiogenic factor CD31. While its effect on proliferation
markers did not reach significance, there were notable downward trends in Ki67 levels
but no significant change in p53 levels after the treatment [54]. Ingenol mebutate gel
likewise induces substantial declines in proliferative and atypical cell markers: in one
study, Ki67 levels dropped significantly (p = 0.015) and the stem cell-associated marker
p63 was markedly reduced (p = 0.002) after treatment. These effects reflect both cytotoxic
and immunomodulatory actions of ingenol, including the induction of rapid cell death
and immune cell recruitment [55]. Finally, Campione et al. further demonstrated that
0.8% piroxicam (another topical NSAID) can also be effective in reducing Ki67 expression
(p < 0.01) [45]. Moreover, a recent randomized trial of topical colchicine 0.5% reported a
significant 15% decrease in Ki67 and a significant 27% reduction in p53-positive cells in
treated field areas. Given colchicine’s antimitotic action via microtubule inhibition, the
downregulation of Ki67 aligns with its known antiproliferative effects. The substantial
reduction in p53 may suggest the effective clearance of dysplastic cells with DNA damage,
leading to the normalization of apoptotic regulatory pathways [56].

In the end, the final important aspect involved the interventions undertaken by our
team to reduce patient discomfort (primarily pain and burning sensations in the treat-
ment area) reported during irradiation. Among the 16 patients who experienced AEs,
we introduced modifications to the PDT parameters during irradiation in 14 cases. In
12 of these patients, the adjustments had no observable impact on the clinical outcome or
therapeutic efficacy. However, in the remaining two individuals, a significant reduction in
the number or extent of skin lesions was not achieved following treatment, suggesting that
the modified protocol may have contributed to the suboptimal therapeutic effect in these
particular cases. This observation should be taken into account when considering similar
adjustments during treatment. On the other hand, these findings also emphasize that the
procedure may inherently involve a degree of patient discomfort, and that individuals with
a lower pain threshold may require tailored modifications to ensure tolerability without
compromising efficacy.
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5. Conclusions
This study evaluates the effectiveness of PDT in treating AK by analyzing clinical,

dermatoscopic, and immunohistochemical changes, particularly in the expression of pro-
liferation (Ki67, p53) and inflammation (COX-2) biomarkers. Thirty-one patients un-
derwent three PDT sessions at four-week intervals, with final follow-up at eight weeks
post-treatment. Clinical and dermatoscopic assessments revealed significant lesion re-
gression, with 54.8% of patients achieving complete resolution. Immunohistochemical
analysis demonstrated a significant reduction in Ki67, p53, and COX-2 immunoexpression
post-treatment, confirming PDT’s antiproliferative and anti-inflammatory effects.

Ki67 and p53 can potentially serve as biomarkers for monitoring and prognosis in
the treatment of AK, particularly in assessing response to PDT and evaluating the risk
of progression to SCC. A decrease in Ki67 immunoexpression post-PDT suggests the
effective suppression of cell proliferation and therapeutic response whereas a decrease in
p53 immunoexpression decreased DNA-damaged or transformed cells. Persistent high
levels of Ki67 may indicate incomplete lesion clearance or potential for recurrence, whereas,
some p53 mutations are stable and persistent, making interpretation more complex. High
and persistent p53 expression may indicate higher risk of progression to invasive SCC.

Notably, this study is the first to examine the impact of PDT on COX-2 expression.
COX-2 levels typically decrease after successful PDT, correlating with reduced inflammatory
and neoplastic activity. Sustained or increased COX-2 expression post-treatment could
signal ongoing ROS-driven local regenerative inflammation during PDT. Eventually, COX-2
can also be potentially considered as a biomarker for monitoring and prognosis in the
treatment of AK.

Ultimately, the results support PDT’s role in delaying carcinogenesis and improving
cosmetic outcomes. However, persistent expression of these markers in some cases suggests
that additional PDT sessions or combination therapies may be necessary for complete lesion
clearance. Further studies are needed to establish optimal treatment protocols, particularly
regarding COX-2 modulation and its implications in AK progression and recurrence.
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Abbreviations
The following abbreviations are used in this manuscript:

AK Actinic keratosis
cSCC Cutaneous squamous cell carcinoma
UV Ultraviolet
iSCC Invasive squamous cell carcinoma
BCC Basal cell carcinoma
FC Field cancerization
PDT Photodynamic therapy
c-PDT Conventional PDT
dl-PDT Daylight PDT
ALA 5-aminolevulinic acid
MAL Methyl aminolevulinate
COX-2 Cyclooxygenase-2
PGE2 Prostaglandin E2
NMSC Non-melanoma skin cancer
MM Malignant melanoma
NSAIDs Nonsteroidal anti-inflammatory drugs
HPF High-power fields
AEs Adverse events
c-5-ALAPDT 5-aminolevulinic acid PDT
MAL-cPDT c-PDT with methyl aminolevulinic acid
BD Bowen disease
ROS Reactive oxygen species
KIN Keratinocytic intraepithelial neoplasia
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Del Marmol, V.; et al. European consensus-based interdisciplinary guideline for diagnosis, treatment and prevention of actinic
keratoses, epithelial UV-induced dysplasia and field cancerization on behalf of European Association of Dermato-Oncology,
European Dermatology Forum, European Academy of Dermatology and Venereology and Union of Medical Specialists (Union
Européenne des Médecins Spécialistes). J. Eur. Acad. Dermatol. Venereol. 2024, 38, 1024–1047. [CrossRef] [PubMed]

4. Heppt, M.V.; Leiter, U.; Steeb, T.; Amaral, T.; Bauer, A.; Becker, J.C.; Breitbart, E.; Breuninger, H.; Diepgen, T.; Dirschka, T.; et al. S3
guideline for actinic keratosis and cutaneous squamous cell carcinoma—Short version, part 1: Diagnosis, interventions for actinic
keratoses, care structures and quality-of-care indicators. J. Dtsch. Dermatol. Ges. 2020, 18, 275–294. [CrossRef]

5. Glogau, R.G. The risk of progression to invasive disease. J. Am. Acad. Dermatol. 2000, 42 Pt. 2, 23–24. [CrossRef]
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