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Abstract: Photodynamic therapy (PDT) is a technique for producing localized necrosis with light
after prior administration of a photosensitizing agent. This study investigates the nature, safety, and
efficacy of PDT for image-guided treatment of primary breast cancer. We performed a phase I/lla
dose escalation study in 12 female patients with a new diagnosis of invasive ductal breast cancer
and scheduled to undergo mastectomy as a first treatment. The photosensitizer verteporfin (0.4 mg/kg)
was administered intravenously followed by exposure to escalating light doses (20, 30, 40, 50 J; 3
patients per dose) delivered via a laser fiber positioned interstitially under ultrasound guidance.
MRI (magnetic resonance imaging) scans were performed prior to and 4 days after PDT.
Histological examination of the excised tissue was performed. PDT was well tolerated, with no
adverse events. PDT effects were detected by MRI in 7 patients and histology in 8 patients,
increasing in extent with the delivered light dose, with good correlation between the 2 modalities.
Histologically, there were distinctive features of PDT necrosis, in contrast to spontaneous necrosis.
Apoptosis was detected in adjacent normal tissue. Median follow-up of 50 months revealed no
adverse effects and outcomes no worse than a comparable control population. This study confirms
a potential role for PDT in the management of early breast cancer.
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1. Introduction

Breast cancer is the most common cancer to affect women worldwide [1]. It has been the leading
cause of cancer in women in Europe for many years, affecting 1 in 8 women in their lifetime although
survival has been improving. These changes have been attributed to mammographic breast screening
and improvements in surgical margins, chemotherapy, and the use of adjuvant hormonal therapies [2].

In spite of these successes, there remains a need for novel technologies in the treatment of all
stages of breast cancer, not only to improve outcomes but also to allow more options for all patients,
particularly those who are not eligible or responsive to standard management. A novel therapeutic
modality that may offer an advantage to conventional therapies or even surgery in unfit patients is
photodynamic therapy (PDT) [3,4].
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PDT exerts its effects when light of a specific wavelength is used to trigger a photochemical
reaction of a non-toxic photosensitizer (PS) previously injected systemically and given time to localize
within the tumor and its vasculature. The reaction results in the production of superoxide anion
radicals and reactive singlet oxygen molecules, the consequence of which is the initiation of cell death
mechanisms. The nature of the biological effect may be at least partially localized to the tumor since
neo-vascularization with “leaky capillaries” are tumor characteristics. This may result in a higher
tissue concentration of the photosensitizer within the tumor. There is also a rapidly increasing body
of evidence to show that PDT can stimulate strong immunological responses [5].

Photodynamic therapy is well established in dermatology for conditions such as non-melanoma
skin cancers (basal cell carcinoma), Bowen’s disease, and pre-malignant conditions like actinic
keratosis [6]. Non-dermatologic applications include all stages of head and neck cancer [7] and the
non-neoplastic condition wet age-related macular degeneration of the retina (AMD) [8]. Image-
guided interstitial PDT has been successfully used in advanced head and neck tumors [9] and clinical
trials undertaken in several other solid tumors, including pancreatic and prostate cancers [10,11].
PDT for low-grade prostate cancer localized to the gland using the photosensitizer Tookad soluble™
has recently been approved for general use by the EMA (European Medicines Agency) [12]. Previous
reports have described PDT amongst other options for the treatment of cutaneous metastases from
breast cancer [13,14]. This report describes the first clinical study of PDT in the treatment of primary
breast cancer.

2. Experimental Section

2.1. Study Design

This was a phase I/Ila study using PDT with the photosensitizer verteporfin to treat a small area
in breast cancers scheduled for mastectomy, which was undertaken a few days after PDT. This was
followed by a careful histological examination of the PDT treated area in the excised tissue. MRI scans
were taken before PDT and immediately prior to surgery. The aims are to understand the nature of
PDT effects on breast cancer and correlate the extent of effects, as measured by MRI and histology, to
the PDT treatment parameters. The study was approved by the London-Hampstead Research Ethics
Committee (REC reference: 09/H0720/123; EudraCT number: 2009-016276-74). All patients provided
written informed consent.

2.2. Patient Selection

This was a single center, open label study of PDT in primary breast cancer. Women attending
the breast clinic at the Royal Free Hospital, who had presented with a lump and been diagnosed to
have primary breast cancer were recruited from April 2013 onwards. The treatment options, as
recommended by the MDT (multidisciplinary team), were discussed with the patients. Patients who
opted for surgery as their primary treatment and fitted the eligibility criteria were approached to
participate in the study. Inclusion and exclusion criteria are shown in Table.1.

Table 1. Patient selection criteria.

Inclusion criteria Exclusion criteria

1. Ductal carcinoma in situ (DCIS) without

1. Women age 30 years or over . . .
invasive carcinoma

2. Confirmed invasive ductal carcinoma (IDC) 2. Invasive lobular carcinoma

3. Unifocal tumor or unifocal site deemed suitable for 3. Current participation in any other trial of
PDT (Photodynamic Therapy) in multifocal invasive  experimental medicine, or on current endocrine
ductal carcinoma in a single breast medication or neo-adjuvant therapy

4. Scheduled for surgery + axillary staging as primary
treatment

4. Known metastatic disease
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5. Negative pregnancy test within 7 days of

. . . 5. Pregnancy and lactation
registration for trial

6. Willing to use contraception from date of consent

. . 6. Severe cardiovascular or other systemic disease
until 6 weeks after completion of treatment

7. Known porphyria or sensitivity to

7. Not breastfeeding photosensitizers

8. Any mental disorder making reliable informed

8. Capable of giving written informed consent . .
consent impossible

Patients interested in taking part in the trial were offered an opportunity to discuss the study
with a member of the research team and given a copy of the patient information sheet (PIS). They
had at least 24 h to consider their possible participation before being invited to provide written
informed consent. For those agreeing to participate the following screening information was obtained:
1. Full medical history, including last menstrual period (LMP).

2. Current medication.

3. Pregnancy test if not postmenopausal or menstruating.

4 Pre-treatment MRI scan of both breasts using dedicated breast coils, with and without contrast enhancement,
if not done as a part of their initial diagnostic pathway.

5. Routine blood investigations: blood count, urea and electrolytes, liver function tests.
If no significant contraindications were detected, the patient was scheduled for PDT.

2.3. Photodynamic Therapy

The patient was admitted on the day of treatment and routine observations made. No sedation
was required for the procedure.

The photosensitizer, verteporfin (0.4 mg/kg), was dissolved in 5% dextrose and administered as
a single intravenous infusion at 3 mL/min in a volume of 30 mL, followed by a 250 mL intravenous
rapid flush of 5% dextrose. The same dose of photosensitizer was used for all patients and was the
same as that used previously for patients with pancreatic cancer [10].

After an interval of 60 to 90 min, the most suitable access point on the skin, assessed by
ultrasound, was infiltrated with local anesthetic and a 14 French gauge cannula (spring-loaded
hollow needle covered by a sterile plastic sheath) was inserted 5 to 15 mm into the tumor under
ultrasound guidance, avoiding areas of known spontaneous necrosis identified on the pre-treatment
scans, where possible. The needle was removed and a 1-mm diameter laser fiber with a 1-cm diffuser
tip inserted into the translucent plastic sheath, marked and fixed so the tip just reached the distal end of
the sheath. Laser light (wavelength 690 nm, power 150 mW per cm of diffuser tip) could then be
delivered to the chosen area of the tumor (Figure 1a,b). The total light dose delivered was 20 J to each
of the first 3 patients, _’Ehen 30]J to 3,40] to 3, and finally 50 ] to 3.
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Figure 1. (a) Laser fiber inserted into the cancer for light delivery; (b) Ultrasound image of laser fiber
in cancer; (c¢) Macroscopic appearance of the fiber track (the dark spot) in a homogeneous, pale area
of PDT (Photodynamic Therapy) induced necrosis in the resected tissue cut perpendicular to the
needle track. The lower homogeneous, pale area is the opposite side of the cut.

Immediately after the light delivery, a second cannula was inserted alongside the first and a
short (2 mm) titanium wire clip surrounded by a small amount of hydromarker gel was positioned
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using ultrasound to enable localization of the treatment site in the resected tissue. Ultrasound was
used to ensure that the position of the clip was no more than 5 mm from the tip of the first cannula.

After the procedure, patients remained in subdued lighting in a side room on the ward for 24 h
after photosensitizer administration, followed by re-adaptation to indirect sunlight for increasing
periods while still an in-patient. Bright indoor light was permitted after 24 h and exposure to direct
sunlight after 48 h, at which time they were discharged from the hospital. Blood investigations (FBC,
U&E, and LFTs) were repeated 24 h after PDT.

Patients were readmitted a few days after PDT for a repeat MRI scan, clinical review, and for
their scheduled mastectomy with axillary clearance. The MRI was performed as before, prone using
a dedicated breast coil with contrast. The scans before and after PDT were reviewed to detect any
spontaneous necrosis present before PDT and to estimate the volume of PDT induced necrosis in each
patient by three-dimensional measurements on the scans. After discharge from hospital, follow-up
continued in the breast clinic.

After surgery, the excised breast tissue was sent for macroscopic and histological assessment.
The fresh specimen was sliced into 10-15-mm thick sections, which were examined macroscopically
and photographed to identify the needle tract and adjacent marker clip site, and to document the
extent of areas of necrosis detectable visually (Figure 1c). The sections were then fixed in formalin.
After fixation, small blocks were taken from representative areas and sections prepared for
histological examination using hematoxylin and eosin staining (H&E).

3. Results

Twenty-six patients were identified as eligible for the study, of whom 12 consented to
participate, and they all completed the study (demographic summary in Table 2). All 12 had axillary
nodal involvement at the time of diagnosis (median 3 lymph nodes, range 1-23), but none had
visceral distant metastases. The remaining 14 patients had similar clinical criteria.

Table 2. Characteristics of the PDT treatment cohort.

Characteristics PDT Cohort
Total 12
Median age 49 (30-79)
Menopausal status 3 post-menopausal; 9 pre-menopausal
Estrogen (ER), Progesterone (PR) and Her 2 Receptor status: 10
Group 1: ER + ve, PR + ve, Her 2 - ve
Group 2: ER - ve, PR - ve, Her 2 - ve 1
Group 3: ER + ve, PR + ve, Her 2 + ve 1
Tumor size T2 =4; T3 or greater =8
Grade G2=5,G3=7
Nodal status at mastectomy All patients had positive nodes
Distant metastases at presentation None
Primary treatment (after PDT) Mastectomy
Adjuvant radiotherapy after PDT and mastectomy 12
Adjuvant chemotherapy after PDT and mastectomy 12

Adjuvant endocrine therapy after PDT and mastectomy 9
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3.1. Quantification of PDT Effects

Nine patients had a mastectomy and axillary node clearance 4 days after PDT. Eight of the nine
patients had their second MRI on the day of surgery. One (Patient 3), who initially agreed, was unable
to have MRI scans due to claustrophobia. One (Patient 4) had surgery 7 days after PDT and 2 (Patients
10 and 11) after 11 days.

Pre- and post-PDT scans were compared to estimate the volume of the entire tumor, the volume
of spontaneous necrosis present prior to PDT, if any, and the (additional) volume of necrosis
associated with the PDT.

PDT effects were detected by MRI in seven patients. In six, the volume of PDT necrosis could be
estimated and ranged from 78 to 8316 mm?. Pre-existing spontaneous necrosis was identified in four
patients, including one (Patient 6) in which this overlapped with PDT necrosis, making it difficult to
quantify the volume of necrosis related purely to PDT. Within the mastectomy specimen, the track of
the needle used for fiber insertion was identified on all 12 patients and the marker was seen in 9,
thereby guiding the pathological analysis. Examination revealed macroscopic necrosis related to PDT
in 3 of the resected tumors, but microscopic necrosis was detected in 8 of the 12 patients, with a range
of 65 to 8182 mm?. Histologically, the volume of PDT necrosis was calculated from tri-dimensional
measurements made on tissue slices. There were four patients in whom no PDT effect was identified
by MRI or histology. These results are summarized in Table 3, together with the depth of insertion of
the laser fiber into the tumor. Figure 2 shows a comparison of the maximum diameter of the PDT
effect, as determined by MRI and histology in areas free of spontaneous necrosis).

Table 3. Tumor assessment and treatment response.

- Age xﬁf’vtﬁ Pre-PDT  PDT Dose PDT Necrosison PDT Necrosis on 1223;: ;;
(mm?) necrosis (mm3) 1)) MRI (mm3) Histology (mm?) (mm)

1 79 21800 170 20 0 0 n/a
2 45 91100 1400 20 0 180 5

3 53 n/a n/a 20 n/a 0 n/a
4 57 32800 <10 30 180 65 6

5 36 198000 0 30 0 0 n/a
6 49 433000 2600 30 # 5576 12

7 30 135000 0 40 78 270 10

8 48 235000 0 40 180 180 13

9 47 3700 0 40 109 380 n/a
10 57 27800 0 50 253 380 10
11 54 27500 0 50 0 0 8
12 49 51400 0 50 8316 8182 11

# Too much overlap between areas of spontaneous and PDT necrosis to estimate the volume of PDT
effect on MRI (Magnetic Resonance Imaging). n/a, data not available as patient declined MRI due to
claustrophobia. The maximum diameter of necrosis attributable just to PDT for all cases is shown in
Figure 2.

Patient 6 had her first MRI 270 days prior to PDT, so no MRI data was available immediately
prior to PDT; however, the ultrasound scan used for inserting the laser fiber showed extensive
necrosis extending into the planned PDT treatment area, so much of the light was delivered into
necrotic tissue.



J. Clin. Med. 2020, 9, 483 6 of 11

Maximum diameter of necrosis (mm)

30
25
N
20
15
10
N
5 I § .
0
1 2 3 4 5 6 7 8 9 10 11 12
20J 30/ 40J 50)

Figure 2. Maximum diameter of PDT necrosis in tumor in areas free of spontaneous necrosis prior to
PDT as estimated by MRI (hatched bars) and histology (plain bars) for light doses from 20-50 J. On
MRI, no PDT effect could be detected in Patient 2, and in Patient 6, the PDT effect could not be
quantified on MRI as it was surrounded by spontaneous necrosis. Patient 10 had her surgery 11 days
after PDT, by which time some healing had taken place. All patients had their repeat MRI 4 days after PDT.

The histological findings are shown in Figure 3a—f. PDT necrosis was mostly confluent with
clearly defined margins (Figure 3a), in contrast to more diffuse spontaneous necrosis identified on
MRI prior to PDT (Figure 3b). In several cases, apoptosis was seen immediately adjacent to areas of
necrosis (Figure 3c). Apoptosis has been previously reported after PDT and is associated with lower
doses of photosensitizing drugs or light than necrosis [15]. The effect on normal breast glandular
tissue was revealed in one patient (Patient 2) where instead of being placed deep into the tumor, the
diffuser tip of the laser fiber was centered on the junction of the tumor and normal tissue. The normal
tissue within the vicinity of the PDT fiber tract thus received a similar light dose to the cancer and
showed apoptosis and mild acute inflammation, but no necrosis (Figure 3d). Healing of an area 11
days after PDT is shown in Figure 3e. Ducts expanded by DCIS showed zonal necrosis in response to
PDT (Figure 3f). Vascular changes were evident within the necrotic area in the form of blood vessel
occlusion, collapse, and extravascular RBC extravasation.

Three patients had evidence of hyaline necrosis in resected nodes, but there was no evidence of
a PDT effect in any node.
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Figure 3. (a) Patient 12, 4 days after PDT. Low power view showing a sharply defined interface
between viable (on the left) and PDT necrosed (on the right) tumor. There is congestion of blood
vessels with extravasation of red cells in the necrosed area with some viable fat cells close to the
adjacent viable tumor (magnification x200). (b) Patient 6, 4 days after PDT. Composite images of
section of tumor around fiber track showing acute coagulative PDT-induced necrosis on the left and
hyaline necrosis/degeneration, suggesting subacute ischemic necrosis and identified on imaging prior
to PDT on the right. (c) Patient 4, 7 days after PDT. High power magnification (x400) showing the
frequently seen transition from viable tumor (on the right) to apoptosis (center) to necrotic tumor (on
the left). (d) Patient 2, 4 days after PDT. On the left, there is viable normal tissue with inflammation
and apoptosis. On the right, there is stroma and blood vessels, which are normal breast structures
(but not glands), indicating a PDT effect in normal tissue. There is no tumor in this section. Proximity
to the clip site is highlighted in the inset picture (top right) to show that this effect is definitely related
to PDT and not incidental/far away. (e) Patient 10, 11 days after PDT. Healing in PDT treated tumor.
Upper left: viable tumor cells entrapped within an area of plump fibroblasts, with macrophages and
other inflammatory cells clearing debris from the necrotic tumor lower right. The small vessel in the
center remains occluded by fibrin. (f) Patient 7, 4 days after PDT. The sharp interface between PDT-
induced necrosis affecting DCIS (top left) and invasive tumor (bottom left), and viable DCIS (right)
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including the neoplastic cells populating a lobule below, is marked. A viable tumor embolus is seen
within a small vascular channel (bottom right).

3.2. Follow Up

There were no significant complications. After PDT, three patients required opiates in the first
24 h, the rest needing no more than paracetamol. All were asymptomatic, with no abnormal
observations by 24 h. Full blood count, urea and electrolytes, and liver function tests were normal
with no significant changes from pre-treatment results. There was no evidence of a PDT effect in the
skin surrounding the site of needle insertion. All patients followed the advised regimen to avoid skin
and eye photosensitivity and no-one had any problems. Following surgery, there were no adverse
effects that could be correlated with the PDT and all patients made a routine post-operative recovery.
Patients were followed up in the breast and medical oncology clinics after their post-operative review
and received conventional treatment as recommended by the MDT.

The median follow-up was 50 months (range 19-58), during which time there was one distal
metastasis (liver) after 3 years. All patients were alive at the most recent follow-up. In the control
cohort comprising 14 patients who were eligible for the study but declined, there were 3 cases of
distant metastases and one case of local recurrence.

4. Discussion

To our knowledge, this is the first clinical study of PDT in the treatment of primary breast cancer.
Its main strength lies in the potential ability of PDT to target breast tumors that have shown no or
minimal response to neoadjuvant therapy (NAT) [16]. The presence of residual disease after NAT
indicates the existence of partial treatment resistance in the tumor, in which a minimally invasive
local therapy such as PDT may play a role. PDT might also be able to play a role as an alternative to
NAT prior to surgery in selected cases. Both offer the advantages of in vivo assessment of tumor
response using MRI which may permit more effective use of conservative surgical procedures. PDT
also has the potential to stimulate an immunological anti-tumor response [5].

PDT has been used previously to treat cutaneous metastases from breast cancers and has been
associated with considerable discomfort. [13] In our study, by delivering the light energy directly into
the bulk of the tumor via a laser fiber inserted through a needle positioned percutaneously, the
procedure was well tolerated with minimal effect on the skin and surrounding tissue.

Similar to conventional neoadjuvant therapies, we have shown that performing MRI scans
shortly before PDT and again a few days later, immediately prior to surgery, provides a potential
tool to document the nature and extent of the changes related to PDT, compared to pathology as the
gold standard. Precise MRI quantification of the extent of necrosis was often difficult, mainly due to
the short time span between PDT treatment and tumor excision, before the full impact of the
treatment became unequivocally visible on MRI. Furthermore, the presence of pre-existing areas of
spontaneous necrosis was a confounding factor in some tumors, especially when the two types of
necrosis overlapped. Longer intervals between PDT and follow-up MRI for small, well-defined
cancers on pre-PDT MRI are likely to give a more accurate picture of the extent of the PDT effect.

Based on the use of a single laser fiber, there was a trend for the extent of necrosis to increase
with the delivered light dose. At the initial dose of 20 J, necrosis was seen in 1 of 3 patients, but only
on histology and of small volume. The extent of necrosis increased with increasing light dose. The
absence of necrosis in Patient 11, who was treated with 50 J, was surprising. Considering that the
needle tract was identified in the resected tumors in all cases on histology, it unlikely that this tumor
or any other lesion was missed by the laser fiber or on histology. A rare technical problem such as an
unrecognized laser fiber break cannot be excluded.

Because of the small number of cases included in this study, it was not possible to correlate the
biological tumor characteristics, such as receptor status that predicts tumor susceptibility to other
treatments, with PDT effects. For example, it has been shown in pancreatic cancer PDT that highly
vascularized cancers are less responsive to PDT than less well vascularized lesions [17], but this
observation was based on a small number of patients and it is not yet clear how important this aspect
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might be. Surrogate markers of vascular shutdown, including hypoxia-related protein expression
combined with analysis of neovascularization, have been previously used in cholangiocarcinomas to
prove the mechanism of cell death in PDT [18]. Similar tests could be undertaken on future patients
similar to those in the present study as the morphological changes observed in breast
adenocarcinomas so far support a similar mechanism. Upregulation of multidrug resistance proteins,
especially P-glycoprotein 1, as well as the cytoprotective functions of some intracellular antioxidants
like the glutathione system, catalase, lipoamide de-hydrogenase, and superoxide dismutase, which
detoxify PDT-induced ROS, can result in PDT treatment resistance [19].

Comparable clinical studies of PDT with subsequent surgery within a few days have not been
reported in other solid organs, so this study provides a unique insight into the histopathological
changes that follow within a few days of treatment. The combination of vascular fibrinoid necrosis
with extravasation of red blood cells, together with sharply demarcated necrosis with adjacent
apoptosis, are the hallmark features of PDT-treated neoplasms. Within normal tissue, only those
lobules within the immediate vicinity of the diffuser tip showed apoptosis. However, as apoptosis
would not be expected in untreated normal tissue, this suggests a PDT effect on normal tissue.

This limited selectivity of PDT necrosis between cancers and the adjacent normal tissues in
which the cancer arose has been known for many years [20]. However, normal glandular tissue in
hollow organs heals largely by regeneration after PDT without significant loss of structure or function
as connective tissues like collagen are largely unaffected, and so act as a scaffold to guide healing [21]. In
laboratory studies on a larger, glandular organ, the canine prostate, PDT led to persistent glandular
atrophy at 90 days, but with no disruption of the main stroma of the organ and no change in the
ultimate size or shape of the gland [22]. Similar changes have been documented in the pancreas when
an area of normal pancreas adjacent to a cancer was inadvertently treated with PDT [23]. Breast tissue
has more adipose tissue than the pancreas or prostate and, in comparison, the glands are relatively
sparsely packed. Thus, a PDT effect on normal breast tissue is much less likely to cause significant
loss of normal tissue compared to surgery, making it acceptable to treat a rim of normal tissue around
a breast cancer without significant risk of disfigurement.

An earlier study reported treating breast cancers with interstitial laser photocoagulation prior to
surgery. The results correlating the extent of necrosis measured by MRI with that seen on histology
were comparable to those in the present study; however, the biology of these thermal effects was
quite different from those seen after PDT [24]. This is not unique to laser photocoagulation; studies
that utilized any localized thermal treatment (e.g., laser, radiofrequency ablation, HIFU [25-28]) or
cryotherapy showed no tumor selectivity and considerably more destruction of connective tissue,
with healing by scarring and little glandular regeneration.

A major limitation of this study was slow recruitment. Breast cancer that requires mastectomy
is emotionally affronting and the physical loss of the breast, as well as its implications for sexuality
and body image, is difficult for most patients to come to terms with. Participation in a trial where
“additional”, rather than alternative, and unproven treatment is proposed, which would not prevent
the loss of the breast or guarantee any benefit to the future outcome, was not an attractive or
worthwhile option for many of the patients who were eligible. We remain grateful to the 12 patients
who did agree to participate. Our follow up data has so far (50 months) been reassuring and have
confirmed that the women who participated in the trial had an outcome that was comparable to
control cases, if not slightly better, with only one distant metastasis in the treated group and three
distant metastases and one local recurrence in the control group. The difference in outcome was not
statistically significant due to the sample size.

5. Conclusions

In summary, similar to some other types of solid tumors, this study has shown that PDT under
image guidance is a promising, safe, and minimally invasive treatment for primary breast cancer that
is reasonably predictable with minimal side effects on normal tissue compared to other local
therapies. We consider that future studies should focus first on the best way to deliver PDT (e.g.,
drug dose and targeting, light dose, multiple fibers). Much current PDT research focuses on looking
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for ways of increasing the selectivity of PDT between tumors and their organ of origin, such as linking
photosensitizers to tumor-specific antibodies, the use of nano-carriers for photosensitizing drug
delivery, the latter particularly in multidrug-resistant breast cancer, where the photodynamic effect
may play a role in bypassing and inhibiting escape pathways [29-31]. However, we see the best
potential of PDT in breast cancer in the multi-therapy setting in patients with a poor or incomplete
response to NAT or in cases where NAT and surgery are not possible. There may be circumstances
in which PDT could be an acceptable alternative to surgery.

The beauty of PDT is that it is repeatable. If part of a tumor of known and limited extent is shown
on MRI to have been incompletely treated, it is much simpler to repeat PDT than to repeat surgery,
chemotherapy, or radiotherapy.

Author Contributions: Conceptualisation, M.R.S.K, SM.B. and S.G.B.; Methodology, M.R.S.K., SM.B. and
S.G.B.; Software, N.R.W.; Validation, SM.B., S.G.B. and S.E.-S.; Formal analysis, SM.B.,, NNR.W. and S.G.B.;
Investigation, SM.B., A M. and S.E.-S.; Resources, C.A.M. and S.P.; Data curation, SM.B., A M. and S.E.-S,;
Writing original draft, SSM.B., S.E.-S. and S.G.B.; Writing review & editing, S.M.B., S.E.-S,, S.G.B. and NR.W;
Visualisation, S.M.B., S.G.B.,, N.R.W,, S.E.-S. and A.M.; Supervision, M.R.SK,, A]J M., RH.,, S.E.-S,, CAM. and
S.P.; Project administration, M.R.S.K. and N.R.W.; Funding acquisition, M.R.S.K. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by The Royal Free Charity, Killing Cancer and The Javon charity.

Acknowledgments: Mr. T.I. Davidson Consultant Breast Surgeon, Royal Free London, Pond Street, Hampstead,
London NW3 2QG; D Tsukagoshi, Consultant Radiologist, Royal Free London, Pond Street, Hampstead, London
NW3 2QG; M-a Tran-Dang, Consultant Histopathologist, Royal Free London, Pond Street, Hampstead, London
NW3 2QG; Surgical & Interventional Trials Unit, UCL; The Breast Unit, Royal Free London, Pond street,
Hampstead, London NW3 2QG; Miss B. Pereira, Research Fellow, Royal Free London, Pond Street, Hampstead,
London NW3 2QG; Joint Research Office, UCL.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Ghoncheh, M.; Pournamdar, Z.; Salehiniya, H. Incidence and Mortality and Epidemiology of Breast Cancer
in the World. Asian Pac. |. Cancer Prev. 2016, 17, 43—46.

2. Carioli, G.; Malvezzi, M.; Rodriguez, T.; Bertuccio, P.; Negri, E.; La Vecchia, C. Trends and predictions to
2020 in breast cancer mortality in Europe. Breast 2017, 36, 89-95.

3. Cengel, K.A.; Simone II, C.B.; Glatstein, E. PDT: What's Past Is Prologue. Cancer Res. 2016, 76, 2497-2499.

4. Bown, S.G. Photodynamic therapy for photochemists. Philos. Trans. A Math. Phys. Eng. Sci. 2013, 371,
20120371.

5. Kleinovink, J.W.; Fransen, M.F.; Lowik, C.W.; Ossendorp, F. Photodynamic-Immune Checkpoint Therapy
Eradicates Local and Distant Tumors by CD8(+) T Cells. Cancer Immunol. Res. 2017, 5, 832-838.

6. Tampa, M.; Sarbu, M.I,; Matei, C.; Mitran, C.I.; Mitran, M.I; Caruntu, C.; Constantin, C.; Neagu, M.;
Georgescu, S.R. Photodynamic therapy: A hot topic in dermato-oncology. Oncol. Lett. 2019, 17, 4085-4093.

7.  Civantos, F.J.; Karakullukcu, B.; Biel, M.; Silver, C.E.; Rinaldo, A.; Saba, N.F.; Takes, R.P.; Vander Poorten, V.;
Ferlito, A. A Review of Photodynamic Therapy for Neoplasms of the Head and Neck. Adv. Ther. 2018, 35,
324-340.

8.  Gao, Y; Yu, T; Zhang, Y.,; Dang, G. Anti-VEGF Monotherapy Versus Photodynamic Therapy and Anti-
VEGF Combination Treatment for Neovascular Age-Related Macular Degeneration: A Meta-Analysis.
Invest. Ophthalmol. Vis. Sci. 2018, 59, 4307-4317.

9. Lou, P.J,; Jager, HR,; Jones, L.; Theodossy, T.; Bown, S.G.; Hopper, C. Interstitial photodynamic therapy as
salvage treatment for recurrent head and neck cancer. Br. |. Cancer 2004, 91, 441-446.

10. Huggett, M.T.; Jermyn, M.; Gillams, A; Illing, R.; Mosse, S.; Novelli, M.; Kent, E.; Bown, S.G.; Hasan, T,;
Pogue, B.W.; et al. Phase I/II study of verteporfin photodynamic therapy in locally advanced pancreatic
cancer. Br. ]. Cancer 2014, 110, 1698-1704.

11. Azzouzi, AR, Vincendeau, S.; Barret, E.; Cicco, A.; Kleinclauss, F.; van der Poel, H.G.; Stief, C.G,;
Rassweiler, J.; Salomon, G.; Solsona, E.; et al. Padeliporfin vascular-targeted photodynamic therapy versus
active surveillance in men with low-risk prostate cancer (CLIN1001 PCM301): an open-label, phase 3,
randomised controlled trial. Lancet. Oncol. 2017, 18, 181-191.

12. A Summary of the European Public Assessment Report (EPAR) for Tookad. Available online:
https://www.ema.europa.eu/en/medicines/human/EPAR/tookad (accessed on 17 August 2019).



J. Clin. Med. 2020, 9, 483 11 of 11

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Morrison, S.A.; Hill, S.L.; Rogers, G.S.; Graham R.A. Efficacy and safety of continuous low-irradiance
photodynamic therapy in the treatment of chest wall progression of breast cancer. J. Surg. Res. 2014, 192,
235-241.

Banerjee, S.M.; Keshtgar, M.R. Electrochemotherapy for Treatment of Cutaneous Breast Cancer Metastases:
A Review. Arch. Breast Cancer 2016, 3, 108-117.

Kessel, D. Apoptosis and associated phenomena as a determinants of the efficacy of photodynamic therapy.
Photochem. Photobiol. Sci. 2015, 14, 1397-1402, doi:10.1039/c4pp00413b.

DeMichele, A.; Yee, D.; Esserman, L. Mechanisms of Resistance to Neoadjuvant Chemotherapy in Breast
Cancer. N. Engl. ]. Med. 2017, 377, 2287-2289, doi:10.1056/NEJMcibr1711545.

Jermyn, M,; Davis, S.C.; Dehghani, H.; Huggett, M.T.; Hasan, T.; Pereira, S.P.; Bown, S.G.; Pogue, BW. CT
contrast predicts pancreatic cancer treatment response to verteporfin-based photodynamic therapy. Phys.
Med. Biol. 2014, 59, 1911-1921.

Weijer, R.; Broekgaarden, M.; Krekorian, M.; Alles, L.K.; van Wijk, A.C.; Mackaaij, C.; Verheij, J.; van der
Wal, A.C,; van Gulik, T.M.; Storm, G.; et al. Inhibition of hypoxia inducible factor 1 and topoisomerase with
acriflavine sensitizes perihilar cholangiocarcinomas to photodynamic therapy. Oncotarget 2016, 7, 3341—
3356, doi:10.18632/oncotarget.6490.

Olsen, C.E.; Weyergang, A.; Edwards, V.T.; Berg, K.; Brech, A.; Weisheit, S.; Hogset, A.; Selbo, P.K.
Development of resistance to photodynamic therapy (PDT) in human breast cancer cells is photosensitizer-
dependent: possible mechanisms and approaches for overcoming PDT-resistance. Biochem. Pharmacol. 2017,
144, 63-77.

Bedwell, J.; MacRobert, A.].; Phillips, D.; Bown, S.G. Fluorescence distribution and photodynamic effect of
ALA-induced PP IX in the DMH rat colonic tumour model. Br. ]. Cancer 1992, 65, 818-824,
doi:10.1038/bjc.1992.175.

Barr, H.; Tralau, C.J.; Boulos, P.B.; MacRobert, A.]; Tilly, R.; Bown, S.G. The contrasting mechanisms of
colonic collagen damage between photodynamic therapy and thermal injury. Photochem. Photobiol. 1987, 46,
795-800, d0i:10.1111/j.1751-1097.1987.tb04850.x.

Chang, S.C.; Buonaccorsi, G.; MacRobert, A.; Bown, S.G. Interstitial and transurethral photodynamic
therapy of the canine prostate using meso-tetra-(m-hydroxyphenyl) chlorin. Int. J. Cancer. 1996, 67, 555—
562, doi:10.1002/(SICI)1097-021567:4<555:: AID-IJC15>3.0.CO;2-6.

Bown, S5.G.; Rogowska, A.Z.; Whitelaw, D.E.; Lees, W.R; Lovat, L.B.; Ripley, P.; Jones, L.; Wyld, P.; Gillams, A.;
Hatfield, A.W. Photodynamic therapy for cancer of the pancreas. Gut 2002, 50, 549-557.

Mumtaz, H.; Hall-Craggs, M.A.; Wotherspoon, A.; Paley, M.; Buonaccorsi, G.; Amin, Z.; Wilkinson, I;
Kissin, M\W.; Davidson, T.I.; Taylor, I; et al. Laser therapy for breast cancer: MR imaging and
histopathologic correlation. Radiology 1996, 200, 651-658.

Kinoshita, T. RFA experiences, indications and clinical outcomes. Int. J. Clin. Oncol. 2019, 24, 603-607.
Mauri, G.; Sconfienza, L.M.; Pescatori, L.C.; Fedeli, M.P.; Ali, M.; Di Leo, G.; Sardanelli, F. Technical success,
technique efficacy and complications of minimally-invasive imaging-guided percutaneous ablation
procedures of breast cancer: A systematic review and meta-analysis. Eur. Radiol. 2017, 27, 3199-3210.
Takada, M.; Toi, M. Cryosurgery for primary breast cancers, its biological impact, and clinical outcomes.
Int. J. Clin. Oncol. 2019, 24, 608-613.

Peek, M.C.L; Wu, F. High-intensity focused ultrasound in the treatment of breast tumours.
Ecancermedicalscience 2018, 12, 794.

Hong, L.; Liu, C; Zeng, Y.; Hao, Y.,; Huang, J.; Yang, Z.; Li, R. Nanoceria-mediated drug delivery for
targeted photodynamic therapy on drug-resistant breast cancer. ACS Appl. Mater. Interfaces. 2016, 8, 31510—
31523.

Aniogo, E.C.; Plackal Adimuriyil George, B.; Abrahamse, H. The role of photodynamic therapy on
multidrug resistant breast cancer. Cancer Cell Int. 2019, 19, 91.

Aniogo, E.C.; George, B.P.A.; Abrahamse, H. Phthalocyanine induced phototherapy coupled with
Doxorubicin; a promising novel treatment for breast cancer. Expert Rev. AntiCancer Ther. 2017, 17, 693-702,
doi:10.1080/14737140.2017.1347505.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
’@ ® article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



