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Abstract

Photodynamic therapy (PDT) is a form of non-ionizing radiation therapy that uses a drug, called a
photosensitizer, combined with light to produce singlet oxygen (10,) that can exert anti-cancer
activity through apoptotic, necrotic, or autophagic tumor cell death. PDT is increasingly being
used to treat thoracic malignancies. For early-stage non-small cell lung cancer (NSCLC), PDT is
primarily employed as an endobronchial therapy to definitively treat endobronchial or
roentgenographically occult tumors. Similarly, patients with multiple primary lung cancers may be
definitively treated with PDT. For advanced or metastatic NSCLC and small cell lung cancer
(SCLC), PDT is primarily employed to palliate symptoms from obstructing endobronchial lesions
causing airway compromise or hemoptysis. PDT can be used in advanced NSCLC to attempt to
increase operability or to reduce the extent of operation required, and selectively to treat pleural
dissemination intraoperatively following macroscopically complete surgical resection.
Intraoperative PDT can be safely combined with macroscopically complete surgical resection and
other treatment modalities for malignant pleural mesothelioma (MPM) to improve local control
and prolong survival. This report reviews the mechanism of and rationale for using PDT to treat
thoracic malignancies, details prospective and major retrospectives studies of PDT to treat
NSCLC, SCLC, and MPM, and describes improvements in and future roles and directions of PDT.

Photodynamic therapy (PDT), either alone or in combination with other treatment
modalities, is increasingly being used to treat thoracic malignancies. Unlike external-beam
radiation therapy, which delivers ionizing irradiation, PDT delivered non-ionizing
electromagnetic irradiation. PDT uses a photosensitizing agent, or photosensitizer, that can
accumulate in tumor cells and is activated by light of a specific wavelength to produce
reactive singlet oxygen, designated 10,. This reactive oxygen species mediates cellular
cytotoxicity. The PDT mechanism of action has previously been described.! PDT exerts
direct tumor cell killing through both apoptosis and necrosis and by damaging tumor
vasculature.1:2 PDT also may induce an inflammatory reaction capable of stimulating a
tumor-directed host immune response.3 As the target of PDT is not tumor deoxyribonucleic
acid, in contrast to ionizing external beam radiation therapy, PDT-induced secondary
cancers are highly unlikely to occur. Additionally, chemoresistance and radio-resistance do
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not influence the efficacy of PDT, PDT can be repeated to the same site without
compromising its efficacy, and it does not compromise the ability to administer other
treatment modalities in patients with recurrent or residual disease.l

The optimal wavelength of light to activate the photosensitizer is dependent on the
activation characteristics of the sensitizer, itself. After photosensitizing agent administration,
tumor cells are irradiated with appropriate wavelength light from a laser or other source.
Since the light required to activate common photosensitizing agents typically cannot pass
beyond 5-10 mm of tissue, PDT is most commonly used to treat thoracic malignancies
involving the lining of internal organs or cavities; it is less efficacious when being delivered
for larger tumors without prior surgical debulking or use of interstitially placed light
sources. For endobronchial PDT applications, a common light source is a laser-directed
through fiberoptic cables and inserted through an endoscope into the lungs, whereas pleural
PDT is more commonly delivered using microlenses and custom-designed applicators
(Figure 1).45

NON-SMALL CELL LUNG CANCER

Approximately 224,210 patients will be diagnosed with lung and bronchus cancers in the
United States in 2014, with the majority of these cases being non-small cell lung cancer
(NSCLC). Despite standard treatments of surgery, chemotherapy, and radiation therapy,
lung cancer remains the leading cause of death attributed to malignancies, and it is projected
to account for nearly 160,000 deaths in the United States in 2014.7 PDT offers another
treatment modality by which to combat this grave malignancy.

The photosensitizing agent that has been used most commonly to treat lung and other
thoracic malignancies is porfimer sodium, which was approved by the US Food and Drug
Administration (FDA) for cases of NSCLC where standard therapies are not appropriate and
to palliate symptoms from airway obstruction. The FDA first approved PDT to treat
microinvasive endobronchial NSCLC in early 1998, followed by approval to treat advanced
partially obstructing endobronchial lung cancer in late 1998.8

Since then, there has been increasing interest in using PDT alone or in combination with
standard modalities to definitely treat or palliate symptoms from NSCLC. PDT currently has
roles in the treatment of roentgenographically occult, early-stage, and endobronchial
NSCLC, synchronous primary bronchogenic carcinomas, and advanced NSCLC (Table 1).

Advanced NSCLC

Only approximately 15% of patients with NSCLC present with localized disease confined to
their primary tumor site at the time of diagnosis.®-1° More commonly, patients present with
locally advanced and metastatic NSCLC, which is often associated with a high symptom
burden and significant morbidity.11-13 While patients with malignancies commonly
experience pain during the course of their disease,141° prior studies have reported higher
rates of pain among patients with lung cancer compared with other cancer types.16:17
Advanced lung cancer patients are also likely to experience dyspnea, cough, and
hemoptysis, all of which serve to limit quality of life.
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PDT has been used to palliate symptoms from advanced NSCLC, and endobronchial PDT
can effectively reduce airway obstruction and improve respiratory function and quality of
life.2 Investigators in the United Kingdom prospectively evaluated PDT for palliation among
100 patients with stage I11A-IV advanced bronchogenic carcinoma with endobronchial
luminal obstruction, of which 82% had previously received radiation therapy or
chemotherapy. PDT decreased endoluminal obstruction on average from 85.8% to 17.5%,
with similar improvements in pulmonary function testing.18 PDT also was used to treat 133
symptomatic patients at the University of Alabama Hospital for endobronchial lung lesions,
the majority of whom had NSCLC (n = 89). PDT achieved significant improvements in
dyspnea in 74% of patients based on the Modified Medical Research Council Dyspnea
Scale.1?

Although Nd:YAG laser therapy has historically been the most used therapy for tumor
ablation within the tracheobronchial tree, based on these studies and others, PDT has
become a clearly established effective alternative to Nd:YAG. In fact, PDT may offer a safer
and easier to perform alternative treatment to Nd:YAG.20-22 |n a prospective randomized
controlled trial comparing PDT (n = 14) to Nd:YAG laser therapy (n = 17) in 31 patients
with partial or complete tracheobronchial obstruction from NSCLC, Spanish investigators
found that symptomatic relief was more durable among patients treated with PDT, with a
significantly longer time until treatment failure (P = .03) and longer median survival (P =.
007).23

PDT also can serve as a management tool for hemoptysis by causing thrombosis and
controlling small vessel bleeding.2* In fact, resolution of acute hemoptysis was achieved in
70% of patients treated at the University of California, Irvine with stage 111-1V obstructive
inoperable NSCLC with hemoptysis, dyspnea, and airway obstruction.> Similar excellent
control of hemoptysis was achieved with PDT in a prospective study in Austria.26

PDT also can be combined effectively with external-beam radiation therapy and
brachytherapy. External-beam radiation therapy is perhaps the most established and
effective palliative treatment modality for patients with central obstruction from NSCLC.
Prospective studies have suggested a possible synergistic effect when combining PDT and
ionizing radiation, particularly brachytherapy. A report from Beth Israel Deaconess Medical
Center of 32 patients with bulky endobronchial NSCLC treated with PDT followed 6 weeks
later by brachytherapy (192Ir, 4 Gy weekly x 5 weeks) documented 81% local control, 94%
distant metastasis-free survival, and 100% overall survival at a mean follow-up of 24
months.2” In a small randomized trial by Vancouver investigators to determine if PDT
improves outcomes when combined with external-beam radiation therapy for patients with
inoperable NSCLC causing central airway obstructing, PDT before radiation therapy
significantly improved responses and allowed for more durable local control.28

As part of multimodality therapy, PDT has been reported to be an effective component of
definitive therapy for patients with locally advanced NSCLC.2° PDT has been used as a
means to reduce the extent of surgical resection required by allowing patients with NSCLC
who were initially planned to undergo pneumonectomy the ability to undergo
lobectomy,3%:31 and also to convert patients originally inoperable due to disease extent to
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become surgical candidates.3! PDT successfully reduced the extent of resection or converted
inoperable disease to operable disease in 85% of the 26 patients with NSCLC treated at
Tokyo Medical University Hospital, with four of five originally inoperable patients able to
be converted to resectable and 18 of 21 patients originally candidates only for
pneumonectomy able to undergo lobectomy.3!

Additionally, among 41 patients with locally advanced NSCLC treated at Ohio State
University Medical Center with induction PDT and chemo-therapy and/or radiation therapy,
PDT-based induction converted 57% of patients initially deemed unresectable to be able to
undergo definitive resection and allowed the 27% initially planned to need a
pneumonectomy to be able to undergo lobectomy. Furthermore, PDT achieved pathological
downstaging in 64% and a pathologic complete response in 18% undergoing surgery, with
46% of patients alive at 3 years following therapy.32

PDT also may have a role in the management of NSCLC patients with isolated pleural
metastasis. In a phase 1l trial at the University of Pennsylvania, 22 patients with pleural
metastases but no extrathoracic metastases were treated with surgery with complete (n = 17)
or partial tumor debulking (n = 3), followed by intraoperative hemithoracic pleural PDT. A
73.3% local control rate was achieved at 6 months, and late pleural recurrences were rare in
patients living 2 years. The cohort 3-year survival was 23% and median survival was 21.7
months from the time of surgery and PDT, compared with 6-9 months from the time of
diagnosis for similar patients based on historical controls.33

Early-Stage NSCLC

Despite advances in imaging and increased use of positron emission tomography (PET) and
PET/computed tomography (CT) scans that for NSCLC have been shown to have extremely
high sensitivities in detecting disease and upstaging patients with otherwise more localized
disease on CT scans,3*35 there remains a subset of patients with
bronchoscopicallyconfirmed lung cancer who have disease that is otherwise undetectable on
imaging. These lesions are termed roentgenographically occult. Roentgeno-graphically
occult carcinomas are commonly detected through sputum cytology, and patients with these
cancers often present with early-stage, centrally located squamous cell carcinomas.

Definite surgical resection has historically been the standard treatment approach for this
patient population but can be associated with significant morbidity. Given that lymph node
metastasis is exceedingly rare with roentgenographically occult bronchogenic carcinomas
seen on endoscopy, focal therapy to the primary lesion alone with PDT can be curative.

National Kinki Central Hospital for Chest Diseases investigators reported an early
experience treating 25 patients with 29 roentgenographically occult bronchogenic
carcinomas with PDT from 1983-1990. They achieved a complete remission in 72% of
lesions with PDT, including 89% (17/19) of lesions < cm.3¢ Although the complete response
rate was only 31% for the 36 patients with 39 roentgenographically occult lung cancer
lesions of the trachea and bronchus treated with PDT at the National Cancer Center Hospital
in Tokyo,37 a pooled analysis from five Japanese hospitals of 33 patients with 40
roentgenographically occult proximal bronchial carcinomas treated with PDT revealed a
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complete response in all lesions Figure 1 cm (n = 32) but in only three of eight carcinomas
41 cm.38

Investigators at Osaka Prefectural Habikino Hospital in Japan achieved a complete response
in 64% for the 39 roentgenologically occult carcinomas in 29 patients treated with PDT,
with complete responses more likely for lesions that were super-ficially infiltrating than
lesions that had a nodular appearance (76% v 43%).3% From 1994-2006.

Tohoku University Hospital investigators treated 48 patients with roentgenographically
occult bronchogenic squamous cell carcinomas with PDT. All patients had bronchoscopic
longitudinal tumor lengths of <10 mm. PDT achieved a complete response in 94% of
patients, and the 5-year and 10-year overall survival rates were 81% and 71%, respectively,
for the cohort.40

Early-stage and endobronchial NSCLC, like roentgenologically occult bronchogenic
carcinomas, can be effectively treated with PDT. University of Southern California Medical
School investigators reported a 97% complete response rate in 35 patients with
predominantly primary NSCLC (n = 29) within the tracheobronchial tree,*! and independent
reports from Chinese investigators revealed 96% and 97% response rates in 21 patients with
24 bronchogenic carcinomas*2 and 54 patients with 69 bronchogenic carcinomas,*3
respectively.

Complete response rates to PDT were achieved in 73% of 50 patients with 59 early
squamous cell carcinomas of the bronchus treated at National Kinki Central Hospital for
Chest Diseases** and 62% of 23 patients with 26 early central bronchogenic squamous cell
carcinomas treated by Italian investigators, including a 100% overall response rate.*> A
recent review of 15 trials and 626 patients with early central lung cancer treated with PDT to
715 lesions revealed PDT is well tolerated, with a PDT-related death in one patient (0.15%),
photosensitivity skin reactions in 5%—-28%, non-fatal hemoptysis in 0%-8%, and respiratory
complications in 0%-18%. In this analysis, PDT achieved a complete response in 30%—
100% of patients, and the overall 5-year survival rate was approximately 61%.46

Lesion size has been shown to impact PDT success for treating early-stage and
endobronchial NSCLC. In a phase 11 study by the Japan Lung Cancer Photodynamic
Therapy Study Group from 1989-1992, 49 patients with 59 centrally located subsegmental
or larger bronchi early-stage lung cancers were treated with PDT. A complete response was
achieved in 85% of lesions, with the complete response median duration greater than 14
months. Complete responses were more likely for lesions with a longitudinal tumor extent of
< cm (n = 45) than >1 cm (n 14) (98% v 43%, P = .00001)*’. Similarly, a complete response
to PDT was achieved in 48% of lesions < cm? in surface area (n = 29) but not in any lesions
>3 cm? (n = 11) in a series of 38 patients with 40 lesions seen at the Mayo Clinic.%8

In a large series of 240 patients with 283 central lung cancer lesions treated with PDT at
Tokyo Medical University Hospital, a 99% overall response rate was achieved, with a 40%
complete response rate. A complete response was achieved in 83% (79/95) of early-stage
lesions, including 94% (65/69) of lesions <1.0 cm but in only 54% (14/26) of lesions <1.0
cm and 38% (6/16) of lesions <2.0 cm (P = .00001).4° A more recent report by these
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investigations included 93 patients with 114 central early-stage lung cancers with long-term
follow-up after PDT. They again found the complete response rate to be higher for lesions
<1.0 cm (77/83) than =1.0 cm (18/31) (93% v 58%, P <.001], whereas the 5-year survival
rate was not influenced by tumor size (58% v 59%, P = .207). Of note, only 12% of lesions
<1.0 cm that had an initial complete response to PDT recurred, and recurrences with low-to-
moderate histologic atypia could successfully be salvaged with additional PDT.%0

While PDT in early-stage and endobronchial lung cancer is most commonly used to treat
patients unsuitable for surgical resection, it has become an established alternative treatment
to surgery for patients with early-stage, small, centrally located NSCLC. Among 21patients
who were surgical candidates with 23 early superficial squamous cell carcinomas who
declined resection at Mayo Clinic, PDT achieved a complete response in 70% of lesions.
However, due to persistent disease, disease recurrence, or a second primary lung
malignancy, 48% of patients subsequently required surgery.>!

Among patients who develop tumor recurrence following surgical resection of early-stage
NSCLC, PDT may be a viable salvage option. Among 40 patients with early-stage medically
inoperable carcinoma (n = 12) or recurrent carcinoma in situ following previous treatment
for invasive lung cancer (n = 28) treated with PDT from 1989-2004, a 72% overall complete
response rate was achieved. Although the complete response rates were similar for Tis and
T1 lesions (73% v 69%, P 4.05), the median overall survival was longer for patients with Tis
(120 months v 36 months, P = .03).52

PDT also has an established role in the management of patients with synchronous primary
bronchogenic carcinomas. Such synchronous multiple primary lung cancers occur in up to
15% of lung cancer patients, with this percentage increasing with further improvements in
imaging, adoption of surveillance guidelines, and increasing use of PET scanning.?® The
treatment of synchronous intrathoracic primary tumors with PDT typically has been limited
to patients who are medically inoperable due to medical comorbidities or who would be at
significant risk of pulmonary morbidity from repeated surgeries or radiation therapy to
definitely treat multiple tumors.>*

Among 64 patients treated with PDT from 2004-2008 for early-stage lung cancer, 22 had
multiple primary lung cancer lesions. In these patients, surgery was used commonly to
manage the more peripheral, larger carcinomas, whereas PDT was the predominant modality
for centrally located tumors. All 39 lesions treated with PDT exhibited a complete response
to therapy. In a large series of 104 patients with synchronous lung primary malignancies of
the trachea and lobar and segmental bronchi treated with PDT or endoluminal endoscopic
surgery and PDT, a complete tumor regression was achieved with PDT in all tumors <1 cm
in diameter.2®

NSCLC Summary

For patients with advanced or metastatic NSCLC, PDT is an effective intervention to
palliate symptoms by reducing endobronchial tumor obstruction, which can improve
dyspnea and pulmonary function. PDT also can be used to manage acute hemoptysis and
poststenotic pneumonia. PDT can be combined with other treatment modalities for advanced
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disease. In the neoadjuvant setting, PDT can increase the likelihood of patients being
surgically operable and/or reduce the extent of operation required. PDT can be safely and
effectively combined with external beam radiation therapy or endobronchial brachytherapy
and may achieve further improvements in symptomatic relief with more durable responses
and improved local control than can be achieved with conventional radiation therapy alone.

Among patients with roentgenologically occult bronchogenic carcinomas, PDT can achieve
high complete response rates and is a well-established option for patients who are not
medically operable due to comorbidities. PDT is associated with less morbidity than
resection and may be considered as a treatment option for roentgenologically occult
bronchogenic carcinomas even among select surgical candidates, particularly for those
refusing resection. PDT is most effective for tumors with lengths <1 cm that have no
extracartilaginous invasion and no radiologic findings on high-resolution CT imaging.
Similarly, early-stage and endobronchial carcinomas <1 cm are treated effectively with
PDT. PDT also has an established role in treating synchronous or metachronous primary
endobronchial carcinomas, an increasingly common diagnosis. PDT should be considered
for patients with synchronous endo-bronchial carcinomas who are medically inoperable or
technically unresectable. Since repeated surgical resections or multiple courses of external
beam radiation therapy to manage multiple carcinomas may result in significant patient
morbidity, PDT also can be considered in properly selected patients who are surgical
candidates, particularly for central tumors with diameters <1 cm. Patients treated with PDT
for definitive therapy of early-stage NSCLC still need to be monitored closely after
treatment to assess for local recurrences.

SMALL CELL LUNG CANCER

Small cell lung cancer (SCLC) has a high propensity for distant metastatic spread and as
such, the use of PDT as a potentially curative modality for early-stage SCLC is more
problematic. To date, literature on the clinical use of PDT to treat SCLC is extremely
limited. Reports of SCLC being treated with PDT have been described in single-patient case
studies®6:57 or in larger series of bronchogenic carcinomas in which a minority of patients
within the cohort had SCLC. Moghissi et al. reported on palliative PDT administration to
100 patients with stage I11A-IV advanced inoperable bronchogenic carcinomas, 10 of whom
had SCLC.18 Similarly, four of 133 patients reported on by Minnich et al'9 and four of 81
patients reported on by Furukawa et al?2 had SCLC. Only one of 258 lesions treated with
PDT by Kato et al was SCLC.?8 Results from these studies were not separately reported
according to histology.

SCLC Summary

As SCLC has a high propensity for distant meta-stasis, PDT does not have a practical role as
definitive therapy for this disease. Furthermore, SCLC is very responsive both to
chemotherapy and radiation therapy, and palliation for patients with advanced or metastatic
SCLC may best be achieved using those conventional treatment modalities. PDT can be
considered, however, for palliation of symptomatic patients with SCLC who have
progressive disease following standard treatment modalities or who are not candidates for
standard therapies.
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MALIGNANT PLEURAL MESOTHELIOMA

Malignant pleural mesothelioma (MPM) is a rare malignancy with a limited median survival
on the order of 12 months.5® Most patients with MPM are not candidates for definitive
surgery at diagnosis, either because they present with numerous comorbities and/or at an
advanced age following a prolonged latency period after ashestos exposure or because they
are diagnosed at an advanced stage with disease that is not amenable to gross total resection.

However, among patients with MPM who are candidates for definitive resection, surgery,
when administered as a part of a multidisciplinary treatment regimen, can be associated with
improved survival over nonsurgical modalities. An International Association for the Study
of Lung Cancer trial that evaluated 3,101 patients across 15 centers from four continents
showed that patients undergoing surgery with curative intent had improved survival
compared with patients not treated with resection as part of their management plan.6? As
such, the International Mesothelioma Interest Group Congress recently issued a consensus
recommendation that surgery should be performed as part of a multi-modality treatment
approach for MPM.51

Currently employed procedures for definitive surgery include an extrapleural
pneumonectomy (EPP), which is a lung-sacrificing surgery that entails the en bloc resection
of the parietal pleura, lung, pericardium, and diaphragm, and a radical or extended
pleurectomy, which entails the resection of all pleural surfaces and gross disease while
preserving the lung.62 The goal of both procedures, however, is to obtain a macroscopic
complete resection,61:63 with the procedure type selected based on the disease distribution
and surgeon preference and experience.1 EPP is the most oncologic surgery-like procedure,
with less microscopic residual disease thought to be left behind compared with a lung-
sparing surgery, and it better facilitates adjuvant hemithoracic radiotherapy that can improve
local control with less concern of radiation-induced lung toxicity®4. In contrast, a radical
pleurectomy offers lower rates of perioperative morbidity and mortality5® and improved
preservation of lung function.56

Unlike with lung cancer, in which PDT can be delivered as monotherapy or as part of
multimodality therapy, PDT for mesothelioma only has a role in definitive therapy as part of
a multimodality treatment regimen. PDT is able to be combined with EPP®7 and radical
pleurectomy,8 and it is generally well tolerated. PDT, however, does result in localized
inflammation and fluid accumulation in the immediate postoperative setting and can
modestly extend hospital stay beyond what is seen with the respective surgical procedures
alone.

Among the earliest reports of using PDT to treat MPM was one by investigators at the
National Cancer Institute.5% These investigators later performed the only randomized phase
I11 trial that has assessed the benefit of PDT for MPM. From 1993-1996, patients were
treated with maximum debulking surgery and postoperative cisplatin, interferon alpha-2b,
and tamoxifen immunochemotherapy, and they were randomized to receive or not receive
intraoperative intrapleural PDT. PDT employed porfimer sodium as the photosensitizer and
novel intraoperative real-time light dosimetry. Sixty-three patients were randomized,
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including 48 patients who underwent optimal tumor debulking to <5 mm. PDT did not add
to the number or severity of treatment-related complications from surgery and/or
immunochemo-therapy. PDT, however, also did not influence the patterns of recurrence,
median survival (14.1 months v 14.4 months), or median progression-free time (8.5 months
v 7.7 months).”0 It is possible that no clinical improvements were seen with PDT due to a
high proportion of patients having macroscopic residual disease remaining following
surgery, as opposed to a gross microscopic resection with only miscroscopic residual
disease, for which PDT is more ideally suited to control given its limited depth of
penetration.’!

In another prospective trial, 40 patients with MPM who were enrolled in a phase 11 study
underwent EPP or pleurectomy followed by intracavitary porfimer sodium-based PDT. The
median survival was 36 months for stage I-1l patients (n = 13) and 10 months for patients
with more advanced disease (n = 24) (P <.0001). On multivariate analysis, PDT dose was
determined to be an independent prognostic indicator for overall survival (P <.009).72

Twenty-eight patients with generally advanced MPM were treated on a phase 1/11 dose
escalation study with increasing doses of meta-tetrahydroxyphenylchlorin-mediated
intraoperative PDT. Although half of the study population had durable local tumor control
following pleuropneumonectomy and PDT, PDT was associated with increased toxicity and
accounted for one patient death in the immediate postoperative period.”3
Polyhematoporphyrin-mediated PDT, however, was shown to be well tolerated without
significant morbidity among 14 patients with advanced MPM treated from 1993-2002 with
decortications and intraoperative PDT. Additionally, as compared with nine patients not
treated with PDT in their prospective nonrandomized trial, patients treated with PDT had an
improved median survival (P =.0179) and were less likely to have tumor regrowth 6 months
after surgery (29% v 73%, P <.05).74

With a series of prospective and retrospective studies, University of Pennsylvania
investigators have produced perhaps the most compelling data supporting the use of
intraoperative PDT to treat MPM.”>.76 They most recently reported on their prospective
study in which 38 patients with MPM were treated with radical pleurectomy and
intraoperative PDT from 2005-2010. In this patient population, all but one patient achieved
a macroscopic complete resection despite this being a very advanced patient population with
all but one patient having stage 111/ IV MPM. A median survival of 31.7 months was
achieved for the entire cohort, with a 41.2-month median survival for patients with epithelial
histology (n = 31). Despite the prolonged overall survival, the progression-free survival was
only 9.6 months for the cohort, potentially suggesting that there may be an autologous tumor
vaccine-type response in microscopic residual disease induced by PDT.%8

Malignant Pleural Mesothelioma Summary

Intraoperative PDT can be safely combined with surgery and other treatment modalities for
malignant pleural mesothelioma. Prior to PDT delivery, a macroscopically complete surgical
resection should be achieved, either by EPP or radical pleurectomy, due to the limited depth
of penetration of PDT. PDT for malignant pleural mesothelioma appears promising and may
improve local control and potentially prolong survival in properly selected patients who are
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able to undergo a macroscopically complete resection, with clinical outcomes appearing best
when PDT is combined with a lung-sparing definitive surgery.

FUTURE DIRECTIONS FOR PDT

With novel treatment applications of PDT in the chest, the development and implementation
of novel photosensitizers use, and the improvements in imaging and surveillance, the
efficacy and use of PDT to treat thoracic malignancies, including NSCLC and MPM, is
expected to increase in the future.

For NSCLC, investigators at Tokyo Medical University Hospital recently evaluated a novel
PDT delivery. Among patients with peripheral lung cancers <1 cm in diameter who were
unfit for surgery, under CT guidance they inserted needles percutaneously that contained an
internal catheter positioned within the tumor. They then delivered light through the catheter
to nine patients and achieved partial remission in seven patients. While this is an
encouraging early result in a patient population that is not currently managed with PDT as a
treatment option, the procedure was complicated by two cases of pneumothorax.’”
Regardless, as this technique is refined and improved, the breadth of stage | NSCLC lesions
able to be amenable to definitive PDT treatment is expected to increase. Improvements in
interventional pulmonology navigation systems and an increasing ability to access a higher
proportion of peripheral lesions endobronchially will further expand the use of PDT.

Novel photosensitizers also may make PDT more efficacious and widely accessible.
Second-generation photosensitizers recently have been evaluated in clinical trials. Tokyo
Medical University Hospital investigators conducted a phase Il study of 41 patients
assessing the use of mono-(L)-aspartylchlorin-e6 (NPe6) as photosensitizer for PDT to treat
early-stage central, superficial lung squamous cell carcinoma lesions up to 2 cm in size. In
comparison to an approximately six week photosensitivity with porfimer sodium, skin
photosensitivity with NPe6 disappeared within two weeks in 85% of patients and within 18
days in all patients, with no serious adverse drug reactions observed and an 85% complete
response rate.”8 These investigators treated an additional 75 patients with 91 centrally
located early-stage lung cancers using NPe6 as photosensitizer for PDT from 2004-2008.
NPe6-based PDT achieved a complete response in 94% of lesions <1.0 cm (n = 70) and 90%
for lesions >1.0 cm (n 21).7° Additional photosensitizers are under development to attempt
to increase the depth of penetration, reduce the length of photosensitizity, and reduce PDT
toxicity.

Improvements in imaging, endoscopy, and surveillance may increase the use and efficacy of
PDT for thoracic malignancies. Although PDT can achieve complete response rates in the
majority of early-stage centrally located lesions <1 cm, response rates generally decline
significantly for larger lesions. Advances in imaging techniques, including the use of
fluorescence endoscopy, will better visualize tumor extension along the bronchial wall. Use
of these techniques in combination with PDT may help to prevent undertreatment of tumors
at the time of PDT delivery or to improve surveillance of lesions following PDT. In fact, a
2011 report using a video endoscopy-based auto fluorescence bronchoscope system with
conventional bronchoscopy served to increase the sensitivity of surveillance after PDT
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administration from 69% to 100%20. Similarly, adding endobronchial ultrasonography to
endoscopy can better assess tumor thickness, which also may reduce the risk of
undertreating lesions with definitive PDT. Increased adoption of CT surveillance for high-
risk populations and continued improvements in imaging techniques should diagnose
NSCLC lesions at an earlier stage that is more amenable to definitive therapy with PDT.
Imaging improvements also may improve surveillance following PDT delivery and thus
increase salvage rates for patients who recur after having an initial complete response to
PDT.

For MPM, University of Pennsylvania and Roswell Park Cancer Institute investigators
completed enrollment in early 2014 to a multi-centered phase I trial assessing 2-[1-
hexyloxyethyl]-2-devinyl pyropheophorbide-a (HPPH) as a novel photosensitizer for PDT
delivered intraoperatively. This drug has only a 2-week photosensitivity period. The drug
was well-tolerated, with publication of trial results pending. In 2014, these investigators also
began enrolling to a multi-centered University of Pennsylvania-led randomized trial of
radical pleurectomy with or without porfimer sodium-based PDT using advanced real-time,
isotropic light dosimetry for epithelial MPM to definitively determine if PDT improves
overall survival following a macroscopic complete resection. Future work for MPM also is
being aimed at determining the impact of PDT on the immune system. Additionally,
intrapleural immunotherapy8® and intrapleural gene therapy82 are novel therapeutic
approaches to treating MPM in patients who are not candidates for surgery with curative
intent, and future studies are likely to combine surgery and PDT with these immune-based
therapies.
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Figure 1.
Intracavitary photodynamic therapy delivery. Following radical pleurectomy and gross

macroscopic resection of malignant pleural mesothelioma, intraoperative PDT at 630 nm
(red light) is delivered to the pleural surface using an optical fiber sheathed within a
modified endotracheal tube. Seen existing the pleural cavity are the leads to isotropic light
detectors that are externally attached to a real-time dosimetry system to monitor light
fluence and dose.
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Table 1

Roles of PDT to Treat Patients With Thoracic Malignancies

Non-small Cell Lung Cancer*
Definitive therapy for early-stage central endobronchial tumors
Definitive therapy for early-stage locally recurrent central tumors following Definitive surgery or radiation therapy
Definitive therapy for early-stage peripheral lung lesions
Definitive therapy for roentgenographically occult central tumors
Definitive therapy for synchronous primary carcinomas
Neoadjuvant therapy to convert originally inoperable patients to surgical candidates
Neoadjuvant therapy to reduce the extent of surgical resection (pneumonectomy — lobectomy)

Palliation to reduce endobronchial luminal obstruction and tumor stenosis, improve performance status and respiratory function, and resolve
acute hemoptysis and poststenotic pneumonia

Treatment of disease with pleural spread as part of multi-modality therapy
Treatment of locally advanced disease as part of multi-modality therapy
Small-cell Lung Cancer

Palliation to reduce endobronchial luminal obstruction and tumor stenosis, improve performance status and respiratory function, and resolve
acute hemoptysis and poststenotic pneumonia

Malignant Pleural Mesothelioma
Intraoperative adjuvant therapy following extrapleural pneumonectomy
Intraoperative adjuvant therapy following radical pleurectomy

Palliation to reduce endobronchial luminal obstruction and tumor stenosis, improve performance status and respiratory function, and resolve
acute hemoptysis and poststenotic pneumonia

*
Role of PDT for non-small cell lung cancer adapted, in part, from Simone CB 2nd, et al. J Thorac Dis. 2012;4(1):63—75.2
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