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Abstract

To investigate the therapeutic potential of cisplatin chemotherapy in combination with
photodynamic therapy (PDT), HPPH [3-(1'-hexyloxy) ethyl)-3-devinyl-pyropheophorbide-a] was
conjugated with both cis- and trans-platins. Both the conjugates showed lower cellular uptake and
cell kill than HPPH under similar drug doses and light treatment parameters. In contrast, HPPH at a
dose of 0.47 mmol/kg showed 20% anticancer activity on day 60 in mice bearing either head & neck
or lung cancer (NSCLC). Interestingly, HPPH-PDT in combination with cisplatin chemotherapy
resulted in 80% tumor cure on day 60. This combinatorial approach was further extended to SCID
mice implanted with patients’ lung tumors derived and treated with not radioactive iodinated HPPH
(PS-531, a corresponding PS with 1241 isotope, is under IND submission to the United States FDA ‘s
approval for Phase I clinical trial of lung cancer imaging in patients by PET). Like HPPH, PS-531 also
exhibited excellent tumor cure (80%) on day 60. Interestingly, PS 531-mediated PDT followed by
treatment with cisplatin at a reduced chemotherapy dose gave 100% tumor cure in mice bearing lung
cancer on day 60.

Keywords: photosensitizer (PS); photodynamic therapy (PDT); structure activity relationship (SAR);
FDG,; fluorodeoxyglucose

1. Introduction

Among the chemotherapy agents approved by the Food and Drug Administration (FDA) to treat
cancer, cisplatin is one of the most widely used anticancer agents [1]. It is used all over the world in
clinics to treat multiple solid tumors, e.g., testicular, bladder and lung [2]. Like many chemotherapy
agents, resistance to cisplatin, whether intrinsic (present before treatment) or acquired (developing
during therapy), remains a major obstacle to its long-term clinical effectiveness [3]. Tumor cells
employ a multifaceted array of mechanisms to evade cisplatin-induced cytotoxicity, which involve
alterations in drug transport, detoxification, DNA repair, and cell death pathways [4]. Some of the
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major cisplatin toxicity include nephrotoxicity (acute kidney injury), ototoxicity (hearing loss,
tinnitus), neurotoxicity (peripheral neuropathy) and myelosuppression (anemia, leukopenia,
thrombocytopenia) [5]. Compared to other chemotherapy agents, cisplatin shows a favorable
pharmacokinetic profile, therefore, it is still used in clinics, and strategies applied to enhance its
efficacy with reduced toxicity [6]. Thus, efforts to improve the therapeutic index are underway in
various but laboratories by designing rational combination therapies and/or increasing its delivery
to tumor cells [7]. To achieve maximal benefit by using combinational therapy, the treatment
parameters should be rationally designed to have different mechanistic action for destroying tumors
and are synergistic, not antagonistic, and should not have additive toxicity profiles.

Given the high incidence and mortality from lung cancer, there have been improvements in
surgery, radiation therapy and chemotherapy, which are the main treatment modalities available to
patients [9]. Nevertheless, there has been limited change in lung cancer survival in the last decade.
Molecularly targeted therapy is promising, but only a small fraction of patients has targetable
mutations. Thus, the need for additional therapeutic modalities remains high [10]. Surgery remains
the primary treatment modality for loco-regional disease. However, local recurrence remains a
significant problem despite modest improvement in survival from adjuvant chemotherapy. Due to
the association of lung cancer with tobacco use many patients also suffer from impaired lung function
resulting from chronic obstructive pulmonary disease (COPD) [11]. Consequently, surgical resection
of some early-stage tumors may be contraindicated because of inadequate pulmonary reserve.
Additionally, up to 10% of successfully resected or radiated lung cancer subsequently develop a
second primary lung neoplasm, and another operation or further radiotherapy may not be feasible
at that point. Thus, therapeutic approaches that spare functional lung tissue are required for many
patients in whom lung cancer is diagnosed [12].

PDT has been used successfully for endobronchial palliation of advanced disease and for the
management of early lung cancer [13]. The fact that PDT works well in combination with other
oncologic procedures and therapies makes this an important tool in the modern multidisciplinary
approach to thoracic malignancies [14]. In PDT, systemic administration of a light-activatable drug
(i. e. photosensitizer, PS) followed by illumination of the target tissue with visible light produces
reactive oxygen species (mainly singlet oxygen), resulting in tumor cell death, microvasculature
damage and local inflammation. This treatment modality has remained a promising approach in
thoracic oncology for quite some time [15]. It is an established therapy for obstructive or premalignant
lesions in the tracheobronchial tree. The relative simplicity of this intervention and its highly reliable
tumor ablative ability, make it attractive as a therapeutic modality for broader application in lung
cancer [16]. However, the major side effects of skin phototoxicity and the relatively superficial nature
of tumor necrosis produced by this modality have contributed to the limited application of PDT in
lung cancer [17]. Therefore, photosensitizers with improved photophysical properties, higher tumor-
specificity, limited skin phototoxicity and fluorescence-guided PDT have been currently the
objectives of various laboratories [18].
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Figure 1. Illustration of the treatment of lung cancer patients by Photodynamic Therapy (PDT).
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Since the approval of Photofrin™ by the United States FDA (US FDA) for its use in clinical PDT,
both active and passive approaches of developing agents related to porphyrins and non-porphyrin
with improved tumor-specificity, limited skin phototoxicity and desired photophysical properties
have been reported [19]. Among the PSs developed based on structure-activity-relationship (SAR), it
was observed that the overall lipophilicity of the molecule plays an important role in its tumor-
specificity, tumor retention and pharmacokinetic (PK) profile [20]. For porphyrin-based compounds
in which one of the pyrrole ring was reduced (trans-), the starting compounds were either isolated
from the naturally occurring materials or the desired PS was synthesized starting from pyrroles in a
multistep synthesis [21].

2. Materials and Methods

Chemistry:

Synthesis of Compound 1. HPPH (50.0 mg; 1 eq.) and (benzotriazol-1-yloxy) triprolidine-
phosphonium hexafluorophosphate (2.5 eq.) were dissolved in dry DMF (7 ml) under Ar atmosphere.
To this solution 4-aminomethyl pyridine (2.5 eq.) and triethylamine (2.5 eq.) were added, and the
reaction mixture was stirred overnight at room temperature. After this, reaction mixture was diluted
with 30 ml of DCM, and it was washed with H20 (3 x 30 ml) and dried over Na:SOa. After filtration
the solvent was removed under reduced pressure. The resulting residue was purified by preparative
TLC (2 plates), using 6% MeOH in DCM as eluent to give compound 1 in 73% (42 mg) yield. UV-Vis
Amax (MeOH) : 660 (rel. intensity 0.407), 604 (0.074), 536 (0.081), 504 (0.078), 406 (0.799); "H NMR (400
MHz, CDCls, d ppm): 9.80/9.78 (1H, s, 5-H), 9.19/9.18 (1H, s, 10-H), 8.51 (1H, s, 20-H), 8.27 (2H, m,
pyridine 2-H & 6-H), 6.79 (2H, m, pyridine 3-H & 5-H), 5.91/5.89 (1H, q, ] = 6.8 Hz, 3!-H), 5.72/5.70
(1H, t, ] = 5.9 Hz, amide NH), 5.16 (1H, d, ] = 19.7 Hz, 13--CHH), 5.00/4.99 (1H, d, | = 19.7 Hz, 132-
CHH), 451 (1H, qd, ] = 7.2, 1.1 Hz, 18-H), 4.32 (1H, m, 17-H), 4.15/4.13 (1H, dd, ] = 15.8, 6.2 Hz, -
C(=O)NHCHH-), 3.99/3.95 (1H, dd, | = 15.8, 5.7 Hz, -C(<=O)NHCHH-), ~3.67/3.61 (2H, m, -
OCH:(CH2)4«CHs), ~3.59 (2H, m, 8-CH:CHs), 3.37/3.36 (3H, s, 2-CHs), 3.271/3.265 (3H, s, 7-CHz),
3.24/3.22 (3H, s, 12-CHs), 2.65 (1H, m, 17-CHHCH>-), 2.51 (1H, m, 17-CHHCH>-), 2.27 (1H, ddd, | =
14.6,9.6, 6.4 Hz, 17-CH-CHH-), 2.11 (3H, d, ] = 6.6 Hz, 3!-CHs), 1.93 (1H, ddd, ] =14.7, 9.8, 5.3 Hz, 17-
CH:CHH-), 1.791/1.788 (3H, d, ] = 7.2 Hz, 18-CH3), ~1.74 (2H, m, -OCH2CH2(CH2)sCHs), 1.62/1.61 (3H,
t, ] = 7.6 Hz, 8-CH2CHs), 1.39 (2H, m, -O(CH2)2CHz(CH2):CHs), 1.24 (4H, m, -O(CHz)3(CHz)2CHz),
0.80/0.78 (3H, distorted t, | ~ 7 Hz, -O(CH2)sCHs), 0.47 (1H, br s, core NH), -1.66 (1H, s, core NH); 3C
{'H} NMR (100 MHz, CDCls, d ppm): 196.1, 172.4, 171.84/171.82, 159.99/159.98, 155.37/155.35, 150.8,
149.7/149.6 (2C), 148.9, 147.2/147.1, 145.11/145.09, 141.5/141.4, 139.89/139.87, 137.6/137.5,
136.27/136.25, 135.68/135.66, 132.4/132.3, 130.13/130.12, 128.01/127.99, 122.12/122.10 (2C),
105.94/105.92, 104.02/104.01, 98.1/98.0, 92.5, 72.84/72.81, 69.74/69.73, 51.58/51.56, 50.1, 48.0, 42.14/42.12,
32.52/32.50, 31.74/31.72, 30.23/30.20, 30.21, 26.09/26.07, 24.71/24.66, 23.03/23.02, 22.58/22.56, 19.4,
17.4/17.3, 14.0/13.9, 11.70/11.69, 11.3, 11.03/11.02. HRMS (ESI) calculated for CssHssNeOs [MH]
727.4336, found 727.4352

Synthesis of Compounds 2 and 3. These compounds were obtained by following a previously
published procedure*. Silver nitrate, (AgNOs, 5.0 mg), was added to the solution of trans- or cisplatin
(9.0 mg) in DMF (4.0 ml), and the reaction mixture was stirred overnight in darkness under Ar
atmosphere at 55°C. Then AgCl precipitate was filtered, compound 1 (20.0 mg) was added to
supernatant, and reaction was stirred under the same conditions as described above. After this DMF
was removed under high vacuum and residue was dissolved in MeOH. Unreacted trans- or cisplatin
was filtered off, solvent was evaporated under reduced pressure and desired product (compound 2
or 3 accordingly) was purified by silica column chromatography, using gradient 5-8% of MeOH in
DCM as eluent. Title compounds were obtained in 69% (20.0 mg) yield each.

Characterization of compound 2: UV-Vis Amax(MeOH) : 660 (rel. intensity 0.130), 605 (0.026), 536
(0.029), 504 (0.029), 406 (0.261); '"H NMR (400 MHz, 93:7 CDCls/CDsOD, o ppm): 9.64/9.63 (1H, s, 5-
H), 9.28 (1H, s, 10-H), 8.52 (2H, m, pyridine 2-H & 6-H), 8.44 (1H, s, 20-H), 7.18 (2H, m, pyridine 3-H
& 5-H), 5.82/5.80 (1H, q, ] = 6.7 Hz, 3'-H), 5.14/5.13 (1H, d, ] = 19.9 Hz, 13>-CHH), 4.94 (1H, d, ] =19.9
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Hz, 13>-CHH), 4.45 (1H, qd, ] =7.3, 1.7 Hz, 18-H), 4.32/4.30 (1H, d, | = 16.6 Hz, -C(=O)NHCHH-), 4.21
(1H, m, 17-H), 421/4.19 (1H, d, ] = 16.5 Hz, -C(=O)NHCHH-), ~3.59/3.52 (2H, m, -OCH2(CH2)«CH3),
~3.56 (2H, m, 8-CH:CHs), 3.45 (3H, s, 12-CHs), ~3.29 (3H, s, 2-CH3), 3.16 (3H, s, 7-CHs), ~2.60 (1H, m,
17-CHHCH?>-), ~2.54 (1H, m, 17-CH.CHH-), ~2.27 (1H, m, 17-CH-CHH-), ~2.20 (1H, m, 17-CHHCHo>-
), 2.024/2.017 3H, d, ] = 6.7 Hz, 3'-CHs), 1.73 (3H, d, ] = 7.2 Hz, 18-CHs), ~1.66 (2H, m, -
OCH:CH:(CH2)sCHs), 1.584/1.581 (3H, t, ] = 7.6 Hz, 8-CH2CHs), 1.29 (2H, m, -O(CHz):CHz(CH2)CHz),
1.13 (4H, m, -O(CHz)3(CHz)2CHs), 0.69 (3H, distorted t, ] ~ 7 Hz, -O(CH2)sCHs); *C {H} NMR (100
MHz, 93:7 CDCls/CDsOD, d ppm): 197.2, 174.18/174.16, 172.2, 160.6, 155.7, 152.64/152.61 (2C), 150.8,
148.94/148.92, 145.1, 141.5, 139.58/139.56, 137.2, 136.2, 135.7, 132.6/132.5, 129.5, 127.8, 125.10/125.09
(2C), 105.5/105.4, 104.0, 97.7/97.6, 92.7, 72.7/72.6, 69.6, 51.5, 50.0, 47.8, 41.58/41.56, 32.62/32.59, 31.5,
30.72/30.67, 30.0, 25.9, 24.4/24.3, 22.8,22.4,19.2,17.1,13.7,11.7, 11.0, 10.8. Note: The following protons
were not observed due to chemical exchange: two core, one amide, and six ammine protons. One
carbon (the pyridine moiety C4) produced no observable signal, presumably due to aggregation-
induced line broadening. HRMS (ESI) calculated for C45HeoNsOsCIPt [M*] 990.4125, found 990.4146

Characterization of compound 3: UV-Vis Amax(MeOH) : 660 (rel. intensity 0.323), 603 (0.060), 536
(0.066), 504 (0.063), 407 (0.634); '"H NMR (400 MHz, 94:6 CDCls/CDsOD, d ppm): 9.64/9.62 (1H, s, 5-
H), 8.98 (1H, s, 10-H), 8.50 (2H, m, pyridine 2-H & 6-H), 8.424/8.420 (1H, s, 20-H), 7.08 (2H, m, pyridine
3-H & 5-H), 5.81/5.79 (1H, q, ] = 6.8 Hz, 3'-H), 5.12/5.11 (1H, d, ] =19.9 Hz, 13>-CHH), 491 (1H, d, ] =
19.8 Hz, 13>-CHH), 4.42 (1H, qd, ] =7.3,1.7 Hz, 18-H), 4.17/4.14 (1H, d, ] ~ 16.7 Hz, -C(=O)NHCHH-),
~4.15 (1H, m, 17-H), 4.08/4.07 (1H, d, ] = 16.7 Hz, -C(=O)NHCHH-), ~3.48-3.62 (2H, m, -
OCH:(CH2)4«CHzs), 3.41 (2H, q, ] = 7.5 Hz, 8-CH:CH3s), 3.27/3.26 (3H, s, 2-CH3s), 3.18 (3H, s, 12-CHs),
3.15/3.14 (3H, s, 7-CHs), 2.56 (1H, m, 17-CHHCH>-), 2.42 (1H, m, 17-CH.CHH-), ~2.22 (1H, m, 17-
CHHCH?>-), ~2.15 (1H, m, 17-CH2CHH-), 2.02/2.00 (3H, d, | = 6.7 Hz, 3'-CHs), 1.702/1.695 (3H, d, | =
7.3 Hz, 18-CHs), 1.66 (2H, m, -OCH2CH2(CH:)sCHs), 1.491/1.486 (3H, t, ] =7.6 Hz, 8-CH2CHs), 1.32/1.26
(2H, m, -O(CHz2).CH>(CHz2).CHs), 1.14 (4H, m, -O(CH2)3(CH2)2CH3), 0.70/0.69 (3H, distorted t, ] ~7 Hz,
-O(CH2)sCHs); *C {"H} NMR (100 MHz, 94:6 CDCls/CDsOD, d ppm): 197.1, 173.8, 172.2, 160.4, 155.6,
152.5 (2C), 151.72/151.70, 150.7, 148.84/148.82, 145.1, 141.5/141.4, 139.64/139.62, 137.1, 136.12/136.10,
135.7, 132.6/132.5, 129.4, 127.6, 124.4 (2C), 105.48/105.45, 103.8, 97.8/97.7, 92.6, 72.69/72.66, 69.6, 51.5,
50.0, 47.8, 41.5, 32.7/32.6, 31.6, 30.64/30.61, 30.0, 25.9, 24.42/24.36, 22.8, 22.4,19.1, 17.1, 13.8, 11.5, 11.1,
10.81/10.78. Note: The following protons were not observed due to chemical exchange: two core, one
amide, and six ammine protons. HRMS (ESI) calculated for CissHeoNsOsCIPt [M*] 990.4125, found
990.4168

Formulation of Photosensitizers: HPPH: 1 mg and Tween80 (50 ul) were mixed vigorously for
15-20 min using mortar and pestle and left in darkness at room temperature for 4-5 hours covered in
foil. The resulting mixture was diluted with 5% dextrose solution (5 ml) and filtered through 0.2-
micron filter to remove any bacteria. Concentration of the PS In Tween formulation was calculated
spectrophotometry using Beer-Lambert law. A=ecb, where A is absorbance, e is extinction coefficient,
¢ is concentration of compound and b is pathlength of the light through solution (1.0 cm). The
concentration of the PS was 0.198 mmol/L (198 umol/L). The iodinated PS (531) was formulated in
2% Pluronic F-127 aqueous solution and the concentration of the PS was measured by following the
method discussed for HPPH.

Biological Studies:

In vitro photosensitizing efficacy by MTT Assay: MTT [3-(4,5-Dimethylthiazol-2-yl)-2,5-
Diphenyltetrazolium Bromide)] was acquired from ThermoFisher. Standard protocol was followed
to determine cell viability after PDT. Briefly, cells were plated in 96 well lates at a concentration of
10k cells per well. The cells were allowed to adhere to the plastic before being exposed to HPPH,
compound 2 or compound 3. Cells incubated with the drug formulation for 24 hours before plates
were exposed to 1J/cm? of 665 nm light at a dose rate of 3.2 mW/cm?. 48 hours post PDT, MTT assay
was started by adding 15 ul of MTT solution to each well. After an incubation time of 2 hours, the
plates were washed and DMSO was added to solubilize the Formazan salt. Plates were read at 570
nm. Viability was determined by comparing to control wells on the same plate that received no stressors.
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In vitro Fluorescence microscopy: Approximately 100k NSCLC cells were plated in 6 well plates
and allowed to adhere for 24 hours. The wells were washed twice with cold PBS before receiving
fresh media with 1 uM of either HPPH, compound 2 or compound 3. 24 hours after the
photosensitizer was added, each well was washed twice with ice cold PBS before replacing with
phenol red free media. Plates were immediately imaged utilizing a Zies microscope, taking at least 3
different fields. Fields were analyzed by normalizing the red fluorescence from the photosensitizer
to the number of cells in the field.

Method for Tumor Implantation: The FaDu tumors were transplanted into 6-8-week-old female
SCID mice (Strain C.B Igh-1b Icr Tac Prkdc Scid) and were maintained in the animal facility. Mice
bearing an established tumor (~7 days after implantation) were treated with PDT and Cisplatin. Two
axes (mm) of tumor (L, longest axis; W, shortest axis) were measured with the aid of a Vernier caliper.
It was estimated using a formula: tumor volume = 1/2(L xW2). The tumors were irradiated with light
(fluence: 135 J/cm?2; fluence rate: 75 mW/cm?2 for 30 min at 665 nm using a Lightwave laser diode. The
mice restrained without anesthesia in plexiglass holders designed to expose only the tumor and a 2-
4 mm annular margin of skin to light. Tumor measurements were taken daily for first 10 days and
then three times a week for 4 weeks, followed by twice a week thereafter for a total of 60 days post
treatment. The untreated control was compared for tumor response for each treatment group
subjected to PDT =+ Cisplatin therapy (CT).

Complete tumor regression (CR) was defined as the inability to detect the tumor by palpation at
the initial site of tumor appearance for more than 2 months post therapy. Partial tumor regression
(PR) was defined as a = 50% reduction in initial tumor size. Observations of scar formation, edema,
erythema, in the treatment field were observed and recorded. All studies were performed in
accordance with protocols approved by the institutional animal care and use committee of our
institution

Statistical Analysis: The standard log-rank test (Mantel-Cox) was used for statistical analysis.
It is a test to compare the survival of the animal/tumor cure based on the Kaplan-Meier survival
curve. It detects differences between groups to confirm. For in vivo PDT/CT efficacy analysis the cure
rate and the survival curves were plotted using the drug dose over tumor regrowth. This study was
conducted in an AAALAC-accredited facility, following the IACUC-approved animal protocol.

3. Results and Discussion

Chemistry

In our laboratory PDT drug development has been focused on using natural products as starting
materials, and most of the compounds for cancer-imaging (fluorescence, PET, MRI) and therapy
(PDT, SDT) were derived either from chlorophyll-a or bacteriochlorophyll-a [22]. Among the
compounds developed so far, three agents, e.g, (i) 3-(1"-hexyloxyethyl)-3-devinylpyro-
pheophorbide (HPPH, 665 nm, currently in Phase II clinical trials of head & neck [23] and esophageal
cancers) [24], (ii) Photobac 787 nm (derived from bacteriochlorophyll-a) is in Phase I clinical trial of
Glioblastoma) [25] and (iii) PET-ONCO, an I- analogs derived from chlorophyll-a) for PET-imaging
of those cancers (e.g., bladder, brain, kidney) for which F-18 FDG shows limitations [26,27].
Additional advantages of these compounds over Photofrin™ are reduced skin phototoxicity, longer
wavelength light adsorption, improved photophysical characteristics, improved anticancer activity
and desired PK profile [28,29].

We have previously reported that HPPH is an effective PS for the treatment of a variety of
cancers with no significant toxicity in absence of light [22]. Like other PDT PSs, HPPH also shows
limitations in treating metastases, whereas for the localized cancer and metastasis, cisplatin, a
chemotherapeutic agent has been frequently used. However, in contrast to PDT, recurring cancer
cells show resistance to cisplatin chemotherapy [30]. Therefore, our objective was to investigate the
potential of PDT in combination with chemotherapy by first conjugating HPPH with cis-platin as
multitherapeutic agent (PDT and chemotherapy), and to compare its efficacy in combination of

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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HPPH-PDT followed with cisplatin chemotherapy in vitro using head & neck and NSCLC cell line
and in mice, bearing patient’s derived tumors.

In the process of optimizing the structural requirements of a drug candidate, it has been reported
that structural isomers show a significant impact on therapy due to their binding efficacy of targeted
site (s) and the pharmacological parameters, which leads to the development of more effective and
safer candidates [31]. In some cases, it is also possible that one isomer could be more effective and
less toxic than the other. For example, the anticancer drug cisplatin is a cis isomer, while its other
form trans-isomer shows limited efficacy [32]. However, in case of HPPH, in which pyrrole ring-D is
trans reduced, and the presence of a chiral center at position 3(1’-) produces a mixture of two epimers
R- and S). Both the epimers were separated and investigated separately for in-vitro and in-vivo
biological activity resulting to similar efficacy [33], resulting to its approval by the United States FDA
for conducting the human clinical trials [34]. Therefore, in present study, HPPH (as an epimeric
mixture) was prepared by following our own methodology and used as such. However, to investigate
the impact of respective PS-cisplatin conjugate, HPPH was reacted separately with both cis- and trans-
platin by following the reaction sequences shown in Scheme 1. The desired conjugates 2 and 3 were
obtained > 70% overall yield, and were characterized by UV-vis, NMR and mass spectrometry
analyses (for 'H NMR spectra of compounds 2 and 3 please see Figure 2. The *C-NMR spectra of
compounds 1-3 are included in Supporting Information (Figures S1-53).
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Scheme 1. Synthesis of HPPH- transplatin 2 and cisplatin 3 conjugates.
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Figure 2. The NMR spectra of conjugates 2 and 3 dissolved in CDCls were recorded using 400 MHz
spectrometer.

Conjugation of HPPH with cis- and trans-platin did not produce any significant impact in its
photophysical properties (long wavelength absorption, fluorescence and ROS production). The 3C
NMR spectra (see Figure 2 and Supporting Materials) of compounds 1, 2, and 3 are generally
consistent with their proposed structures. Spectral features exhibited by these compounds are similar
to those observed for known compounds of like structure. However, selected protons of these three
conjugates show significant differences in their 'H chemical shifts relative to each other and to the
unsubstituted parent compound (HPPH).

In conjugate 1 the 10-H, 13>-CHH, and 12-CHs protons were observed at 9.19/9.18, 5.00/4.99, and
3.24/3.22 ppm, respectively. In HPPH, however, these protons appear at 9.46, 5.12, and 3.63 ppm,
respectively. So, conjugation to the picolyl group via amide linkage at position 17 results in a
significant shielding of each of these protons, which ranged from ~0.1 to ~0.4 ppm. The 17! CHH
proton (0 =2.51 ppm) of 1 exhibits a substantial de-shielding (of 0.26 ppm) relative to HPPH (5 =2.25
ppm). Also, the two 172 methylene protons are shielded (by ~0.4 ppm) in 1 (0 = 2.27 and 1.93 ppm)
relative to HPPH (0 = 2.61 and 2.31 ppm).

In 2 (the trans-platin conjugate) the 10-H, 13--CHH, and 12-CHs protons were observed at 9.28,
4.94, and 3.45 ppm, respectively. The proton signal for each of these groups is shielded by ~0.2 ppm
relative to the corresponding protons of HPPH. In contrast to 1, the four 17-CH2CHo>- protons of 2 are
slightly shielded (by < 0.1 ppm) compared with HPPH.

For 3 (the cis-platin conjugate) the 10-H, 13>-CHH, and 12-CHs protons were observed at 8.98,
4.91, and 3.18 ppm, respectively. Here, the observed shielding ranges from ~0.2 to ~0.5 ppm. The 172
methylene protons show small to moderate shielding (of < 0.2 ppm) relative to HPPH. Lastly, protons
of the 8-position ethyl group are moderately shielded compared with HPPH. The 8-CH2CHs protons
(0=3.41 ppm) are shielded by 0.26 ppm, while the 8-CH2CHs (0 = 1.49 ppm) are shielded by 0.19 ppm.
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In general, conjugates 1, 2, and 3 each exhibit shielding (relative to unconjugated HPPH) of
protons in the vicinity of the macrocycle’s C-ring. In contrast, protons at sites more distant from the
C-ring show little difference in chemical shift. The largest shieldings were observed for the 10-H and
12-CHs protons, indicating that this region of the macrocycle is the locus of this effect. Smaller
shielding was observed for the 8-CH2CHs and 132 methylene protons, which are at the fringes of the
C-ring region.

Our laboratory previously observed similar phenomena in two other 17-substituted conjugates
of HPPH [35] which exhibited shieldings of up to 1.3 ppm (compared to parent HPPH). Like 1, 2, and
3, the previously observed compounds consisted of the HPPH core with a 17 amide linkage to
substituents containing aromatic components. In our previous study, we argued that 17-linked
substituents can adopt conformations that allow close approach of the substituent’s aromatic groups
(substituted benzene, quinazoline, and triazole moieties) to the macrocycle’s C-ring. Such
conformation—which might be stabilized by m-mt stacking interactions —could result in ring current
induced changes in chemical shifts, like the shieldings we observed in conjugates 1, 2, and 3. Our
previous study indicates that 17-linked conjugates may be especially well suited to produce this
shielding effect, because similar aromatic substituents linked through other macrocyclic ring
positions (e. g., 3- and 20-) failed to produce shielding near the C-ring. We attributed this seemingly
unique ability of the 17-linked conjugates to: the proximity between the substituent (at the 17-
position) and the site of the C-ring; and to favorable linker length and flexibility.

Differences in chemical shifts of the methylene protons of the 17-CH2CH:- groups of 1, 2, and 3
may simply be due to differences in substituent structure. The largest changes (which range from a
deshielding of ~0.25 ppm to a shielding of ~0.30 ppm) in chemical shift of these protons are observed
when comparing 1 with parent HPPH. Conversion of the carboxyl group of HPPH to the amide
linkage of 1 introduces changes, perhaps through inductive effects, to the electronic environment of
the nearby methylene protons. This may account for the observed chemical shift differences. The 17-
CH:CH?>- protons of 3 are moderately (by ~0.2 ppm) shielded relative to the corresponding protons
in HPPH. The same arguments apply here. That is, conversion of carboxyl to amide can account for
the observed shift differences. Other protons of the 17-CH>CH>- groups of HPPH and the three
conjugates exhibit only minor differences in 'H shifts.

When compared to each other, compounds 1, 2, and 3 exhibit spectral differences (up to 0.3 ppm)
in the protons near the C-ring. The greatest differences are found in the 10-H and 12-CHs signals.
Conjugate 3 (the cis isomer) exhibits the most shielded 10-H and 12-CHs signals (at 8.98 and 3.18 ppm,
respectively), while the most deshielded are those of trans isomer 2 (at 9.28 and 3.45 ppm,
respectively). The 8-CH2CHs protons of 3 (0 = 3.41 ppm) are moderately shielded compared with
those of 1 (0=3.59 ppm) and 2 (6 =3.56 ppm). Other protons near the C-ring show minimal differences
in chemical shift among compounds 1, 2, and 3. Chemical shift differences (especially for 10-H and
12-CHs) observed among 1, 2, and 3 can perhaps be explained by structural differences that result in
differing electronic environments in the three conjugates. The pyridine moiety of 1is neutral, whereas
it is positively charged in both 2 and 3. Conjugates 2 and 3 differ only in the positions of the groups
bound to platinum, with the trans isomer less polar than the cis isomer. These differences in structure
and electronic environment may be sufficient to affect the interaction of the 17-substituent with the
C-ring region of the macrocycle, resulting in the observed differences in chemical shifts.

Comparative in vitro PDT efficacy in lung cancer cell lines: For determining the efficacy of
cisplatin conjugated in vitro, a cytotoxicity assay was conducted in a NSCLC cell line comparing
HPPH to the compound 2 (HPPH-tran-splatin) and 3. (HPPH-cisplatin) Briefly the cells were
incubated in a 96 well plate and exposed to various doses of a single photosensitizer. After 24 hours,
the plates were exposed to 1]J/cm? of 665 nm light. The cytotoxicity of each photosensitizer was
measured utilizing an MTT assay [36]. The nonconjugated PS (HPPH) with the lowest ICso, was
significantly more effective than the corresponding cis- and trans- platin conjugates (Figure 3).
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Figure 3. Cytotoxicity of Photosensitizer in NSCLC. Curves were produced utilizing an MTT assay 48 hours post
1J/em? exposure. Curves were produced in GraphPad Prism, and the calculated ICso is reported in a tabulated

form.

Comparative cell-uptake and Intracellular localization of HPPH vs HPPH-trans-platin 2 and
HPPH-cisplatin 3 in lung cancer and head & neck cancer cell lines: The spectral properties of trans-
and cisplatin-modified pheophorbide derivatives remained the same as determined for the starting
compound HPPH. Hence, we used the fluosescence emitted at 665 nm excitation as measure for the
PS level associated with both cancer cells types.

Studies with lung cancer cell lines: Fluorescence microscopy was used to investigate the impact
of cellular uptake of each compound to contextualize the results from the cytotoxicity assay. Briefly,
cells were allowed to adhere in a 6 well plate for 24 hours before the cell were exposed to one of the
PSs. The cells incubated with the selected PS for 24 hours before being washed twice with PBS and
imaged with a Zeiss fluorescent microscope. The images are composite of the fluorescence of
Hoechst-33342 (blue) and the photosensitizer (red). The graph compares the relative fluorescence of
the PS normalized to the number of cells within the field. The bar graph displays the average of three
randomly selected fields. As expected, based on our previous studies, HPPH has the highest uptake
within the cells after 24 hours [37]. Interestingly, the two platinum conjugates, PS 2 and PS 3, did not
have a significant difference in uptake at 24 hours Figure 3), but compared to both cis- or trans-platin
conjugates, HPPH had significantly higher uptake in lung cancer cells and thus increased cell-killing
efficacy. A direct correlation between the tumor cell-uptake and PDT efficacy was observed.

8.00E+06

7.00E+06

6.00E+06 = HPPH

5.00E+06 HPPH-Cisplatin 984

4.00E+06 HPPH-Transplatin 967
T
3.00E+06

2.00E+06

(GreyValue/Number of cells)

1.00E+06

Normalized Grey Value Intensity

0.00E+00

28hrs

Figure 4. Fluorescence images displaying uptake of photosensitizers within NSCLC cells. Cells are co- stained
with Hoechst 33342 (blue). The relative fluorescence is graphed on the right, normalizing the photosensitizer

fluorescence by the number of cells in each field analyzed. Graph displays triplicate measurements.

Studies with head & neck cancer cell lines: For cell-uptake and biodistribution studies with time,
the fluosescence emitted by the PSs at 665 nm excitation served as measure for the PS level associated
with test head/neck cancer cells. The fluorescence microscopic images also allowed monitoring the
process of cellular uptake, retention and intracellular localization. Initial binding to the plasma
membrane was visualized after 30-minute incubation with PS, followed by monitoring
transmembrane diffusion and intracellular deposition during a PS-free chase period of up to 48 hours.
The quantification of the fluorescence signals indicated that uptake of PS 2 (PS-985 ) by HNT1 cells
was 50% lower than of HPPH (Figure 5, note the different times for recording fluorescence).
Moreover, compared to HPPH, PS2 showed a slower release from the extracellular glycoconjugate
structures at the plasma membrane and, hence, delayed trans-plasma membrane difussion and
translocation to intracellular structures (Figure 5). The ability of PS 2 to bind to extracellular
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membrane components was particularly noted in high-density HN cell cultures, which are
characterized by an enhanced deposition of glycoconjugates at the cell surface (Figure 6).

Chase 24h at 37°C Chase 48 h at 37°C

Uptake 30 min at 37°C l Chase 30 min at 37°C Chase 2h at 37°C
- o

HNT1 Cells
Phase
(400X)

HPPH
FL

(exp: 3sec)

Figure 5. Uptake and retention of HPPH and the corresponding fransplatin conjugate 2 (PS985) in HNT 1 cells.

Uptake 30 min | Chase 30 min Chase 60 min Chase 120 min Chase 4h Chase 24 h Chase 48 h

Figure 6. Cell surface of PS2 (PS-985) is affected by the formation of the extracellular glycoconjugate coat formed

by certain epithelial cells. The amount of extracellular coat is enhanced in densely grown HNT1 cell cultures.

Moreover, PS 2 (coded as PS 985), despite its lower uptake, showed a more prolonged
intracellular retention than HPPH, as evident by the presence fluorescence during the chase periods.
Considering that cisplatin and not transplatin served as effective anticancer drug, the cellular uptake
and intracellular distribution of HPPH-cisplatin PS 3 (coded as 984) was compared to HPPH-
transplatin PS 2 in HNT1 cultures (Figure 7). Stable binding of HPPH conjugated with transplatin 2
(coded PS-985) to intracellular structures of HNT1 cells was observed and shown in Figure 8.
Comparable uptake kinetics and subcellular distribution of both compounds were observed. Again,
no appreciable association of cisplatin-conjugated PS 3 (coded as 984) with nuclei was detected
and, thus, contrasted to free cisplatin. The predominant cytoplasmic sites of platin-PS retention were
mitochondria as previously documented for HPPH37 Figure 9, right panel confirms the
mitochondrial co-localization for PS 3, coded as 984).

The action of cisplatin in part has been attributed for its ability binding to DNA, but also to
interact with proteins [38]. In order to identify whether PS 3 (coded as PS-984) was subject to forming
covalent binding to cellular target structures, HPPH- and PS-984-loaded cells after 24 hours chase
period were subjected to methanol fixation and extraction. Methanol extraction completely removed
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all HPPH, resulting in eliminating all fluorescence from cell cultures. In contrast, PS 3 (coded PS984)
remained bound to mitochondrial and ER structures (Figure 8).

3dold HNT1 (p 33) Cultures 10 d old HNT1 (p 34) Cultures
Uptake 30 min Chase 5 h Uptake 30 min Chase3h

| HNT1 Cells
Phase 100X

PS FL
(exp: 3 sec)

Figure 7. Comparative uptake and retention of HPPH-trans (PS2, coded as PS985) and HPPH-cis-platin (PS3,
coded as PS984) in HNT1 cells.

HNT1 Cells (p 46)
Uptake 30 min | Chase 24 h After MeOH
X .27 e 5N -~ % X

Figure 8. Stable binding of HPPH conjugated with transplatin 3 (coded PS-984) to intracellular structures of
HNTT cells.

HNT1 (p 39) + GFP+ HN-128 T-Fb - 21-d old Co-cultures

PS-985

Figure 9. Comparative intracellular localization of HPPH and the corresponding transplatin conjugate 2 (coded
as PS 985) in H & N cancer cell line.
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A previous detailed analysis of the cell type-specificity of pyropheophorbides has indicated

anotable preference for retention by certain epithelial tumor cells compared to co-resident tumor
stromal fibroblasts [39] This property could also be confirmed for PS 2 (coded as PS-985) using three-
dimensional co-culture of head/neck tumors. The cell type-specific association of PS 2 was visualized
by constructing 3D cultures included GFP-tagged HN tumor fibroblasts that outlined the position of
the cocultured epithelial tumor cell clusters. Intracellular distrubution pattern of PS 2 was similar to
that of HPPH, with substantial co-localization to mitochondria (Figure 9, left panel). This comparison
also indicated that both HPPH and PS 2 are retained by HNT1 cells at higher level than by fibroblasts.
Yet, the tumor-cell specificity of PS 2 was not as strong than seen with HPPH resulting in an elevated
level detectable in fibroblasts after prolonged chase period.

Comparative in vivo HPPH-PDT in combination with cisplatin chemotherapy: Since HPPH-
cis- and trans-platin conjugates showed limited activity in vitro, these conjugates were not evaluated
for in-vivo efficacy. We have previously investigated the in vivo PDT efficacy of HPPH and other
chlorophyll-a analogs in mice bearing lung, head and neck FaDu xenografts as well as other tumor
types, the most effective drug dose was 0.47 mmol/kg, and light dose was 135 J/cm?, 75 was 0.47.
Therefore, the same treatment parameters were used to investigate the long-term tumor cure by PDT
with and without chemotherapy in mice. The regrowth of tumors was followed by 60 days post-PDT
treatment, and palpable tumors were monitored via caliper measurement. Tumor volume was
measured before the treatment. To investigate the impact of PDT treatment with cisplatin, the PDT
treated mice after 1 hour post PDT were injected intra-peritoneally with cisplatin at a dose of 2.5-5
mg/kg (single treatment vs weekly once for 3 weeks). Tumor regrowth was monitored daily for 60
days after the treatment. If there was any tumor regrowth during the tumor response observation
period, the mice were euthanized on that day. On day 60, mice with no tumor regrowth (cure) were
also euthanized following the animal protocol approved by the IACUC committee. The results
obtained from in vivo studies with HPPH-PDT with and without cisplatin chemotherapy are
summarized in Table 1. The cure rate (CR) in lung xenograft tumors with HPPH-PDT was 20% (1/5
mice was tumor free on day 60), and in combination with cisplatin a significant increase in tumor
response was observed, and 80% (8/10 mice showed complete cure, with a significant P value
calculated by Mantel-Cox software in both treatment types.

Table 1. HPPH-PDT response in mice bearing lung (NSCLC) or Head & Neck tumors with and without

cisplatin.
Tumor HPPH Cisplatin Light Tumor Response (%)
Treatment
(PDX) Dose Dose Dose Partial Complete (Day 60)
665 nm
HPPH-PDT + 0.47 5 mg/week 100% 8/10=80%
NSCLC 135 J/cm?
Cisplatin mmol/kg | x 3 weeks (day 7) (5 mice x 2 groups)
75mW/cm?
665 nm
0.47 100% 1/5=20%
HPPH-PDT NSCLC mmol/kg None 135 J/cm? day 7 (5 mice/
a mice/grou
75mW/cm? (day7) group)
665 nm
HPPH-PDT + Head & 0.47 5 mg/week 135 Jfem? 100% 3/5=60%
cm
Cisplatin Neck mmol/kg | x 3 weeks (day 7) (5 mice/group)
75mW/cm?
665 mm 100% 1/5=20%
pppH-ppT | ead & 0-47 None 135 J/cm? ’ °
Neck mmol/kg (day 7) (5 mice/group)
75mW/cm?2

The tumor-uptake and in vivo biodistribution of HPPH was also determined in mice treated
with the therapeutic dose (0.47 mmol/kg). The best tumor images of SCID mice bearing bilateral
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tumors were observed at 24 h post injection of the PS, and the biodistribution studies showed a
significantly higher uptake in tumor than liver, lung, heart, kidney and spleen at 24 h postinjection.

Epi-flossscence HPPH Fluorescence Intensisity of various organs |

I' at 24 h post injection of HPPH (0.47 moli/kg)

=10%

TUMOR

Figure 10. (A) Whole body fluorescence image of HPPH (0.47 mmol/kg) in a SCID mouse bearing bilateral lung
tumor (NSCLC). (B); Fluorescence intensities of tumors (bilateral), liver, lung, heart, spleen, kidney dissected at
24 h post-injection of the PS. Excitation wavelength range set at 640-675 nm, Emission wavelength range set at
680-740 nm.

The objectives of past and ongoing research in our laboratory has been to develop
multifunctional agents for cancer-imaging, including PET, MR, fluorescence, photoacoustic and PDT
[40]. In one of such attempts, discussed that certain iodinated PSs in its radioactive form ('24I-) can be
used for PET imaging of almost all the cancer types, including those, where 8F-FDG shows
limitations (e. g. bladder, brain, kidney and pancreas). The corresponding non-radioactive form the
PS 531 also shows PDT response compared to non-iodinated compounds. Besides, due to its long
wavelength optical properties in NIR region, with a significant shift between absorption and
fluorescence, it shows a potential for using fluorescence-guided therapy. In a comparative study with
Photofrin, the iodinated PS 531 showed improved antitumor efficacy with limited skin phototoxicity
[28]. The IND submission of the iodinated PS to the United States FDA for Phase I human clinical
trial is currently underway. The proposed study discussed in the clinical protocol includes two arms
study: (i) iodinated PS-PDT and (ii) iodinated PS-PDT with chemotherapy. Before submitting the
revised IND application, it was advised by the clinician to conduct an in vivo experiment on
iodinated PS with cisplatin using lung cancer patients derived tumors in animal model. To determine
the time of optimal of the PS before light therapy. The PS 531 (1 mmol/kg) was injected intravenously
into tumored mice, and the mice were imaged by IVIS spectrum (excitation wavelength range set at
640-675 nm, and emission wavelength range set at 680-740 nm) at variable time points. The uptake of
the iodinated PS in tumor, liver and skin is shown in Figure 11. As can be seen, with time there was
a significant uptake of the PS in tumor compared to other organs, and the maximum tumor uptake
was observed at 24h to 48 h post-injection of the PS (3 mice/group).

Once the optimal time for tumor-uptake of the iodinated PS (1.0 mmol/kg, injected i.v.) was
determined, the mice bearing lung patients derived tumors were treated with light under the same
treatment parameters used for HPPH due to their similar photophysical characteristics. The cure rate
in lung xenografts with iodinated PS 531 was 50% (7/14 mice were tumor free), and in combination
with cisplatin the cure rate was 90% (9/10 mice were tumor free) on day 60 with a significant P value
of <0.0001 calculated by Mantel-Cox software in both treatment types (Figure 11 A).

The tumor responses depicted in Figure 11 B shows a significant improvement in long-term cure
in combination with PDT and cisplatin. For combination therapy, 1h after PDT treatment, the mice
injected with cisplatin 2.5 -5 mg/kg intra peritoneally (IP) weekly x 3 weeks and tumor regrowth were
measured three times a week following the IACUC-approved animal protocol. Once the mice reach
a tumor size >400 mm?, they are euthanized. The results illustrated in Figure 11 (A & B) show a
significantly improved long-term tumor cure of mice in combination of PDT with Cisplatin treatment
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over the PDT alone in treating lung cancer (NSCLC). The therapeutic potential of PS 531 was also
evaluated in another lung Adenocar cinoma 15021, the PS dose was kept constant, and cisplatin dose
was varied (e.g., 2.5 mg/kg x1, 2.5 mg/kg/weekly IP x 3 weeks IP and compared with cisplatin alone
(2.5 mg/kg x 1IP) and 2.5 mg/kg x 3 weeks IP. As can be seen from the data summarized in Figure
11B, cisplatin for a chemotherapy treatment alone was less effective at a dose of 2.5 mg/kg. However,
at the same dose, in combination with PDT improved tumor cure were obtained, Interestingly, 100%
cure was observed at a PS dose of 1.0 mmol/kg, light dose: 135]/Cm?, 75 mW/Cm? and the cisplatin
dose of 2.5 mg/kg weekly x 3 weeks.
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Figure 11. In vivo biodistribution of iodinated PS (dose: 1.0 mmol/kg) at various time points in SCID mice (3
mice/group) bearing NSCLC 148070 lung xenografts Ex:640/Em680 nm.

Survival of NSCLC 148070 Survival of AdenoCarcinoma 15021
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L == 531 Pluronic 2% + PDT L —— Cisplatin 2.5 mg/kg x 1 IP
531 Pluronic 2% + PDT + E " -
CR = 7114 = 50% == CDDP -+ Cisplatin 2.5 mg/kg x 3 weeks IP
~+~ 531 Pluronic 2% + PDT

—— 531 Pluronic 2% + CDDP 2.5 mg/kg x 1
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Figure 12. In vivo PDT efficacy of the iodinated PS (531) in SCID mice bearing lung tumor derived from patients’
tumors (NSCLC 148070 and Adenocarcinoma 15021) with and without Cisplatin at variable doses and time
intervals. PS and light doses and time of light exposure (PS dose:1.0 mmol/kg, light dose: 665 nm, 135 J/Cm?, 75
mW/Cm? at 24 h post-injection of the PS (intravenously). For details, please see the text. P values were <0.0001
and the survival curves show significant difference. CDDP: cis-diammminedichloroplatinum (II) or cisplatin.

4. Conclusions

The work presented in this article demonstrates that the PDT efficacy of effective PSs, e.g.,
HPPH, and the iodinated PS 531, which are currently at various phases of clinical development, can
further be enhanced by combination with cisplatin-chemotherapy. However, conjugation of HPPH
either with cis- or trans-platin showed less uptake in cancer cell line and reduced cell destruction.
Cisplatin even at less than therapeutic dose(s) in combination with HPPH-PDT or 531-PDT showed
80 to 100% tumor cured in mice bearing patients derived tumors. This study suggests that HPPH-
PDT followed by cisplatin-chemotherapy increases tumor response (cure) significantly. The amount
of chemotherapy drug needed for tumor destruction at the PDT dose of the PS-cisplatin conjugate
was not enough for tumor destruction. It is also not advisable to increase the dose of the conjugate
significantly, as it could lead to systemic toxicity, especially skin phototoxicity. Thus, the current
findings suggest that for designing effective candidates for PDT, by covalently conjugating the PS
with chemotherapy agent(s) may have limited clinical potential. Therefore, it could be useful in
designing PDT clinical protocols in combination with FDA approved chemotherapy agent(s) for
treating tumors with a significant synergetic impact.
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Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org.
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