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Cancer is one of the most lethal diseases worldwide. Treatments of cancer comprise 

surgical intervention, radiotherapy or chemotherapy; however, their side effects are still need 

to be overcome. In order to search for anti-cancer treatments with milder side effects and 

higher efficiency, traditional Chinese medicine (TCM) has been investigated. Previous study 

in our laboratory reported that pheophorbide a (Pa), an active compound purified from 

Scutellaria barbata, combined with photodynaraic therapy (PDT) approach produces 

anti-tumour effect in a wide range of human cancers. Because of the lack of protocols for 

curing late phase breast cancer, ray project is to investigate the therapeutic potential of 

Pa-PDT and its action mechanism on human breast cancer. A human breast cancer cell line 

MDA-MB-231, which is estrogen receptor nude and resistant to a conventional breast cancer 

drug tamoxifen, was used as an in vitro tumour model in my study to mimic the late stage of 

breast cancer. 

According to the results, Pa-PDT showed inhibitory effect on MDA-MB-231 cells in 

vitro with an IC50 value of 0.5 at 24 h. Pa-PDT was demonstrated to activate intracellular 

mitogen activated protein kinases (MAPK) pathways via reactive oxygen species (ROS) 

production. Pa-PDT is also believed to induce extracellular signal-regulated kinase 

(ERK)-mediated autophagy and endoplasmic reticulum stress. Pa-PDT in combination with 



Tamoxifen is demonstrated to exert a synergetic effect in inhibiting cancer growth. The 

combination treatment induces both intrinsic and extrinsic apoptosis. Regarding the direct 

cancer cell killing activity, two dimensional gel electrophoresis screening revealed that 

Pa-PDT regulates proteins which involve in human leukocyte antigen (HLA) class I-restricted 

antigen-processing machinery. This activation of antigen presentation was confirmed by 

Western blot analysis and immunostaining. Furthermore, a cross-presentation of antigen with 

HLA class I proteins and 70-kDa heat shock protein was found in Pa-PDT-treated cells, as 

shown by the fluorescent microscopic observation and immunoprecipitation assay. Moreover, 

the imraunogeiiicity of breast cancer cells was increased by Pa-PDT treatment that triggered 

phagocytic activity by human macrophages. Our findings provide the first evidence that 

Pa-PDT can trigger both apoptosis and anti-tumoiir immunity. 

Pheophorbide a (Pa) has been proposed to be a potential photosensitizer for the 

photodynamic therapy of human cancer. However, the immunomodulatory effect of Pa, in the 

absence of irradiation, has not yet been investigated. The present study revealed that Pa 

possessed immunostimulating effect oil a murine macrophages cell line RAW 264.7. Pa 

could stimulate the growth of RAW 264.7 cells with the maximal effect at 0.5 pM after 48 h 

of treatment, where MAPK family including c-iun N-terminal kinase (JNIC), ERIC and p38 

MAPK were activated by Pa treatment in a dose-dependent manner. Moreover, the induction 
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of interleuldn-6 and tumour necrosis factor-a secretion, and the enhancement of phagocytic 

activity were observed in Fa-treated RAW 264.7 cells. The results were similar in Pa-treated 

human immune competent cells (e.g. CD4+ and CD 14+ cells) at higher Pa concentrations 

(from 1 to 10 \xM). The present work is the first report to demonstrate the potential 

immunomodulatory effects of Pa on immune competent cells, apart from its well-known 

anti-tumour activity. 
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Chapter 1 一 General Introduction 

1.1.1 Definition of Breast Cancer 
Cancer accounted for 7.4 million deaths worldwide in 2004 and it is estimated 

to reach 12 million deaths in 2030. Breast Cancer is the fifth most lethal cancer and 
the most frequent type of cancer among women (WHO, 2009). Breast cancer can be 
defined as an uncontrolled growth of breast cells. Breast comprises lobes, lobules, 
glands, ducts and fibrous tissue and breast cells are alimented by lymph vessels and 
linked to lymph nodes (Figure 1.1). 

Lymph ‘ nodes L y m p H 

vessels 

Lobules /j' Lods 
Ouc:s t V t ? ^ . 
NipDle 
Areola ^ 

-si 

Figure 1,1 - Structure of the breast (from U S Dcpaitment of Heath and Human Services, 2009) 

Tumours are cells that overgrow and continuously proliferate. However, 
tumour can be benign or malignant. Benign tumours can be removed and are not 
invasive, whereas malignant tumours are difficult to be definitively removed and can 
become metastatic, being a threat to life. Breast cancer refers to malignant tumour that 



has developed from the breast cells, it can begin from the lobules or ducts, rarely from 
fat and fibrous tissues (U.S Department of heath and human services, 2009). 

1.1.2 Causes of breast cancer 
5 to 10 % of human cancers are inherited and 90 % are due to genetic changes 

throughout life due to aging process and life style. Breast cancer is generally due to 
the mutation of BRCA1 and BRCA2 genes (Duncan et ai, 1998). Mutation of those 
genes in women has 80 % risk of breast cancer before age 50, whereas in men 1 to 6 
% risk by age 70, with BRCA1 mutation and BRCA2 mutation respectively. We can 
distinguish two types of risk factors: risks due to life style and risks due to nature. 
Breastcancer.org lists out different risks that commonly occur. Most of the risk factors 
for the development of breast cancer are under control and can be avoided 
(www.breastcancer.org): 

� Weight: After menopause, fat tissue becomes the main source of estrogen. 
Monitoring weight controls estrogen level and thereby lowers breast cancer 
risk. 

• Diet: It is still be a controversial issue, however, a low-fat diet rich in fruits 
and vegetables is generally recommended. 

0 Exercise: Exercise can reduce breast cancer risk. A 45-60 minute of physical 
exercise on 5 or more days a week is recommended by the American Cancer 
Society. 

• Alcohol consumption: Alcohol limits the control of blood levels of estrogen 
to increase breast cancer risk. 

• Smoking: Smoking slightly increases risk of breast cancer. 

http://www.breastcancer.org


° Exposure to estrogen: Long exposure to estrogen increases tumour formation 
by stimulating breast cells growth. 

• Recent oral contraceptive use: Slightly increase risk for a limited period of 
time. 

• Stress and anxiety: Control stress and anxiety (e.g. by meditation, yoga, 
visualization exercises, and prayer) may strengthen the immune system. 

However there are risk factors that are uncontrollable: 
• Gender: Women produce more estrogen and progesterone than men and 

therefore have higher risk of breast cancer. 
• Age: The risk is 0.43% from age 30 to 39 and increases 4% at age 60. 
� F a m i l y history of breast cancer: Higher risk if a family member 

experienced breast cancer or ovarian cancer. 
0 Personal history of breast cancer: Higher risk if have breast cancer in one 

breast or have abnormal breast cells such as atypical hyperplasia, lobular 
carcinoma in situ (LCIS) or ductal carcinoma in situ (DC1S). 

° Race: White women are more likely to develop breast cancer than African 
American women. 

• Radiation therapy to the chest: The risk is higher if the radiation was given 
during the young age, while the breasts were still developing. 

• Breast cellular changes: Hyperplasia and atypical appearance, occur when a 
breast biopsy is performed. 

• Exposure to estrogen: Natural exposure such as menstruation, menopause 
and estrogens in the environment. 



® Pregnancy and breastfeeding: Reduce the estrogen level by decreasing the 
overall number of menstrual cycles and therefore lower breast cancer risk. 

9 Diesthylstilbestrol (DES) exposure: DES prevents miscarriage but increase 
risk of breast cancer. 

• Genome changes: Mutation in genes such as BRCA1 or BRCA2 increases 
the risk of breast cancer. 

0 Breast density: Women with larger area of dense tissue from mammograms 
show higher risk. 

1.1.3 Staging 
Breast cancer is classified by different stages. Those information describe the 

nature of the cancer based on the tumour size, invasion nature, the involvement of 
lymph nodes and the spread of cancer site. To determine the staging of breast cancer, 
blood tests and other tests such as bone scan, CT scan and lymph node biopsy are 
performed. We can classify breast cancer into 4 stages (Table 1.1). 

(A) (B) 

Figure 1.2 — Ductal carcinoma in situ (A) and invasive breast cells (B) (from U S Department of 
Ilcath and Human Sci vices, 2009) 
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1.2.1 Surgery 
Surgery is the most common treatment for breast cancer. We distinguish two 

types of surgery: breast-sparing surgery and mastectomy (Veronesi et al,，2002). 
e Breast-sparing surgery: Also called breast-conserving surgery. It comprises 

a lumpectomy or a segmental mastectomy. It consists of removing only the 
cancer but not the breast. 

• Mastectomy: It is the removal of the entire breast. 
After a surgery, other options may happen. 
® Lymph node removal: removal of one or more lymph nodes 
0 Breast reconstruction: a plastic surgery to rebuilt the breast 
• Prophylactic mastectomy: a preventive removal of the breast in high-risk 

people. 
• Prophylactic ovary removal: preventive surgery to lower estrogen level 
0 Cryotherapy: Also called cryosurgery. An experimental treatment by 

applying extreme cold system to kill tumour. 

1.2.2 Chemotherapy 
Chemotherapy uses chemicals to weaken and induce cancer cells death 

(McICnight, 2003). A combination of drugs is often used to increase the efficiency. 
Chemotherapy is applied both in early-stage breast cancer after surgery to reduce the 
risk of new cancer and in advanced-stage breast cancer to reduce cancer cells about 30 
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to 60 %. Chemotherapy can also be applied before surgery to shrink the tumour size. 
We distinguish two groups of chemotherapy medicines: 

0 Anthracyclines: which damage the gene of cancer cells. They are adriamycin’ 
Ellence and daunorubicin (Minotii et al., 2004). 

• Taxanes: interfere with the cell cycle (Ttildmoto and Calvo, 2008). They are 
Taxol, Taxotere and Abraxane. 

1.2.3 Radiation Therapy 
Radiation therapy — also called radiotherapy — is a post surgery treatment. It 

can reduce the breast cancer recurrence by about 70% by high-energy rays 
(Campliausen and Cola, 2008). There are two types of radiation: 

• External radiation therapy: the radiation is applied from outside the body. 
0 Internal radiation therapy: also called implant radiation therapy or 

brachytherapy. Radioactive substance is loaded inside the tube that is 
connected into the breast. 

Hormonal therapy is effective only for hormone-receptor positive breast 
cancers, which comprise about 80% of breast cancer. It acts on estrogen level to 
inhibit tumour growth. It depends on the age of the patient and that different types of 
drugs are used. 
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1.2.4.1 Before menopause 
• Tamoxifen: an antagonist of the estrogen receptor competes with estradiol to 

bind to estrogen receptor and therefore decrease the efficiency of estrogen to 
induce breast cell growth (Branch et ah’ 2009). 

0 JLH-RH (luteinizing hormone-releasing hormone) agonist: a compound that is 
similar to LH-RH acts on the brain to stop estrogen production (Goel et al., 
2009) 

• Oophorectomy: the surgical removal of an ovary or ovaries to prevent 
estrogen release from the ovary (Rebbeck et al., 2002). 

1.2.4.2 After menopause 
• Aromatase inhibitors: a class of drugs to block aromatase which converts 

androgen into estrogen (Gibson et al., 2009) 
• Tamoxifen: competes with estradiol to bind to estrogen receptor and therefore 

decreases the efficiency of estrogen to induce breast cell growth (Branch et al, 
2009). 

1.2.5 Targeted Therapies 
Targeted therapies use drugs that act on a specific target of cancer cells to 

block cancer growth (Widalcowich et ah, 2007). Nowadays, three drugs are 
commonly used: 

• Herceptin (trastuzumab): acts against HER2-positive breast cancers by 
binding to HER2 receptor resulting in cancer growth inhibition. 

0 Tykerb (Lapatinib): interferes HER2-related kinases resulting in cancer 
growth inhibition. 
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• Avastin (Bevacizumab): It is a humanized monoclonal antibody that 
recognizes and blocks vascular endothelial growth factor A (VEGF-A). 
VEGF-A is a chemical signal that stimulates the growth of new blood vessels 
(angiogenesis). Therefore it is a drug against metastatic HER2-negative breast 
cancer. 

1.2.6 Side effects 
Each treatment for breast cancer is associated with different side effects. The 

severity is more or less important depending on the treatment type, the stage of cancer 
and the physiology of the patient. Table 1.2 below shows different side effects and the 
concerned treatment type. 
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From the table above, each method for breast cancer treatment engenders 
several side effects that can weaken the patient health. Special cares are needed to 
support patients with cancer. Nevertheless, some patients suffer more from side 
effects than cancer itself. Researchers and doctors are continuously looking for new 
alternatives to treat cancer with milder and controlled side effects, e.g. minimizing the 
damage of the immune function. 

1.3.1 Traditional Medicine 
One of the new alternative is looking inside archaic medicine such as herbal, 

Ayurveda, Siddha medicine, Unani, ancient Iranian medicine, Islamic medicine, 
traditional Chinese medicine, acupuncture, Muti, Ifa, traditional African medicine etc. 
Those methods are called traditional medicine which is defined by the World Health 
Organization (WHO) as: "the health practices, approaches, knowledge and beliefs 
incorporating plant, animal and mineral-based medicines, spiritual therapies, manual 
techniques and exercises, applied singularly or in combination to treat, diagnose and 
prevent illnesses or maintain well-being." (WHO, 2008). In our study, we focused on 
traditional Chinese medicine (TCM) as an alternative to treat cancer. 

TCM is explored about 2000 to 3000 years ago, originated from China. The 
diagnosis is based on the yin-yang and five element theories. TCM comprises 
acupuncture, herbal medicine and gigong exercises. TCM is a complex system to 
understand and practice. In the present study, we focused in the herbal remedies. 
Herbs are derived from plant, animal, and mineral substances. Each herb is qualified 
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according to four properties according to the theory of TCM: nature, taste, affinity 
and primary action. 

• Nature: It is described as cooling or heating, but it can also be defined as 
moistening, relaxing and energizing. 

• Taste: There are five tastes: sour, bitter, sweet, spicy and salty. Herbs with 
different tastes are used to treat different conditions. 

• Affinity: It is the affinity of a herb for a particular organ network. 
• Primary action: It refers to the primary effect of the herb: dispel, astringe, 

purge or tonify. 

1.3.2 Scutellaria barbata 
Scutellaria barbata, Ban Zhi Lian (半枝蓮）in Chinese, is belonged to the 

Labiatae family. The plant is a small-leaved mint, producing purple flowers (Figure 
1.3). It is grown in the southeast of the Yellow River and collected in early June while 
it blooms. Only the top of the plant is called Scutellaria which is different from the 
root part called as Scutellaria baicalensis�黃答、(Dharmananda, 2004). 

Figure 1.3 - Scutellaria barbata (from Dharmananda, 2004) 
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1.3.2.1 Scutellaria barbata use in TCM 
Together with Oldenlandia, Scutellaria are used in modem Chinese Medicine 

for treatment of viral infections and cancers and also acne, boils and other skin 
ailments (Dhannananda, 2004). Scutellaria barbata is seldomly used in TCM but 
becomes intensively prescribed and studied in the 20 t h century due to its potential in 
cancer treatment. The herb is composed essentially of alkaloids and flavones (Jiangsu 
New Medical College, 1977). The main components of its essential oil are 
hexahydrofarnesylacetone, 3,7,1 l,15-tetramethyl-2-hexadecen-1 -ol, menthol and 1-
octen-3-ol, and showed antimicrobial activity (Yu et al, 2004). 

1.3.2.2 Clinical trial ofBZL-101 for breast cancer 
Recently, anti-cancer property of Scutellaria barbata has been reported and the 

clinical trial of its water extract, called BZL-101, for advanced breast cancer treatment 
is ongoing in US (Rugo et al., 2007; Fong et al, 2008; Perez et al, 2010). In the 
phase 1 clinical trial, BZL-101 inhibits breast cancer cell line by inducing apoptosis. 
It was safe and demonstrated adequate toxicity (Rugo et al., 2007). In the phase IB 
clinical trial, oral administration of BZL-101 was safe, tolerated, and showed 
potential antitumour activity for metastatic breast cancer women (Perez et ah, 2010). 

1.3.3 Pheophorbide a and photodynamic therapy 
Scutellaria barbata is used to treat cancer in TCM, especially used as formula 

to treat liver disease. Previous studies have shown that the water and organic solvent 
extracts of Scutellaria barbata can significantly inhibit the growth of human tumours 
(Wong et al., 2009; Dai et al., 2008; Kim et al, 2008; Kim et al., 2007; Suh et cil’, 
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2007; Goh et ol, 2005; Cha et ol., 2004; Yin et a!„ 2004). However, limited works 
have been attempted to elucidate its active components (Wu and Chen, 2009; Yu et 
al, 2007). Our previous study revealed that Pheophorbide a (Pa), is one of the active 
components purified from Scutellaria barbata by using a bioassay-guided method, 
possessing anti-tumour activity (Chan et al., 2006), that is consistent with other 
reports about Pa (Nakamura et al., 1996; Hibasami et al., 2000). Pa has been 
commercial available as it can be purified from a number of traditional medicine 
sources such as Scutellaria barbata, Psychotria acuminata, as well as silkworm 
excreta (Chan et al, 2006; Glinski et cil., 1995; Lim et ah, 2002). 

1.3,3.1 Pheophorbide a 
Pheophorbide a is a derivative product of chlorophyll a degradation during 

leaf senescence. The chlorophyll breakdown pathway is fully understood only in the 
beginning of 2000s. It starts with the removal of phytol and magnesium (Pruzinska et 
al., 2007) leading to the formation of pheophorbide a (Figure 1.4). Thus, 
pheophorbide a is formed during the early stage of the chlorophyll degradation while 
t h e t e t r a p y i T o l raacrocyclic ring is not y e t c l e a v e d . Therefore, the p h o t o d y n a m i c 

action of pheophorbide a is still kept and the Pa is greenish in color. 
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Figure 1.4 - Chlorophyll a degradation pathway (from Takamiya et al, 2000) 

Belonging to porphyrin family, the fluorescent spectrum of Pa shows an 
excitation wavelength at 680 nm. This property confers to Pa as a potential 
photosensitizer suitable for photodynamic therapy (PDT). Common photosensitizers 
actually are commercially available, either in trials or in development processes in 
clinics. However, their shorter wavelength limits their penetration (Table 1.3). 
Pheophorbide a based photodynamic therapy (Pa-PDT) promises a good new therapy 
in treating cancer. 

1.3.3.2 The Principle of photodynamic therapy 
Therapy based on light energy has been utilized for treating various human 

diseases in the ancient civilizations such as Egyptian, Indian and Chinese three 
thousand years ago . Dougherty et al., 1992). However, PDT has been scientifically 
named since the end of the nineteenth century (Daniell and Hill, 1991; Ackroyd et al.’ 
2001), and the therapeutic potential of PDT was firstly investigated by Raab in 1900 
and nominated by Tappeiner and Jesoniek in 1903 (Rabb, 1900; Tappeiner and 
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Jesoniek, 1903 PDT is achieved by the synergistic effect of two non-toxic elements: 
photosensitizer and light energy, where photosensitizer is a kind of molecule that can 
be accumulated more or less specifically in the malignant tissue and the introduction 
of light illumination with suitable wavelength will excite the photosensitizer to 
produce reactive oxygen species (ROS) that are toxic to the treated cancer cells 
(Buytaert et ai, 2007). 

Figure 1.5 - Photodynamic Therapy mechanism (modified from _ uarranz et a!., 2008) 

Recently, PDT has been approved in developed countries for treating actinic 
keratosis, macular degeneration, Barrett's esophagus, obstructing esophageal 
carcinoma, early and obstructing tracheobronchial carcinoma, palliative treatment of 
head and neck cancer, and basal and squamous cell skin cancers Xlein et al., 2008; 
Biel，2006). 

Allison et al. (2004) proposed a guideline for good photosentitizers 
comprising 19 criteria: toxicity, mutagenicity/carcinogenicity, elimination, 
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selectivity/targetability, activation, sunlight precautions, administration, indications, 
reliability, pain-free therapy, outpatient therapy, availability, cost, safety, 
biochemistry, wavelength, integrative ability, forgiving, and transparency. Porfimer 
sodium (Photofrin®) is the first photosensitizer approved for clinical use that is 
developed by Macdonald and Dougherty (2001). New photosensitizers are still being 
developed, and the second-generation photosensitizers can be classified into different 
groups: phthalocyanine, porphyrin, chlorin, chlororaethyl-X-Rosamine, 
phenantroperylenequinone, chlorophyll-a derivative and porphycene (McCaughan, 
1999). We herein compare the quantitative criteria such as wavelength and cost. 

Platform Drug Substance Wavelength 
(nm) 

Cost 
Porphyrin Photofrin HpD 630 15mg, 257 euros 
Porphyrin Levulan ALA 400-450/635 100 USD/tube (Zane 

et aL, 2007) 
Porphyrin Metvix. M-ALA 635 16Bmg, 306 euros 
Porphyrin Visudyne Vertiporfln 689 15rag/10ml, 1256 euros 

Texaphyrin Antrin Lutexaphyrin 730 n/a 
Chlorin Foscan Temoporfm 650 4mg/5ml, 5848 euros 
Chlorin LS11 Talaporfin 660 n/a 
Chlorin Photochlor HPPH 665 n/a 

Dye Photosens Phthalocyanine 675 n/a 
Porphyrin Pheophorbide 

a 
680 50mg, 58 USD 

(Frontier Scientific 
Inc.) 

Table 1.3 - Comparison between Pheophorbide a and other photosensitizers (modified from 
Allison et a I., 2004; Polelle et a!., 2008) 

Photosensitizers tend to localize in tumour site and the light is illuminated 
specifically oil the tumour. However, PDT can cause burns, swelling, pain, and 
scarring in nearby healthy tissue (Vrouenraets et a I., 2003). Other side effects of PDT 
are related to the area that is treated and are only temporary, including coughing, 
trouble swallowing, stomach pain, painful breathing or shortness of breath. 
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.3.3.3 Research of Pa-PDT 
Many studies have been conducted to clarify the capacity of photosensitizers 

in cancer eradication during PDT (Marchal et al., 2005; ICinzler et al., 2007; 
Rodriguez et cil., 2009; O'Connor et al., 2009). At a very high dose, Pa exerts anti-
tumour activity by disrupting the integrity of tumour DNA (Nakamura et al., 1996; 
Hibasami et aL, 2000; Chan et cd., 2006). Previous study on anti-tumour activity of Pa 
revealed that the photo-activity of Pa (Pa-PDT) enhances cancer suppression and 
reduces the effective Pa dosages (Hajri et a!., 2002; Lee et ciL, 2004; Lim et al； 2004; 
Li et al., 2007; Rapozzi et al., 2009), Our group demonstrated that pheophorbide-a is 
a natural efficient photosensitizer for cancer treatment (Tang el al., 2006; Tang et al., 
2009a; Tang et al, 2009b; Tang et al, 2010; Bui-Xuan et al., 2010). Pa is also 
attributed to many different functions. Pa has been shown to be a specific probe for 
ATP-binding cassette sub-family G member 2 (ABCG) protein, a protein involving in 
multidrug resistance (Robey ei a J., 2004). On the other hand, Pa can be modified to 
enhance its photodynamic activity (Iriuchishima et al., 2008; Galindev et al.’ 2008; 
Knop et al., 2009). Pa attributes many diverse properties including chlorophyll 
degradation, anti-tumour proliferation and serves as a special probe for P-glycoprotein 
function and inhibition. 

Breast is an outgrowing organ which facilitates the use of photodynamic 
therapy comparing to other internal organs such as liver or lung. No studies of the 
effect of Pa-PDT on breast cancer have been reported. We propose for the first time to 
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investigate the therapeutic potential of Pa-PDT on human advanced breast cancer 
using MB-MDA-231 cell line as the model. MB-MDA-231 cells are nude of estrogen-
receptor alpha and therefore mimic the advanced stage of breast cancer. We 
investigate the effects of Pa-PDT 011 different aspects including the mechanistic study 
of Pa-PDT inducing cell death and the immunomodulation of Pa-PDT. In pratical 
PDT, Pa is injected into the blood stream. Therefore, the effects of Pa without PDT on 
the immune competent cells are also investigated to find whether Pa influence the 
immune system of the body. A macrophage murine cell line RAW 267,3 and human 
peripheral blood mononuclear cells (PBMCs) are used to investigate the immuno-
stimulating effects of Pa on the immune competent cells. My study is divided in two 
main parts: the direct cytotoxicity of Pa-PDT towards the cancer cells and the 
immunomodulation of Pa-PDT or Pa alone. 
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Materials and Methods 
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2.1 Materials 
All chemicals were purchased from Sigma Chemical Co (St Louis, MO, 

USA). Pheophorbide-a was purchased from Frontier Scientific Inc (Logan, UT, 
USA). A 4mM stock solution of pheophorbide-a was prepared by dissolving Pa 
powder in dehydrated dimethyl sulfoxide (DMSO) and ethanol in the v/v ratio 1:9. 
Riboflavin was dissolved in NaOH solution to obtain stock solution at ImM. Further 
dilutions were performed using culture media. 

2.2 MDA-MB-231 and MCF-7 cell cultures 
The human breast adenocarcinoma cell line MDA-MB-231 (e.g. estrogen 

receptor negative) and MCF-7 (e.g. estrogen receptor positive) was purchased from 
the American Type Culture Collection (Manassas, VA, USA). The cell line was 
maintained in RPMI-1640 medium supplemented with 10 % fetal bovine serum and 
1% v/v antibiotics (penicillin and streptomycin) (Invitrogen Co, Carlsbad, CA, USA). 
The cells in the growth media were incubated at 37°C under 5% CO2 in a humidified 
incubator. 

Murine RAW 264.7 macrophages were purchased from the American Type 
Culture Collection (Roclcville, MD, USA). The cells were maintained in Dulbecco's 
Modified Eagles's Medium (DMEM) supplemented with 10 % of heat-inactivated 
fetal bovine serum and 1 % v/v of antibiotics (penicillin and streptomycin) 
(Invitrogen, Carlsbad, CA, USA) at 37�C with 5 % C02. 
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2.4 Primary human monocyte and lymphocyte culture 
Fresh human buffy coat obtained from healthy volunteers of Hong Kong Red 

Cross Blood Transfusion Service was diluted two-fold with PBS at 4°C and 
centrifiiged using an isotonic Percoll solution (density 1.082 g/ml; Amershara and 
Pharmacia Biotech, Uppsala, Sweden) for 30 min at lOOOg without deceleration. 
After centrifugation, four layers of fluids appeared in the column. The thin white 
interface between the top and third layers containing the viable peripheral blood 
mononuclear cells including lymphocytes and monocytes was collected. The collected 
peripheral blood mononuclear cells were cultured with RPMI for 2 h, and the 
adherent cells in the culture flask were used as human monocytes and suspended cells 
were considerate as human lymphocytes. 

Cells were pre-loaded with photosensitizer (Pa or riboflavin). Following 
incubation, the cells were irradiated for 20 min using a 600 W quartz-halogen lamp 
with infrared irradiation attenuated by a 10 cm layer of water and a coloured filter cut-
on 610 lira as described in our previous studies. The light intensity was 70 mW/cm2 

(i.e., 20 min of irradiation = 84 J/cm2). 

2.6.1 Measurement of cytotoxicity induced by Pa-PDT 
The survival rate of tested cells was measured by methyl-thiazoldiphenyl tetrazolium 
(MTT) assay. MDA-MB-231 cells (1 x 104/well) were seeded on each well of a 96-



well culture plate and incubated for 24 h to allow attachment. After treatment with 
photosensitizer or vehicle control and tamoxifen for 2 h and the subsequent photo-
activation, the cells were incubated at 37°C for another 24 h. For tamoxifen treatment 
without combined to PDT, tamoxifen with various concentrations were added to the 
cells and kept in dark for 24 h before the assay. For assay with MAPK inhibitors, after 
treatment with appropriate concentrations of Pa with or without MAPK inhibitors 
(Merck Biosciences, San Diego, CA, USA) and the subsequent photo-activation, the 
cells were incubated at 37°C for another 24 h. For Pa treatment without PDT, 
appropriate concentrations of Pa were added to the cells and kept in dark for 24 h 
before the assay. Culture medium was removed and 30 jil MTT solution (5 mg/ml in 
PBS) was added to each well and incubated for 4 h at 37°C. After the removal of 
MTT solution, 100 (j.1 DMSO was added to each well to dissolve the formazan dye. 
The absorbance at 540 mil was measured and the data obtained were presented as the 
percentage of control. 

2.6.2 Measurement of cell growth stimulated by Pa 
RAW 264.7 cells (5 x 103) were seeded in 96-well plate and incubated at 37°C 

to allow attachment. The cells were then treated with vehicle control or Pa with 
various concentrations or 5 [iM of MEK1/2 inhibitor (U0126) (Promega Corporation, 
Madinson, Wl, USA) for 24，48 or 72 h in dark. Culture medium was removed and 30 
|j.l methyl-thiazoldiphenyl tetrazolium (MTT) solution (5 mg/ml in sterilized PBS) 
was added to each well and incubated for 2 h at 37°C. DMSO was added (100 fxl) to 
each well to dissolve the formazan dye after removing MTT solution. The absorbance 
at 540 nm was read and the data obtained were presented as the percentage of control. 



MDA-MB-231 cells or RAW 264.7 cells (5xl04/well) grown 011 the coverslip 
were incubated with 4 (.iM Pa at 37°C for 2 h without PDT treatment. After washing 
with PBS, the cells were then incubated with 800 11M MitoTracker Green (Molecular 
Probe, CA, USA) for further 45 min at 37°C in dark. The fluorescence of Pa or 
MitoTracker was observed by using a Nikon TE2000 fluorescence microscope (Nikon 
Corp., Japan) with an excitation wavelength at 578 nm or 490 nm; and an emission 
wavelength at 610 nm or 516 nm, respectively. The images of Pa were assigned as 
red, and MitoTracker Green were shown in green. Images were merged together by 
using the MetaMorph software (MDS Inc, CA, USA). 

MDA-MB-231 cells (3xl05/well) or RAW 264.7 cells (3xl0 5/well) or human 
immune competent cells (106/well) were seeded on each well of a 6-well culture plate 
and incubated 24 h to allow attachment. The Pa-PDT treated cells were harvested and 
washed twice with cold PBS at 1 h. Membrane potentials of MDA-MB-231 cells were 
analyzed by flow cytometry after staining for 15 min at 37°C with 10 jig/ml JC-1 
(5，5',6，6'-tetrachloro-l,r,3,3'-tetraethylbenzimidazolyl-carbocyanine iodide) 
(Invitrogen, Carlsbad, CA, USA), a fluorescent cationic dye that binds to polarized 
mitochondrial membrane and accumulates as aggregates in the mitochondria of 
normal cells. The mitochondrial membrane potential was analyzed by F ACS Canto 
flow cytometer (Becton, Dickinson & Company, CA, USA) using argon excitation at 
488 nm. 
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2.9 Measurement of ROS 
The ROS concentration was detected using 5-(and-6)-chloromethyl-2 ,,7'-

dichlorodihydrofluorescein diacetate, acetyl ester (CM-H2DCFDA) dye (invitrogen, 
Carlsbad, CA, USA) (Limoli et al, 2003). MDA-MB-231 cells (104/well) or RAW 
264.7 cells (5 x 103/well) or human immune competent cells (104/well) wcrs S6cd-6d 
in 96-well plate and incubated overnight at 37°C to allow attachment. The MDA-MB-
231 cells were then treated with the vehicle control or with various drug 
concentrations for 2 h following by photo-activation. For RAW 264.7 cells, cells were 
treated with the vehicle control or with Pa in dark. At 4 h or 24 h later (e.g. for MDA-
MB-231 cells or RAW 264.7 cells, respectively), culture medium was removed and 
cells were gently rinsed with PBS and incubated with 10 joM of dye at 37°C for 10 
minutes in dark. Fluorescence signals were acquired by a FLUOstar Galaxy plate 
reader (BMG Labtech, Offenburg, Germany) with the excitation and the emission 
wavelengths at 485 11111 and 520 nm, respectively. 

Cells (4xl0 5/well) were seeded in a 6-well plate and incubated with vehicle 
control or Pa at 0.5, 1.0 and 2.0 jliM in dark for 24h. Cells were then resuspended in 
cold 70% ethanol for 24h at 4°C. The fixed cells were washed twice with PBS and 
stained with propidium iodide (PI) (10 fxg/ml) and RNase A (50 fig/ml) in PBS buffer. 
Then cells were subjected to flow cytometric analysis using BD F ACS Canto flow 
cytometer. 
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MDA-MB-231 cells (2 x 106) were seeded on each 100-mm culture dish and 
incubated for 24 h to allow attachment before photodynamic treatment. After 24 h 
incubation at 37°C, the cells were harvested and washed twice with PBS. Then the 
cells were resuspended in 400 jil of DNA lysis buffer (200 mM Tris-HCl, 100 niM 
EDTA, 1% SDS, pH 8.3). Twenty pi protease 1C (10 mg/ml) solution was added and 
incubated for 2 h at 37°C. Saturated sodium chloride solution (150 }.il) was added and 
mixed thoroughly. The samples were centrifuged at 6500 x g for 15 rain at 4°C. 
Supernatant was collected and mixed with 1 ml cold ethanol before centrifuged at 
15000 x g for 20 min. The pellets were washed with 1 ml cold 75 % ethanol and dried 
briefly. Twenty \x\ ribonuclease A (RNase A) (0.2 mg/ml) was added and incubated at 
37°C for 90 min. The extracted DNA ladder fragmentation was visualized by 
electrophoresis in 1.2 % agarose gel containing ethidium bromide and analysed under 
ultraviolet light. 

2.12 Western blot analysis 
MDA-MB-231 or MCF-7 cells (3xl0 6 cells) or RAW 264.7 cells (1.5 x 106 

cells) were seeded on 90-ram culture dish and incubated for 24 h to allow attachment. 
The cells were harvested and washed twice with PBS at the appropriate treatment. 
After centrifugation，the cell pellets were lysed by the whole cell extraction buffer [2 
% sodium dodecyl sufate (SDS), 10 % glycerol, 625 niM Tris-HCl (pH 6.8)，(3-

mercaptoethanol (5 % v/v)] for 1 h at 4°C. The samples were boiled in water for 10 
min, and the protein content in each sample was determined by bicinchoninic acid 
(BCA) assay. Protein samples (30 |Lig) was resolved by 12.5 % sodium dodecyl sufate 
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polyacrylamide gel electrophoresis (SDS-PAGE), and then transferred to 0.45 pin 
polyvinylidene fluoride membrane (Immobilon, Millipore) by electro-blotting. The 
membrane was blocked with 5 % non-fat milk in PBS-T (PBS supplemented with 
0.1% Tween-20) and incubated with primary antibodies at 4°C overnight. Then the 
membrane was washed with PBS-T and probed with horseradish peroxidase-
conjugated secondary antibodies for 2 h at room temperature. Finally the target 
proteins were visualized by the enhanced chemiluminescence (ECL) detection kit 
(Amersham Life Science, Pittsburgh, PA, USA) and the signal was detected using 
autoradiography film. 

2.13.1 For ER-a detection 
MDA-MB-231 cells (3xl0 5) were seeded on each well of a 6-well culture 

plate and grown for 24 h to allow attachment, then incubated with vehicle control or 
desired Pa concentration for 2 h followed by 20 min of photo activation arid incubated 
for further 24 h. Then, cells were collected and fixed with 4% of chloroform at 37 0C 
for 10 min and were permeabilized with 90% of methanol on ice for an other 30 min. 
Cells were then washed twice with cold PBS supplemented with 1% saponin and 
incubated with ER-a antibody (1:50) (Santa Cruz Biotechnology inc.，Santa Cruz, 
CA, USA) at 4 0 C for 50 mill. After incubation, cells were washed with 1% saponin 
cold PBS and probed with F1TC conjugated goat anti-rabbit IgG (1:250) (Zyraed 
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Laboratories Inc., South San Francisco, CA, USA) at 4°C for 25 min. Cells were then 
washed and subjected to flow cytometric analysis using BD FACSort. flow cytometer. 

2.13.2 For MAPKs detection 
Human immune competent cells (106) were seeded on each well of a 6-welI 

culture plate and incubated with vehicle control or desired Pa concentration for 2 h. 
Then, cells were collected and fixed with 4% of BD Cytofix (Becton Dickinson 
Biosciences, San Jose, CA, USA) at 37°C for 10 min and were permeabilized with 
Perm Buffer II (Becton Dickinson Biosciences, San Jose, CA, USA) on ice for an 
other 30 min. Cells were then washed twice with cold PBS supplemented with 1% 
saponin and incubated with primary antibodies (e.g. pERIC, pJNK and pp38) (1:80) 
(Becton Dickinson Biosciences, San Jose, CA, USA) at 4°C for 50 min. After 
incubation, cells were washed with 1% saponin cold PBS and probed with FITC 
conjugated goat anti-mouse IgG (1:250) (Zymed Laboratories Inc., South San 
Francisco, CA, USA) at 4°C for further 25 min. Cells were then washed and subjected 
to FACSCanto flow cytometric analysis (Becton Dickinson Biosciences, San Jose, 
CA, USA). 

2.14 Autophagy detection with acridine orange staining 
MDA-MB-231 cells (5x10 /well) grown on the coverslips overnight were 

treated with Pa-PDT treatment as described previously. The treated cells were stained 
with 10 fAg/ml acridine orange (AO) for 15 min at room temperature in dark and 
washed 3 times with PBS and observed by using a Nikon TE2000 fluorescence 
microscope with an excitation wavelength at 578 nm and an emission wavelength at 
610 nm (Kanzawa et al�, 2003). 



MDA-MB-231 cells (5xl04/well) grown on the coverslips were preloaded 
with Pa and incubated for 2 h at 37°C followed by 20 min PDT treatment. After 
further 1 h incubation, the cells were fixed with iced cold fixation buffer (70 % 
methanol and 30 % water) for 20 min at -20°C, and then blocked with PBS-T 
containing 10 % FBS for 30 min at 4°C. The fixed samples were incubated overnight 
at 4°C with primary antibody, and then incubated with F1TC conjugated IgG for 
further 2 h. Finally, the samples were stained with 10 jiM Hoechst 33342 for 15 min 
at room temperature in dark and washed 3 times with PBS and observed using a 
Nikon TE2000 fluorescence microscope (Nikon Instruments Inc., Japan). 

Cells (3xl05/well) grown on the coverslips were treated with Pa-PDT. The 
cells were immediately incubated with 800 11M MitoTraclcer Green (Molecular Probe) 
for 45 min at 37°C, and further stained with 10 fxg/ml AO for 10 min at room 
temperature. After washing 3 times with PBS, the cells were viewed under a Leica 
SP5 confocal microscope. MitoTraclcer Green and AO fluorescence was detected by 
using the excitation (490 nm and 578 run) and emission (516 nm and 610 mm) 
wavelengths; AO was assigned as red, and MitoTraclcer Green was shown in green. 
Images were merged together by using the MetaMorph software (Universal Imaging 
Corp). 
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2.17 Two-dimensional Gel Electrophoretic Analysis 
The previous method was adopted (Tang et al., 2010). Cells ( lxl0 6 ) were 

seeded to 90mm-culture dish and incubated for 24 h to allow attachment. Six hours 
after photodynamic treatment with 0.5 jiM Pa or vehicle control, the cells were 
collected and washed five times with cell washing buffer (10 mM Tris-base, 250 mM 
sucrose, pH 7.4). The cells were then lysed in a lysis buffer (8 M urea, 4% CHAPS, 
2% pharmalyte 3-10) following by 10 min of sonification. The supernatant is 
collected and subjected to first-dimension isoelectric focusing (1EF) with a 13-cm 
immobilized pH gradient (pH) strip (pH3-10 immobiline Dry Strip; Amersham 
Bioscience, Pittsburgh, PA, USA). The IEF was processed by using the Ettan 
IPGphor™ Isoelectric Focusing Unit (Amersham Biosciences, Pittsburgh, PA, USA) 
with the following profile: 30 V for 10 h (gradient), 200 V for 1 h (step-and-hold), 
500 V for 1 h (step-and-hold), 8,000 V for 30 rain (gradient), 8,000 V for 6.5 h (step-
and-hold) until a total of 60,000 voltage-hours had been achieved. The IPG strips 
were then subjected to the second-dimension electrophoretic analysis with a 10 % 
SDS polyacrylamide gel. The cassette was running in the SE 600 Ruby 
Electrophoresis Unit (Amersham Biosciences, Pittsburgh, PA, USA) at a constant 150 
V, and the collected gel was finally visualized by using of PlusOne™ Silver Staining 
Kit (Amersham Biosciences, Pittsburgh, PA, USA). The gel result was scanned and 
analyzed by software Image Master 2D version 2.0 (Amersham Biosciences, 
Pittsburgh, PA, USA). The mediated protein spots were excised and extracted from 
the gel using in-trypsin digestion. The extracted protein was purified with ZipTipC18 
(Millipore Corporate, Billerica, MA, USA) and identified by Matrix assisted laser 
desorption-ionization time-of-flight mass spectrometry (MALD1-TOF MS) (Voyager-
DE STR Biospectrometry workstation, Applied Biosystems, Foster City, CA, USA). 
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The list of peptide mass was submitted for search against the NCBI database using the 
MASCOT search engine (Matrix Science Ltd, London, UK). 

The PDT-treated cells (3xl06/dish) collected at 4 h after PDT were lysed by 
incubating in 1 ml of non-denaturing lysis buffer (20 mM Tris-HCl, pH 8.0, 137 raM 
NaCI, 10% glycerol, 1% Triton X-100, 2 mM EDTA, and 20 fig/ml aprotinin) for 30 
mill at 4°C. The supernatant was collected after centrifugation for 20 mill at 12,000g. 
The collected cell lysate (200 jxg) was incubated with anti-HLA class I antibody 
(Abeam, Cambridge, UK) at 4°C overnight, and then 70 \xl of pre-swollen protein-A-
conjugated beads was added into the sample and incubated for 4 h. After removing 
the supernatant and washing with lysis buffer three times. Twenty five |il of whole-
cell extraction buffer was added to denature the protein and separate it from the 
protein-A beads. The samples were analyzed by Western blot with anti-HSP70 
antibody to study the interaction between HSP70 and HLA class 1 proteins. 

2.19.1 Human macrophages separation 
Previous method was adopted (Tang e( al‘, 2010). Fresh human buffy coat 

obtained from healthy volunteers of Hong Kong Red Cross Blood Transfusion 
Service was diluted two-fold with PBS at 4°C and centrifuged using an isotonic 
Percoll solution (Amersham and Pharmacia Biotech, Uppsala, Sweden) for 30 min at 
lOOOg without deceleration. The thin white interface between the top and third layers 
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containing the viable peripheral blood mononuclear cells including lymphocytes and 

monocytes was collected. The collected peripheral blood mononuclear cells were 

cultured with RPMI 1640 medium for 2 h, and the adherent cells in the culture flask 

were used as human macrophages. 

2.19.2 Phagocytic activity assay 
The experiment was performed using Vybrant phagocytosis Kit (Invitrogen, 

CA, USA). PBMCs (105) or RAW 264.7 cells (5 x 104) were seeded into 96-well 

plates, treated with solvent vehicle or different types of MDA-MB-231 cell lysate in 

dark for 2 h. Culture medium was removed and replaced with fluorescein-labeled 

Escherichia coli for 2 h. After the excessive fluorescein-labeled E. coli were removed, 

trypan blue (100 (il) was added and was extracted immediately after 1 minute. The 

fluorescence was read at 450 nm and corrected at 570 run. 

Fresh human buffy coat obtained from healthy volunteers of Hong Kong Red 

Cross Blood Transfusion Service was diluted 1:2 with PBS and centrifuged using an 

isotonic Percoll solution. Peripheral blood mononuclear cells (PBMC) fraction was 

obtained from the thin middle layer. CD4+ T helper cells were isolated by depletion 

of non CD4+ cells (Miltenyi Biotec, Bergisch Gladbach，Germany). CD 14+ 

monocytes were isolated by positive immunomagnetic selection using anti-CD 14 

microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany). 
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2.21 Isolation of human neutrophils 
Al l standard protocols were performed as previously described (Hu et, al. 

2010). Briefly, fresh human buffy coat obtained from healthy adult volunteers was 

diluted 1:2 with PBS at 4°C and centrifuged using an isotonic Percoll solution 

(density 1.082 g/ml) for 30 min at 1,000 g. The peripheral blood mononuclear cells 

(PBMC) at the interface were collected firstly. The granulocyte fraction was 

incubated with anti-CD 16 magnetic beads at 4°C for 45 min. CD16-positive cells 

were depleted by passing through a LS+ column within a magnetic field (Miltenyi 

Biotec, Bergisch Gladbach, Germany). CD 16+ neutrophils were immediately 

collected by pipetting the wash buffer and applying the plunger onto the column. 

Neutrophils (5 x 104) were centrifuged at 300 rpm for 3 min on microscopic slide by 

the Shandon Cytospin Centrifuge (Cometa Scientific, Nottingham, UK). The cells 

were air-dried, stained with Harleco hemacolor staining solutions, and examined 

using Nikon Eclipse E800 microscope (Nikon Corp., Tokyo, Japan). Only neutrophils 

with the purity more than 95% were used for functional study. 

2.22 Measurement of cytokine concentration by ELISA 
The concentrations of cytokines were measured using enzyme-linked 

immunosorbent assay (ELISA). RAW 264.7 cells were seeded (0.5 x 105/well) into 

96-well plates and grown for overnight at 37°C. The cells were treated with vehicle, 

lipopolysacharide (LPS) or Pa (0.5 and 1.0 (iM) with or without specific p38 inhibitor 

(SB20219) (Merck Biosciences, San Diego, CA, USA) for 24 h. The cytokine 

concentration in culture supernatant was measured using ELISA kit (BD Biosciences, 

CA, USA). 
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Concentrations of cytokine IL-6,1L-12, IL-17, IFN-7, TNF-a and GM-CSF in 

culture supernatant were measured by Bio-Plex cytokine assay kit (Bio-Rad 

Laboratories, CA, USA). 

2.24 Statistical analysis 
Data were presented by mean ± SD. Statistical analysis was performed using 

GraphPad Prism 5.0 (GraphPad Software, Inc, CA, USA). Student's t-test was used to 

compare the variance between different set of data. Any difference with probability (p) 

value less than 0.05 was considered to be significant. 



Photo-activated pheophorbide-a, an active component 

of Scutellaria barbarta, enhances apoptosis via the 

suppression of ERK-mediated autophagy in the 

estrogen receptor-negative human breast 

adenocarcinoma cells MDA-MB-231 
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Scutellaria barbata D.Don (Ban Zhi Lian, BZL), is a traditional Chinese 

medicine for clearing heats, relieving toxicity, reducing swelling, sores and abscesses 

(Dharmananda, 2004), Its anti-cancer property has recently been reported and the 

clinical trial of its water extract for advanced breast cancer treatment is ongoing in US 

(Fong et al” 2008). 

Previous studies have shown that the water and organic solvent extracts of 

BZL can significantly inhibit the growth of human tumors (Wong et al., 2009; Dai et 

a l , 2008; Kim et a l , 2008; Kim el cd., 2007; Suh et al., 2007; Goh el a l , 2005; Cha el 

a l , 2004; Yin et a l , 2004). However, limited works have been attempted to elucidate 

its active components (Wu and Chen, 2009; Yu et al,, 2007). Our previous study 

revealed that Pheophorbide a (Pa), is one of the active components purified from 

Scutellaria barbata by using a bioassay-guided method, possessing anti-tumour 

activity (Chan el al., 2006), that is consistent with other reports about Pa (Nakamura 

et al,, 1996; Hibasami et al., 2000). Pa has been commercial available as it can be 

purified from a number of traditional medicine sources such as Scutellaria barbata, 
Psychotria acuminata, as well as silkworm excreta (Chan et al, 2006; Glinski et al., 
1995; L im et al,, 2002). Previous studies have suggested that the therapeutic potential 

of Pa-mediated photodynamic therapy (Pa-PDT) on leukaemia, pigmented melanoma, 

colonic cancer, hepatoma and uterine carcinosarcoma (Lee et a!,, 2004; L im et cd., 

2004; Hajri et al., 2002; Tang et a I., 2006, 2009b; Li et al., 2007; Tang et al., 2009a). 

in this present study, the therapeutic potential of Pa-PDT is demonstrated on a 

human breast cancer cell line MDA-MB-231 which is lack of estrogen-receptor 

expression, as an in vitro model of late phase human breast cancer (Stein et a J., 2008). 



3.2.1 Anti-proliferative effect of Pa-PDT on MDA-MB-231 cells 
The dose-response curve of Pa-PDT-treated cells was shown in Figure 3.1. 

The cell viability decreased with an increase of Pa concentration, where IC5o value 

was found to be 0.5 j.tM Pa-PDT at 24 h but the viability of Pa-treated cells without 

illumination was more than 90% at this dosage. In contrast, the iC50 value of 

tamoxifen was found to be 20.0 jo,M at 24 h (data not shown). 

3.2.2 Subcellular localization of Pa and collapse of mitochondria in 
MDA-MB-231 cells after Pa-PDT 

The intracellular localization of photosensitizer is important for its activities; 

therefore localization of Pa in MDA-MB-231 cells was examined. The co-staining 

images of Pa and MitoTracker Green showed a good overlapping of both fluorescent 

signals at 2 h (Figure 3.2A) and 24 h (data not shown), suggested that Pa localized 

specifically at the mitochondria in MDA-MB-231 cells. Pa-PDT is able to trigger the 

collapse of mitochondria by a rapid generation of ROS (e.g. peroxidants) in the 

intracellular environment. The mitochondrial membrane potential was changed in a 

dose-dependent manner in Pa-PDT treated MDA-MB-231 cells at 1 h by JC-1 

staining assay, as shown in Figure 3.2B. The change in population was counted as 

17.4 % in control and gradually increased to 55.1 %, 96.9 % and 99.8 % by 0.25 (iM, 

0.5 (0.M and 0.75 ^ M Pa-PDT treatments, respectively. 
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3.2.3 Activation ofMAPK pathway in Pa-PDT treated MDA-MB-231 
cells 

PDT can trigger the generation of R〇S by exciting the photosensitizer, and the 

produced high-energy molecules can collapse the subcellular organelles where the 

photosensitizer is located and initiate the cell death process. As shown in Figure 

3.3A, intracellular ROS (e.g. peroxidants) level was increased in a dose-dependent 

manner during Pa-PDT treatment. High level of intracellular ROS concentration can 

activate the MAPKs, so activation ofMAPKs, including extracellular signal-regulated 

kinase- (ERK), c-Jun N-terminal kinase (JNK) and p38, in the Pa-PDT treated cells 

were monitored by Western blotting. Significant phosphorylation of JNK and mild 

activation of p38 were found, whereas the phosphorylation of ERK was strongly 

suppressed in the Pa-PDT treated cells (Figure 3.3B). Similarly, the phosphorylation 

of JNK was increased in a dose-dependent manner whereas the phosphorylation of 

ERK was slightly increased at 0.5 (iM and strongly suppressed at higher 

concentration of Pa-PDT in the treated cells (Figure 3.3C). 

3.2.4 Effect of MAPK inhibitors on Pa-PDT induced cell death in 
MDA-MB-231 cells 

The activation of JNK is supposed to facilitate programmed cell death, 

however, pharmacological inhibition of JNK and/or p38 could not prevent Pa-PDT-

treated MDA-MB-231 cells from death (Figure 3.4). This result suggested that Pa-

PDT may induce cell death by other pathways besides apoptosis. 



3.2.5 Pa-PDT mediated apoptosis induction in MDA-MB-231 cells 
Genomic DNA fragmentation was detected on Pa-PDT treated MDA-MB-231 

cells even at low Pa concentration (0.25 jxM, 0.5 (xM and 0.75 ^.M), and no DNA 

ladder pattern can be detected on the control sample which was illuminated without 

Pa (Figure 3.5). 

3.2.6 Pa-PDT activated JNK induced endoplasmic reticulum stress 
Analysis of protein expression profile of MDA-MB-231 cells revealed the 

involvement of endoplasmic reticulum stress during Pa-PDT treatment by two-

dimensional PAGE gel method. Modulation of two endoplasmic reticulum chaperone 

calcium binding proteins, calreticulin and GRP78/BiP, was founded (data not shown). 

Perturbation of endoplasmic reticulum homeostasis upregulated GRP78/B1P, 

calreticulin and ERp57, and resulted in unfolded protein response (UPR). GRP78/BiP 

is belonged to heat shock protein 70 family which played an important role in pro-

survival mechanism of the cells under the endoplasmic reticulum stress. In addition, 

ERp57, a lumeiial protein of the endoplasmic reticulum which belonged to disulfide 

isomerase (PDI) family, works together with lectine endoplasmic reticulum 

chaperones calnexin and calreticulin in many protein folding processes. In this study, 

calreticulin was found to be up-regulated at the first 2 hours and degraded at 4 hour in 

Pa-PDT treated cells (Figure 3.6A). Nevertheless, the expression of GRP78/BiP was 

regressed after Pa-PDT treatment, whereas ERp57 was upregulated after Pa-PDT only 

at 4 h. Furthermore, the increase of calreticulin and ERp57 and the decrease of 

GRP78/BiP were observed at the early time in a dose dependent manner (Figure 

3.6B). 
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3.2.7 Induction of autophagy in Pa-PDT treated MDA-MB-231 cells 
Autophagy is recently proposed as a programmed cell death mechanism as 

apoptosis，it can lead to cell suicide with or without the induction of apoptosis and can 

be induced by endoplasmic reticulum stress. Activation of ERK and down-regulation 

of Bcl-2 are suggested to enhance the induction of autophagy in cancer cells (Korido 

and Kondo, 2006; Motyl et al., 2006). In our study, the activation of ERK (Figure 

3.3C) and the downregulation of Bcl-2 (Figure 3.7A) were both found in Pa-PDT 

treated cells, therefore further experiments were conducted to investigate whether Pa-

PDT could induce autophagy in the breast cancer cells. LC3 is a major constituent of 

autophagosome, a double membrane to sequester target organelles. 

During autophagy, cytosolic LC3 is recruited to autophagosome formation. 

LC3-I is converted to LC3-II and associated to the autophagic vesicles (Kondo and 

Kondo, 2006). As shown in Figure 3.7B, expressions of LC-3B was significantly 

increased, the results were confirmed by Western blot in the cells treated with 0.25, 

0.5 and 0.75 ( iM Pa-PDT (Figure 3.7C), Furthermore, the formation of acidic vesicle 

organelle, another hallmark of autophagy which can be visualized by acridirie orange 

(AO) staining, was found in the cells treated with 0.5 ptM Pa-PDT. The inhibition of 

ERK activity with a pharmacological co-treatment with an ERK inhibitor PD98059 

(Merck Biosciences, San Diego, CA, USA), could reduce vesicle formation in the Pa-

PDT treated cells (Figure 3.7D). Nevertheless, the formation of autophagosomes may 

aim at removing the damaged organelles such as mitochondria in order to rescue the 

Pa-PDT treated cells. According to the confocal microscopic observation (Figure 

3.7E), the images of mitochondria (left upper panel) and cellular acidic compartment 

(right upper panel) in the 0.5 \xM Pa-PDT treated MDA-MB-231 cells could not be 

completely merged (left lower panel); and inhibition of ERK reduced the cytotoxicity 
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of Pa-PDT treatment on the MDA-MB-231 cells (Figure 3.7F). Our results therefore 

implied that ERK could mediate autophagy, and the induced autophagy enhanced the 

anti-tumour effect ofPa~PDT on MDA-MB-231 cells. 

In this study, we evaluated the therapeutic potential of Pa-PDT on human 

breast cancer, as breast is an out-growing organ that is suitable for the application of 

PDT protocol which has been used to treat head and neck cancers in clinics. PDT was 

reported to inhibit cancers through different cell death pathways and its effectiveness 

is dependent on the types of cancer cell lines and photosensitizers (Buytaert et al,, 

2007; Zuluaga and Lange, 2008). Previous studies on the potential of Pa as a 

photosensitizer have suggested that Pa is effective to inhibit cancer growth by the 

induction of apoptosis (Inanami et al., 1999; Hajri et aL, 1999; Hajri et al., 2002; Lee 

et cil.’ 2004; L im et ah, 2004; Tang el al, 2006; Tang et al., 2007; Tang el al, 2009a; 

Tang ei al., 2009b; L i et aL, 2007; Radestock et a!., 2007; KLishino et al., 2008; 

Rapozzi et al., 2009). We speculated that apoptosis is a general anti-tumour 

mechanism of Pa-PDT on human cancers. Our present study is the first report to 

demonstrate the therapeutic potential of Pa-PDT on human estrogen-negative breast 

carcinoma treatment by using MDA-MB-231 cells as a late phase of human breast 

carcinoma model; and most important is that our finding revealed autophagy is also 

contributed to the Pa-PDT mediated cancer cell death. 

Our findings showed that Pa-PDT can significantly inhibit the growth of 

MDA-MB-231 cells with an IC50 value of 0.5 \ iM for 24 h incubation (Figure 3.1), 

light has shown no effect on cell growth inhibition (data not shown). This value is 



consistent with that of our previous reports on human hepatoma cells Hep3B, 

multidrug-resistant human hepatocellular carcinoma cells RHepG2 and uterine 

carcinosarcoma cells MES-SA with ICso values of 0.8 [iM, 0.6 ^iM and 0.5 ^M, 

respectively (Tang et aL, 2006; Tang et al., 2007; Tang el a!., 2009a). The potency of 

Fa-FDT is much higher than the anti-breast cancer agent tamoxifen, whose IC50 value 

is 19 j iM for 24h incubation (data not shown) as tamoxifen establishes its anti-tumour 

effects via estrogen receptor-mediated pathway whereas MDA-MB-231 cells are 

estrogen receptor null. In the case of Pa-PDT, cell death is triggered independently of 

estrogen receptor, according to the similar IC50 values on MCF-7 and MDA-MB-231 

cells (data not shown), which are estrogen-receptor-positive and negative cells 

respectively. In addition, Pa showed no significant cellular toxicity without light 

illumination at low concentrations (Figure 3.1). In higher concentration (e.g. 40 fxM), 

Pa exhibits anti-tumour effect (Chan et a i , 2006). that is an advantage of Pa-PDT in 

clinical applications since adjustment of light illumination area can avoid the damage 

to normal tissue in the breast cancer bearing patients. 

The cellular localization is important to the action mechanism of 

photosensitizers (Dolmans et al., 2003; Buytaert et al., 2007). Pa was found to be 

localized in the mitochondria of MDA-MB-231 cells (Figure 3.2A), similar to its 

subcellular location in the Hep3B and MES-SA cells (Tang et al,, 2006; Tang et al., 

2009a). The rapid generation of ROS (e.g. peroxidants) found in Pa-PDT-treated cells 

(Figure 3.3A) would induce damage to mitochondria and lead to the changes in 

mitochondrial membrane potential (Figure 3.2B), thereby triggering the activation of 

the intrinsic apoptotic caspase cascade (Tang et 2006; Tang et a l , 2007; Tang et 

a l , 2009a; Tang et a l , 2009b; Tang et a l , 2010; L im et al,, 2004; Hajri et al., 2002; 
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Li et al., 2007). Pa-PDT treated-MDA-MB-231 cells resulted in a typical laddering of 

genomic DNA which is a hallmark of apoptotic cell death (Figure 3,5). Similar results 

were also observed in MCF-7 cells, an estrogen-receptor positive cell line (data not 

shown). Therefore, Pa-PDT is a promising apoptosis inducer on the breast cancer 

cells and other types of human cancer cells (Lim et al., 2004; Hajri et al., 2007; Li et 

a l , 2007, Tang et al； 2006; Tang et al., 2007; Tang et a l , 2009a; Tang et a!., 2009b; 

Tang et al., 2010). 

No previous literatures have reported other possible anti-tumour mechanisms 

of Pa-PDT for the inhibition of human breast cancer cell growth. According to Figure 

3.3A, a dose-dependent induction of ROS was detected in the Pa-PDT-treated MDA-

MB-23 1 cells. Recent study has suggested that ROS sustains the activation of MAPK 

signal cascade in cancer cells (Wu et ah, 2008). In our study, modulation of JNK and 

ERK, which are regulators for mitochondrial membrane metastasis, endoplasmic 

reticulum stress and autophagy (Hoye et al., 2008; Urano et al., 2000; Corcelle et a l , 

2007), were found in Fa-PDT-treated cells (Figure 3.3B). Our observation therefore 

suggested that Pa-PDT could activate MAPK pathway by the rapid induction of 

intracellular ROS stress in the treated tumour cells. The results are consistent with our 

findings on multidrug resistant human hepatoma cells RHepG2 (Tang et a l , 2009b). 

However, neither JNK nor p38 inhibitors could prevent Pa-PDT induced cell death 

(Figure 3.4). Therefore, the Pa-PDT induced MAPK activation may trigger different 

intracellular pathways in a cell type specific manner. Results from Figure 3.4 

suggested that Pa-PDT could induce different cell death pathways whereas the stress 

related one is an additional pathway for Pa-PDT induced cancer cell death in MDA-

MB-231 cells. 



Further investigation of the MAPK. activation revealed two non-apoptotic 

mechanisms that were also triggered in MDA-MB-231 cells during Pa-PDT 

treatment. Mitochondrial plasma membrane collapse increases intracellular ROS 

concentration, leading to endoplasmic reticulum stress. Endoplasmic reticulum is an 

organelle involving in protein synthesis, folding, post-translational modification, as 

well as calcium homeostasis. The phosphorylation of J NIC (Figure 3.3C) after Pa-PDT 

indicated that J NIC is induced by endoplasmic reticulum stress (Srivastava et ciL, 

1999). It is supported by the upregulation of calreticulin (Figure 3.6B) which is a 

calcium dependent molecular chaperone protein involved in many biological 

functions such as immunity, apoptosis and endoplasmic reticulum stress (Michalak et 

al., 2009; Ni and Lee, 2007). In order to recover the endoplasmic reticulum 

homoeostasis and maintain cell survival, the unfold protein response (UPR) involving 

different endoplasmic reticulum chaperone proteins mediated by a HSP70 family 

protein GRP78/BiP for the inhibition of apoptosis, is initiated (Lee, 2007; Kim et ciL, 

2006). In addition, down-regulation of GRP78/BiP is accompanied by the up-

regulation of another ER chaperon protein ERp57 (Xu et al., 2009). We found that 

GRP78/Bip and ERp57 were down- and up-regulated, respectively, during Pa-PDT 

treatment (Figure 3.6A and 3.6B). Together, endoplasmic reticulum chaperones such 

as calreticulin require the interactive partner GRP78/BiP for UPR. However, 

GRP78/BiP is suppressed by the up-regulation of ERp57. As a result, calreticulin 

cannot decrease protein misfolding due to the lack of GRP78/BiP, and therefore 

enhanced the Pa-PDT mediated cancer cell death in MDA-MB-231 cells. 
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Autophagy is responsible for protein degradation and recycling in order to 

maintain cell survival, tissue remodeling as well as tumour suppression. It is a newly 

suggested programmed cell death pathway for tumour cells (Yorimitsu and Kiionsky, 

2007, Molyl el«/., 2006; Hippert et al., 2006; ICondo and Kondo, 2006). Activation of 

ERK was occurred in Pa-PDT treated MDA-MB-231 cells at 20 min where no p38 

was stimulated (Figure 3.3B). Specific activation of ERK has been suggested for the 

induction of autophagy (Corcelle et a I., 2007). Autophagic vacuolation was observed 

in the Pa-PDT treated MDA-MB-231 cells and its formation was significantly 

suppressed by ERK inhibitor (Figure 3.7D). In addition, increase in the expression of 

lipidated LC3B (LC3-I1 form), another hallmark of autophagy, was found in the Pa-

PDT treated cells (Figure 3.7B and 3.7C). The findings supported the induction of 

autophagy in the MDA-MB-231 cells during Pa-PDT treatment. Nevertheless, the 

acidic vesicles were not located at mitochondria (Figure 3.7E), thereby implying that 

the induced autophagosomes were not for eliminating of the photo-damaged 

mitochondria in the Pa-PDT treated cells. Our suggestion is supported by the co-

treatment of Pa-PDT with ERIC inhibitor,where the cytotoxicity of Pa-PDT on MDA-

MB-231 cells could not be inhibited when the autophagy was suppressed by ERK 

inhibitor (Figure 3.7F). Autophagy occurred only at low concentration (up to 0.5 fxM) 

of Pa-PDT; whereas, the rapid cell death process can abolish the contribution of 

autophagy when higher dosage was applied, as ERIC was totally inactivated at 0.75 

(LIM Pa-PDT (Figure 3.3C). Therefore, no significant effect of E R I C inhibitor could be 

observed on the cell survival rate at the high Pa dosage (Figure 3.7F). These findings 

suggested that the induction of autophagy occurred in parallel with apoptosis for the 

multiple anti-tumour activities of low dose Pa-PDT on MDA-MB-231 cells. 
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The antitumour mechanism of doxorubicin, a well known antitumour drug, is 

multiple depending on treatment concentrations (Gewirtz，1999). From low to high 

concentrations, doxorubicin induced cancer growth arrest via the induction of cell 

differentiation and interference with the DNA-topoisomerase I I interaction. Free 

radicals mediated toxicity is observed only at high concentration of doxorubicin 

(Gewirtz, 1999). Doxorubicin could induce apoptosis in MDA-MB-231 cells at high 

concentration via mitochondrial machinery (Aroui e( al., 2009). Other group also 

reported that when apoptosis is partially blocked, doxorubicin induced MDA-MB-231 

cell death by autophagy (Di et al., 2009). Therefore, Pa-PDT exerts multiple cancer 

cell death pathways in the treated MDA-MB-231 cells depending on the drug 

concentration as the case of doxorubicin. 

Our present work revealed the therapeutic potential of Pa-PDT on estrogen 

receptor negative human breast carcinoma MDA-MB-231 cells. The potent 

antitumour effect of Pa-PDT on MDA-MB-231 cells was established via additive 

death pathways. The induction of mitochondria dependent apoptosis is amplifying by 

endoplasmic reticulum stress linked to autophagy that was served as an additive anti-

cancer effect. Pa-PDT is therefore a potential protocol to treat human breast tumour 

cells at late phase via multiple death pathways, it suggests that Scutellaria barbata 

extract, from which Pa is purified, may be considered as a new TCM related 

photosensitizer in breast cancer treatment. 



Pa 
士 Pa-PDT 

Figure 3.1 - The inhibitory effect of Pa-PDT on MDA-MB-231 cells in vitro. Cells were pre-
incubated with Pa for 2 h, and then illuminated. No illumination was applied on the dark control. Cell 
activity was measured by MTT assay at 24 h after each treatment. The results are reported as mean 士 

S.D. with 3 independent experiments. 
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Pheophorbide a Mito-Tracker Green Merged Image 

(B) 

UJ 

R1 

r 
5 5 . 1 ± 

R1 

w o 

9 6 . 9 士 % 
10° 10' W 'ios 10， 

0.25 uM Pa-

0.50 uM Pa- 0.75 UM Pa-

Figure 3,2 - Pa-PDT induced cell death in MDA-MB-231 cells via mitochondrial dependent 
machinery* (A) Subcellular localization of Pa was performed by staining cells with Pa fox 2 h followed 
by MitoTracker Green. Fluorescence emissions weie detected by a Nikon TE2000 fluorescence 
microscope (60x)，where Pa was assigned as red, and Mitotracker Green was assigned as green in 
colour Co-localization of Pa and MitoTracker was shown m yellow colour of the merged image. 
Images are a representative of 3 independent experiments (scale ba r 15 \im) (B) Pa-PDT treated cells 
were collected and stained with JC-1 and subjected to flow cytometric analysis for the change of 
mitochondrial membrane potential (Aym). The numerical results are presented as mean 士 S,D of 3 
independent experiments, CTL: Control. 
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Figure 3.3 - Pa-PDT activated MAPK pathway via ROS induction in MDA-MB-231 cells. (A) 
Induction of intracellular ROS generation. The MDA-MB-233 cells were treated with various 
concentrations of Pa with PDT. PDT cells were then stained with CM-H 2DCFDA dye in dark. The 
intensity of intracellular CM-H 2DCFDA fluorescence are presented as mean 士 S.D. of 5 independent 
trials. !'p value < 0.05. (B) Time-course study of MAPK activation. Cells were treated with 0.5 _ Pa 
without illumination as dark control, or 0.5 f.iM Pa-PDT for various time intervals. The expression of 
P-actin and various phosphorylated MAPK proteins were analyzed by Western blotting. Representative 
results are shown from 3 independent experiments with essential similar results. CTL: Control (C) 
Dose-course study of MAPK activation. Cells were treated with solvent control or with different Pa 
concentrations (0.25 fxM and 0,5 fxM) and whole-cell protein lysates were collected at 1 h after photo-
activation, subjected to Western blot analysis. Representative results are shown from 3 independent 
experiments with essential similar results. CTL: Control. 
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SP600125 
SB20219 
SB20219+SP600125 

Figure 3.4 - Effect of JNK and p38 inhibitions on Pa-PDT induced cell death. Cells were incubated 
with Pa and inhibitor of JNK (SP600125) (1 \lM) or p38 (SB20219) (1 fj-M) for 2 h, and then 
illuminated with the total energy equal to 84 J/cm 2. Cell viability was measured by MTT assay at 24 h 
after each treatment. The results are presented as mean 土 S.D. with 3 independent experiments. 
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Figure 3.5 - Pa-PDT induces apoptosis via DNA fragmentation in MDA-MB-231 cells. Cells 
(4xl0 5/weil) were treated with 0.04 % ethanol (solvent control) or Pa-PDT (0.25 ^M, 0.5 \xU or 1.0 
jxM). The genomic DNA of Pa-PDT treated cells was extracted at 24 h and resolved in 1.0 % agarose 
gel by electrophoresis, where lane M: DNA markers (100 base pair); lane 1: solvent control; lane 2: 
0.25 \xM Pa-PDT; lane 3: 0.5 |iM Pa-PDT, and lane 4: 1.0 (.iM Pa-PDT. Results shown are 
representatives of 5 independent experiments with essential similar results. 
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Figure 3.6 - Pa-PDT induced JNK-mediated ER stress without unfolded protein response (UPR) 
activation. (A) MDA-MB-231 cells were treated with Pa (0.5 jliM) for 2 h without illumination for 
control, or Pa-PDT (0.5 (xM) and then collected at appropriated time. A time course analysis of protein 
expression was monitored using Western blot. Representative results are shown from 3 independent 
experiments with essential similar results. (B) Cells were treated with solvent control or various 
concentrations of Pa (0.5 and 0.75 (aM) for 4 h. After PDT, cells were collected for whole-cell protein 
lysates and analyzed by Western blot. Representative results are shown from 3 independent 
experiments with essential similar results. CTL: Control. 
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• Without ERK inhibitor 
£S3i With ERK inhibitor 

Figure 3.7 - Pa-PDT induces ERK-mediated autophagy in MDA-MB-231 cells. (A) Cells were 
treated with solvent control or various Pa concentrations for 2h then collected I h after light activation. 
The expression level of Bcl-2 was monitored by Western blot. Representative results are shown from 3 
independent experiments with essential similar results. (B) The Pa-PDT treated cells were fixed at 1 h 
after PDT. Cells were stained with monoclonal LC3-B antibody then probed with FITC-conjugated 
secondary antibody. The nuclei were stained with 10 f.iM Hoechst 33342. The stained cells were 
examined using fluorescence microscope, where the nuclei were assigned as blue, the LC3-B was 
assigned as green in colour (middle panel), and the merged images of nuclei and LC3-B were shown in 
the right panel. Representative images are shown from 5 independent trials with essential similar 
results. (C) Pa-PDT treated cells were collected at 1 h after illumination. The expression of LC3-B was 
analyzed by Western blot. Representative results are shown from 3 independent experiments with 
essential similar results. (D) The cells were treated with solvent control, 0.5 jiM Pa-PDT without or 
with 200 nM PD98059, and then stained with acridine orange and examined using fluorescence 
microscope. Representative images are shown from 5 independent experiments with essential similar 
results (scale bar: 15 f_im). (E) The 0.5 (iM Pa-PDT treated cells (5xl0 4/well) were stained with 
Mitotracker Green and acridine orange, and observed under confocal microscope where the acridine 
orange were assigned as red (left upper panel), the Mitotracker Green was assigned as green in colour 
(right upper panel), and the merged and bright-field images were shown in the left and right lower 
panels, respectively. Representative images are shown from 3 independent trials with essential similar 
results (scale bar = 10 f.im). (F) Cells were incubated with Pa or combination with 200 nM PD98059 
for 2 h, and then received the illumination. The cell viability was measured by MTT assay at 24h and 
the results are presented as mean 士 S.D, with 3 independent experiments (*p-value < 0.05, comparing 
between groups with or without PD98059). CTL: Control. 
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Pheophorbide a based photodynamic therapy 

enhances the antitumour effect of tamoxifen in 

estrogen receptor-negative human breast cancer cells 

MDA-MB-231 



Breast cancer is the fifth most lethal cancer worldwide arid the second most 

common type of cancer which is triggered by principal risk factors including aging, 

genetic, and lifestyle (WHO, 2006; WHO International Agency for Research on 

Cancer, 2003). Surgery and chemotherapy are the two most common methods to treat 

this cancer, however, surgery is an irreversible intervention that can cause 

psychological problem to female patients, and surgery requires a pattern such as 

chemotherapy, radiation or hormonal therapy after treatment. The recent alternative 

for breast cancer treatment is hormonal therapy, where tamoxifen, a selective estrogen 

receptor modulator (SERM), is one of the approved drugs used for this purpose 

(Jordan, 2006). SERM is effective only on early breast cancer cases, which are 

estrogen receptor positive (ER-positive). In contrast, chemotherapy is generally the 

first choice in the last phase of the disease, as estrogen receptor is no longer expressed 

(ER-negative) in the cancer cells (Jordan, 1993). Nevertheless, available 

chemotherapy drugs only can partially overcome the growth of breast cancer cells due 

to the development of multi-drug resistance (MDR) phenomenon (e.g. doxorubicin) 

(Robert, 1999). Therefore, patients with estrogen receptor-negative breast cancer have 

a poor prognosis. Taking together, photodynamic therapy (PDT) has been suggested 

to be a new hope for breast cancer (Dolmans et al., 2003). 

In this present study, the effects of Pa-PDT combined with tamoxifen 

treatment were investigated. We found Pa-PDT successfully sensitized MDA-MB-

23 1 cells to tamoxifen. 
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4.2.1 Pa-PDT restores estrogen-receptor a expression in MDA-MB-
231 cells 

MDA-MB-231 cells are ER-a negative breast cancer cells. Therefore, 

tamoxifen reveals low efficiency in treating this cancer. After 24h of Pa-PDT 

treatment, using 0.2 fxM to 0.5 fxM of Pa, restoration of ER-a was observed in MDA-

MB-231 cells. The results which were obtained by different methods including 

Western blot (Figure 4A), intracellular staining (Figure 4B) and 

immuiiohistochemistry (Figure 4C) are similar. 

4.2.2. The effect of combination of photodynamic therapy and 
tamoxifen 

Due to the absence of ER-a in MDA-MB-231 cells, tamoxifen has low 

sensitivity in treating advanced breast cancer. The combination of PDT and tamoxifen 

is suggested as new method to enhance the anti-tumour effect of SERMs in treating 

late phase breast cancer. In addition to Pa, other natural photosensitizer, riboflavin 

(VitB2), is used to test whether the effect is from PDT or Pa-PDT. MTT assays 

showed that the IC50 of Pa-PDT is 0.5 pM (Figure 3.1) and that of VitB2 is 50 [ iM 

(Figure 4.2) at 24 h incubation. 

MTT assay of Pa-PDT or VitB2-PDT with tamoxifen were performed at lCio 

and lC2o of each photosensitizer. The IC50 of tamoxifen shifted from 19 fxM 

(tamoxifen alone) to lower concentrations (tamoxifen combined to PDT), depending 

on the loaded concentration and the type of photosensititizer. For Pa-PDT, the IC50 of 



tamoxifen shifted from 19 (xM to 18 JAM and 16 [xM (IC20 and IC10 respectively), for 

VitB2 } from 19 (xM to 17 fxM and 15 j iM (lC2o and IC10 respectively) (Figure 4.3A 

and B). Thus, PDT combined with tamoxifen enhanced the sensitivity of MDA-MB-

23 1 cells to tamoxifen. 

4.2.3 Pa-PDT combined with tamoxifen induces both 11*11 mis and 
extrinsic apoptosis 

Apoptosis can be triggered via intrinsic (mitochondrial regulation) or extrinsic 

(direction signal transduction) pathways as well as both of them. The protein level of 

apoptosis-related proteins in Pa-PDT (0.2 fxM) combined with tamoxifen (5 jxM) (Pa-

PDT-Tam) treated MDA-MB-231 cells at 24 h was investigated and normalized by 

actin level. As shown in Figure 4.4B, the level of procaspase-3 and bcl-2 were 

decreased whereas cleaved caspase-9 and p53 was increased in Pa-PDT-Tam treated 

cells, in addition, the level of other proteins that involved in the intrinsic pathway, 

including BAD, cleaved PARP (increased) were modulated in the Pa-PDT-Tam. The 

change (p<0.5) was more significant comparing to cells treated with either Pa-PDT or 

tamoxifen without any combination (p<0.5)‘ Besides, the extrinsic apoptosis was also 

observed by the increased protein expression level of Fas and DR5, both belong to 

receptors of the TNF receptor (TNFR) family, in Pa-PDT-tamoxifen treated cells. In 

addition, truncated Bid (tBid), a pro-apoptotic protein, was also increased. tBid is the 

cleaved product of Bid by caspase-8, the caspase that mediates extrinsic apoptosis via 

TNFR induction (Figure 4.4 A). 
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One of the widely used methods to cure breast cancer is hormonal therapy. 

This method is based on the introduction of different type of hormones, depending 011 

the diagnosis of the patient, to control breast tumour cell growth. We can distinguish 

two essential hormonal therapies for clinical application: SERMs and aromatase 

inhibitors (Jordan, 2004). Our study has been focused on enhancing the efficient of 

SERMs, especially tamoxifen, in treating advanced breast cancer. Tamoxifen is a 

molecule that competes with estradiol to bind to estrogen-receptor (Shiau et aL, 

1998). Its administration into the body fluid can suppress the stimulation of estradiol 

on breast cell growth and therefore induce breast tumour arrest or apoptosis 

(Mandlekar and Kong, 2001). 

Breast cancer could be grouped into two main phases: early phase where 

estrogen receptor is expressed and advanced phase where estrogen receptor is absent. 

MDA-MB-231 cells are cell line that obtained from advanced breast cancer woman 

whom ER-a is absent. Therefore, our study is concentrated to patients that hormonal 

therapy is not efficient. 

Pa-PDT was proved to be efficient in treating advanced breast cancer with the 

IC50 equals to 0.5 }AM (Bui-Xuan et a l , 2010). At lower concentration, e.g. inferior to 

0.25 (iM, the toxicity of Pa-PDT is limited (Figure 3.1). However, the produced 

energy is consequent to the change of cell physiology. Our hypothesis was that Pa-

PDT at low concentration could activate certain gene transcriptions allowing the 

expression of the absent proteins. In the case of MDA-MB-231 cells, ER-a is an 

important receptor that its restoration, can play major role in breast cancer treatment. 

Monitoring the expression of ER-a in Pa-PDT treated cells by Western Blot analysis 

showed that at 0.2 (iM Pa-PDT could restore the expression of ER-a (Figure 4.1 A). 



The result is also confirmed by intracellular staining coupled to flow cytometric 

analysis and the immunohistochemistry (Figure 4. IB and C). Therefore, Pa-PDT 

triggers ER-a expression in MDA-MB-231 cells at the concentration ranged from 0.2 

_ to 0.5 (.iM. 

Our next question is whether Pa-PDT could enhance tamoxifen sensitivity 

towards MDA-MB-231 cells. ICIO and IC20 were used since at higher concentrations 

of Pa-PDT, the toxicity of Pa-PDT is too high and wi l l mask tamoxifen effects. MTT 

assay of tamoxifen alone, tamoxifen with Pa-PDT at 0.1 pM and 0.2 showed that 

tamoxifen combined to 0.2 f iM of Pa-PDT reduces the IC50 of tamoxifen at 24h 

incubation from 19 pM to 17 pM (Figure 4,3A). To confirm i f the result is due to 

PDT method, other photosensitizer is used for similar assay. Riboflavin, also named 

vitamine B2 (VitB2), is another natural photosensitizer. The IC50 of VitB2-PDT in 

treating MDA-MB-231 cells is 50 (iM (Figure 4.2). MTT assay was performed with 

tamoxifen alone, tamoxifen with VitB2-PDT at 10 and 20 |xM showed that the 

IC50 of tamoxifen is reduced from 19 ^iM to 16 ^iM, similarly to Pa-PDT effect 

(Figure 4.3B). Therefore, tamoxifen in combination with PDT at low concentration 

could be a new method to enhance the efficiency of tamoxifen in treating late phase 

breast cancer. 

in order to elucidate the mechanistic action of Pa-PDT combined with 

tamoxifen, Western Blot of apoptosis pathway related proteins were investigated. 

Apoptosis is the most common pathway induced by an anti-tumour agent arid 

mediated by caspases leading to programmed cell death (Jgney and ICramraer, 2002). 

Among caspase family members, caspase-3, caspase-9, and caspase-8 have been 

recognized as the major caspases for apoptosis execution (Cohen, 1997). They are 

synthesized inside the cells under procaspase forms, which are inactive zymogens and 
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are divided into 2 groups: initiator caspases including procaspases-2, -8, -9 and -10, 

and executioner caspases including procaspases-3, -6, and -7. It can be triggered by 

various stimuli from outside and inside the cells. Therefore, we distinguish extrinsic 

and intrinsic apoptosis. 

Extrinsic apoptosis pathways is commended by caspase-B which is recruited 

by the death inducing signalling complex, belonged to the tumour necrosis factor 

receptor (TNFR) family (Nagata, 1997). TNFR gene superfamily includes TNFR-1, 

Fas/CD95, and the TRAIL receptors DR4 and DR5 (Ashkenazi, 2002). Figure 3.4 B 

showed that Pa-PDT-Tam treated cells increase the expression of both Fas and DR-5 

receptors comparing to the treatment of Pa-PDT alone or tamoxifen alone. This 

suggests that Fa-PDT-Tam treatment could trigger extrinsic apoptosis. Nevertheless, 

there are two types of extrinsic apoptosis. In type 1 extrinsic apoptosis, only caspase 8 

involved in the death execution. Once bound to the death inducing signalling 

complex, several procaspase-8 activates each other by autoproteolysis (Micheau and 

Tschopp, 2003). However, in type 11 extrinsic apoptosis, the signal is amplified via 

mitochondria-dependent apoptotic pathways. The link between the caspase signalling 

cascade and the mitochondria is ensured by the Bcl-2 family member Bid which is 

cleaved by caspase-8 in its truncated form (tBid) (Li et a l , 1998). tBid is translocated 

to the mitochondria and acts as a proapoptotic agent, together with Bax and Bale 

(Billen et al., 2009). An increase of tBid in Pa-PDT-Tam treated cells suggested that 

the cell death is mediated by type I I extrinsic apoptosis (Figure 4.4B). 

On the other hand, mitochondria controls the integration and the propagation 

of death signals originating from intracellular DNA damage, oxidative stress, 

starvation, and those induced by chemotherapeutic drugs (Nguyen and Hussain, 

2007). This mitochondria-dependent apoptosis involves procaspase-9 and regulated 

7 1 



by the Bcl-2 family (Riedl and Salvesen, 2007). The caspase 9 is cleaved by 

cytochrome c and active Apaf-1 into an activated form and initiates a caspase cascade 

involving caspase-3, caspase-7, and caspase-6 leading to cell death (Rodriguez and 

Lazebniz, 1999). A bcl-2 family of proteins belongs to two main groups: pro-survival 

members (e.g. Bcl-XL, Bcl-w, A l and Mcl-1) and pro-apoptotic members (e.g. Bax-

subfamily consists of Bax, Bale, and Bole, Bid, Bim, Bile, Bad, Bmf, Hrk, Noxa, 

Puma, Bile, BN1P3，and Spike) (Adams and Cory, 1998; Cory and Adams, 2002; 

Mimd et al., 2003). In our case, an increase in active caspase-9 and a decrease in 

procaspase-3 were observed in the Pa-PDT-Tam treated cells (Figure 4.4A). The 

involvement of mitochondria machinery is also confirmed by the decrease of anti-

apoptotic protein bcl-2 and the increase of pro-apoptotic protein Bad (Figure 4.4A). 

Other important protein involved in mediating apoptosis is the tumour 

suppressor p53. It is inactivated in more than 50% of all human cancers (Ho 11 stein et 

a l , 199J). p53 is activated as a transcription factor resulting in growth arrest and/or 

apoptosis by stimulating the expression of several proteins such as p21, Bax, Puma, 

Noxa, Apaf-1，Fas and DR5 (Slee et al., 2004) or by repressing the expression of 

antiapoptotic proteins : bcl-2, Bcl-XL or survin (Kuribayashi and El-Deiry, 2007). In 

our study, p53 was not expressed in control MDA-MB-231 cells. However, its 

expression was slightly observed in Pa-PDT treated cells and tamoxifen treated cells, 

and significantly expressed in Pa-PDT-Tam treated cells (Figure 4,4A). Therefore, the 

combined treatment enhances strongly the expression of p53 which is only marginally 

increased in Pa-PDT or tamoxifen treatment alone. In the same way, the cleaved form 

of poly(ADP-ribose) polymerase (FARF) was significantly increased in Pa-PDT-Tam 

treatment comparing to Pa-PDT or tamoxifen treatment alone (Figure 4.4A). PARP is 

a protein involved mainly in DNA repair and programmed cell death. This protein can 
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be cleaved by many caspase-like proteases in vitro (Lazebnik et ai, 1994; Cohen, 

1997) and caspase-3 in vivo (Nicholson et ah, 1995; Tewari et aL, 1995). PARP 

maintains cells viability and therefore its cleavage facilitates apoptosis process 

(Oliver et a l , 1998). 

Additional to the antitumour effect through the inhibition of estrogen receptor, 

the antitumour activity of tamoxifen is also believed to mediate through an ER-

independent mechanisms including the modulation of protein kinase C (PKC), 

calmodulin, transforming growth factor-|3 (TGF-|3), and c-myc. Other pathways such 

as caspases, mitogen-activated protein kinase (MAPK), oxidative stress and 

mitochondrial related cell death induction are also involved (Mandlekar and Kong’ 

2001). However, Pa-PDT is believed to induce mainly by intrinsic pathway (Tang et 

al,, 2006, 2007, 2009a}b, 2010). Our results showed that both extrinsic type i l and 

intrinsic apoptosis were triggered in the combined treatment. The intrinsic apoptosis 

may be required for the amplification of the induced extrinsic apoptosis. However, the 

intrinsic apoptosis may also be triggered independently from the extrinsic apoptosis 

since a Pa-PDT (0.2 ^M) may produce mitochondria potential change and ROS 

release (Bui-Xuan et a!., 2010). 

PDT is not the only method which is proposed to induce ER-a expression and 

to enhance the sensitivity of tamoxifen towards MDA-MB-231 cells. Other drugs or 

molecules that were reported to induce ER-a expression including decoy 

oligonucleotide (Penolazzi et al., 2007), valproic acid (Fortiuiati et al., 2009), {3-

Sitosterol (Awad et a l , 2008), OSU-03012 (Weng et a L 2008) and Wnt-5a (Ford et 

a l , 2009). This study demonstrated Pa-PDT as a new method in restoring ER-

expression in MDA-MB-231 cells. The effect could be linked to the capacity of Pa-

FDT in inducing ER-a re-expression thereby providing a potential new modality for 
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breast cancer treatment. However, further investigation such as using siRNA of ER-a 

in Pa-PDT and tamoxifen treated cells is needed to affirm the result. 

Pa-PDT showed to be an efficient method in treating late phase of human 

breast cancer in vitro at high dose (e.g, from 0.5 pM)‘ At lower dosage, Pa~PDT 

overcomes partially to prevent MDA-MB-231 cell expansion. However, in 

combination with tamoxifen, Pa-PDT-Tara is suggested to exert a better result in 

treating breast cancer by inducing both intrinsic and extrinsic apoptosis. 

Photodynamic therapy should be considered as a method to enhance tamoxifen 

sensitivity to breast cancer by enhancing the ER-a expression, especially at the late 

phase where tamoxifen action is limited. 
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(C) 

Control Pa = 0.25 j iM 

Figure 4.1 - Pa-PDT restores E R - a expression. (A) MDA-MB-231 cells were treated with vehicle 
control or 0.2 (xM of Pa for 2 h following by 20 min of PDT. MCF-7 served as positive control. Treated 
cells were analysed by Western blot 24 h later to investigate the protein expression of ER-a. 
Representative images are shown firom 3 independent trials with essential similar results. (B) MDA-
MB-23 1 cells were treated with vesicle control or appropriate Pa concentration for 2 h, followed by 20 
min of PDT. Cells were collected 24 h after treatment, fixed, permeabilized and stained with ER~a 
antibody for 50 min at 4°C, then with FITC secondary antibody for 25 min at 4°C. Cells were then 
subjected to cytometric analysis. Red: control, Black: 0.25 îM Pa, Green: 0.5 |iM Pa. Representative 
images are shown from 3 independent trials with essential similar results. (C) The Pa-PDT treated 
cells were fixed at 24 h after PDT. Cells were stained with ER-a antibody then probed with FITC-
conjugated secondary antibody. The nuclei were stained with 10 }.iM Hoechst 33342. The stained cells 
were analyzed using fluorescence microscope, where the nuclei were assigned as blue, the ER-a was 
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assigned as red in 
similar results. 

colour. Representative images are shown from 3 independent trials with essential 
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Figure 4.2 - The inhibitory effect of VitB2-PDT on MDA-MB-231 cells in vitro. Cells were pre-
incubated with vitamin B2 for 2 h, and then illuminated. Cell activity was measured by MTT assay at 
24 h after treatment. The results are reported as mean 士 S.D. with 3 independent experiments. 
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Figure 4.3 - PDT enhances the sensitivity of MDA-MB-231 cells to Tamoxifen in vitro. 
Pheophorbide a (A) or riboflavin (B) were preloaded for 2 h at ICio or IC20 with tamoxifen followed by 
20 min of photoactivation. Cells with tamoxifen alone were kept in dark. MTT assay was performed 24 
h after treatment. The results are presented as mean 士 S.D. with 3 independent experiments. 
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Figure 4.4 - Level of apoptosis-related proteins in Pa-PDT combined to tamoxifen treated MDA-
MB-231 cells. Cells were treated with Pa-PDT (0.2 pM)’ or with Pa-PDT combined with tamoxifen 
(0 2 jxM and 5 (xM respectively), or tamoxifen (5 fxM.) or without any drug (controi). The total proteins 
of the cells were collected 24 h after photo-activation and cell lysates were subjected to Western Blot 
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analysis for extrinsic apoptosis (A) or intrinsic apoptosis (B) related proteins. Representative images 
are shown from 3 independent trials with essential similar results. 

7 9 



therapy 

7 9 



PDT action is directly associated with necrosis and/or apoptosis of tumour 

cells. However, PDT has secondary effects 011 microvascular disruption, and 

suppressive or stimulatory effect on the immune system (Henderson et aL, 2003; 

Daniell and Hii l, 1991; Kabingu et a l , 2007; Kousis et cil., 2007). Most of the cancer 

treatraents such as surgery, radiotherapy or chemotherapy engender 

immunosuppression. Therefore, the ideal treatment should take into account the 

immune system of the host response against cancer. In the case of PDT, acute 

inflammation was observed by the expression of heat-shock proteins, invasion and 

infiltration of the tumour by leukocytes, and might increase the presentation of 

tumour-derived antigens to T cells (ICrosl et al., 1995). PDT induces anti-tumour 

immunity by enhancing maturation and activation of DCs that are able to stimulate T 

cells (Gollniclc et al” 2006) but the details of this mechanism are still unclear. 

Furthermore, PDT is effective as a preventive and therapeutic tumour vaccine 

(Gollniclc and Brackett, 2010). 

Proteomic method has been used to elucidate the anti-tumour effect of Pa-PDT 

on MDA-MB-231 cells. Besides the direct cytotoxicity, Pa-PDT triggers antigen-

presentation to enhance anti-tumour immunity in breast cancer. 



5.2.1 Identification of Pa-PDT-Mediated Protein Expression in MDA-
MB-231 Cells 

Protein lysate of Pa alone (dark control) and Pa-PDT-treated MDA-MB-231 

cells were analysed by two-dimensional PAGE to screen for the potential pathways 

mediated by Pa-PDT (Figure 5.1). The induced protein spots were detected by the 

PDQuest sofeware (Bio-Rad). Protein spots with significantly different expression 

levels were exhibited in the 0.5 ^ M Pa-PDT-treated sample (Figure 5.IB) comparing 

with the dark control (0.5 j iMPa without PDT) (p < 0.05) (Figure 5.1 A). Proteins 

spots that were successfully identified by MALDI-TOF MS analysis and belonged to 

specific pathways are illustrated in Figure 5.1 and classified in Table 5.1. 

5.2.2 Induction of Antigen-Processing Machinery in Pa-PDT treated 
MDA-MB-231 Cells 

Antigen presentation machinery differs for two classes; class I presents 

intracellular antigens and class I I presents extracellular antigens (Braciale et a J., 

1987). The conventional assembly of HLA class-I molecular pathway requires 

endoplasmic reticulum chaperons including ERp57, however alternative HLA class-1 

processing and presentation could involve exogenous antigens induced by HSP70 

(Gromme and Neefjes, 2002; Campoli and Ferrone, 2008). This pathway is further 

confirmed in Pa-PDT-treated MDA-MB-231 cells by Western blot analysis. The 

expression of HSP70 and ERp57 were increased in a dose-dependent manner (Figure 

5.2A). Other protein expression such as HLA class-1 and calreticulin (CRT), proteins 
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for the ERp57-mediated antigen processing machinery, were also increased in a dose-

dependent manner. The increased expression of HLA class-i protein was also 

observed under fluorescent microscope, showing a plasma membrane localization 

(Figure 5.2C). Similar result was observed in Pa-PDT-treated MCF-7 cells, a tumour 

cell line which represents early stage of breast cancer (Figure 5.2B). Our study 

demonstrated that Pa-PDT treatment would activate the antigen presentation on both 

early and advanced stage of breast cancer cells. 

5.2.3 Involvement of HSP70 in HLA Class I-Mediated Antigen 

The involvement of HSP70 on antigen presentation is still controversial. The 

potential interaction of HSP70 with HLA class I protein was investigated. Subcellular 

localization of HLA class I and HSP70 was studied by immunostaining using a 

fluorescent microscopy. The fluorescence of HSP70 and HLA class I protein was 

concentrated on the plasma membrane and the two signals were well overlapped with 

each other (Figure 5.3A). The interaction between HSP70 and HLA class 1 was 

further confirmed by immunoprecipitation method. HSP70 was detected by Western 

blot in immune complexes precipitated with HLA class I specific antibody from both 

Pa-PDT-treated MDA-MB-231 and MCF-7 cells (Figure 5.3B). The data suggested 

that HSP70 was recruited by HLA class I protein during Pa-PDT treatment in breast 

cancer cells. 

2
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5.2.4 Induction of Phagocytic Activity of Human Macrophages by Pa-
PDT-treated MDA-MB-231 Cells 

PDT treatment was suggested to enhance immunogenicity of human cancer 

cells (Korbelik, 1996). In this study, the induction of phagocytic activity of human 

macrophages by Pa-PDT-treated cells was investigated. As shown in Figure 5.4, the 

phagocytic activity was increased by two fold with the co-incubation of Pa-PDT-

treated MDA-MB-231 cells whereas the phagocytic activity was decreased to 75% in 

the sample of MDA-MB-231 cells treated with solvent control. The result 

demonstrated that Pa-PDT would also give a positive influence on the phagocytic 

capture and ingestion of human breast adenocarcinoma by macrophages. 

The involvement of immune system on cancer treatment after PDT has 

recently been investigated. Spontaneous regression of advanced tumours has been 

reported and the significances of PDT on immunostimulation or immunosuppression 

have been well described (Castano et aL, 2006; ICorbelilc, 1996; van Duijnhoveii et 

al., 2003; Canti et al., 2002). PDT was suggested to induce anti-tumour immunity 

associated with apoptosis (Kabingu et al’, 2007). Therefore, it inspires an ideal cancer 

therapy that can give specific direct cytotoxicity to the tumour cells and at the same 

time trigger the immune reorganization of cancer cells. Thus, the therapeutic potential 

of Pa-PDT on cancer immunity was investigated in this study. Protein expression 

profile of Pa-PDT-treated MDA-MB-231 cells was analyzed using two-dimensional 

PAGE (Figure 5.1) to find out the potential induced pathways. Different proteins were 



found to be upregulated and classified into different pathways including the inhibition 

of glycolysis, cancer marker and antigen presentation (Table 5.1). 

HLA class I molecules present peptides derived from endogenous antigens. 

Conventional HLA class I antigen processing and presentation involve transient 
interactions with calnexin, calreticulin, Erp57, tapasin and TAP. Once assembled, the 

HLA class 1 complex is released from the endoplasmic reticulum and transported to 

the cell surface (Garbi et al., 2007). Alternatively, HLA class 1 antigen processing and 

presentation could involve exogenous antigens, which are generally presented by 

HLA class II. This non-classical pathway is described by at least two fundamentally 
different mechanisms: the phagosome-to-cytosol pathway (e.g. involving the access of 

exogenous antigen to the conventional HLA class I loading pathway), and the post-

Golgi loading of HLA class I molecules (Gromme and Neeljes, 2002)，the phagosome-

to-cytosol pathway. In situ HSP70 overexpression belongs to the phagosome-to-

cytosol pathway and is known to enhance DC antigen presentation and overcomes 
host immune tolerance to tumour antigens. It is involved in antigen presentation and 
antitumour immune responses by cooperating with the antigen presenting cells (Ren 
et al., 2004; Korbelik et al., 2005). Other important protein for the formation of 
antigen presentation complex is ERp57, a protein disulfide isomerase, which 
functions together with calnexin, calreticulin, and tapasin as a molecular chaperone 
for the generation of a stable HLA class I-peptide complex in the endoplasmic 
reticulum (Garbi et a!., 2007; Dick, 2004; Crcsswell ef al., 1999). Our results 
demonstrated that the activation of ERp57-mediated pathway occurred during Pa-
PDT treatment whereas the HLA class i-restricted antigen presentation machinery 
was triggered and the expression of HLA class I protein was upregulated on the 
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plasma membrane of the treated MDA-MB-231 cells (Figure 5.2A and B). Our 

fmdings suggest that Pa-PDT can trigger antigen presentation in both early and 

advanced treated breast cancer cells to stimulate the host immune response. 

HSP70 has been suggested to be involved in antigen presentation during PDT 

treatments. It forms stable complexes, cross-presents the tumour antigens with HLA 

proteins, resulting in an antigen-specific T-cell stimulation in the cancer host 

(Korbelik et al., 2005; Castcllino et al,, 2000; Bcndz e( al., 2007). In this study, the 

Pa-PDT-triggered antigen presentation was found to work together with HSP70 

(Figure 5.3A and B) in both treated MCF-7 and MDA-MB-231 cells. The interaction 

of HSP70 and HLA class I protein was confirmed by the coimmuiioprecipitation 

assay (Figure 5.3B). Nevertheless, there is a new approach for developing tumour 

vaccines by using PDT-treated cancer cell lysates, and Pa-PDT should be considered 

as one of the candidates (Korbelik et a l , 2007). Our results supported that HSP70 was 

upregulated and collaborated with the HLA class i proteins to enhance the antigen 

presentation efficiency in the Pa-PDT—treated cells. 

Furthermore, breast cancer is believed to exhibit low immunogenicity. The 

effect of Pa-PDT-induced immunogenicity of human breast cancer cells was also 

demonstrated by its effect on primary human macrophages. As shown in Figure 5.4, a 

significant increase of phagocytic activity was found when the macrophages were 

coincubated with Pa-PDT-treated MDA-MB-231 cell lysate. Interestingly, an 

inhibitory effect was given to the human macrophages when the MDA-MB-231 cells 

(dark control) were applied instead (Figure 5.4). Our finding is consistent to previous 
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studies, where the PDT treated cancer cells could enhance macrophage cytotoxicity 

(Korbelik and Krosl，1994; Zhou et a!., 2009). 

Taken together, our findings therefore provide the first evidence that Pa-PDT 

would activate the HLA class I-restricted antigen presentation machinery in both 

MCF-7 and MDA-MB-231 cells and result in an enhancement of anticancer immunity 

in the tumour host that would enhance the efficiency of anticancer treatment with Pa-

PDT. Those results are consistent with our previous finding in HepG2 cells (Tang et 

a l , 2010). 



Dark control 0.5 ^M Pa-PDT 

Figure 5.1 - Protein expression profile of Pa-PDT-treated MDA-MB-231 cells. The total proteins 
of (A) 0.5 |xM Pa (dark control) and (B) 0.5 pM Pa-PDT-treated MDA-MB-231 cells were extracted at 
6 hours after illumination. The protein samples were subjected to isoelectric focusing, then separated 
on a 10% SDS-PAGE gel, and finally visualized by silver staining. Representative results are shown 
from 5 independent experiments with essential similar results 
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Figure 5.2 - Induction oi antigen presentation by Pa-PDT treatment. Change in the expression 
level of piotems related to antigen presentation machinery in Pa-PDT treated (A) MDA-MB 231 and 
(B) MCF-7 cells Cells were treated with solvent (0 04% ethanol, CTL) or Pa (0 5 and 0 75 |aM) for 2 
hours, then illuminated for 20 minutes Four hours after treatment, the whole-cell lysates were 
prepared, and the expression levels of various related proteins were analyzed using Western blot 
Representative results are shown from 5 independent experiments with essential similar results (C) 
The induction of HLA class 1 protein expression m Pa-PDT-treated MDA-MB-231 cells The Pa-PDT-
treated cells were fixed at 24 hours after treatment and overnight immunostained with monoclonal anti-
HLA class I antibody The stained cells were probed with FlTC-conjugated secondary antibody for 2 
hours before fluorescence microscope observation Fluorescence micrographs were acquired with an 
excitation wavelength at 400 to 440 nm and an emission wavelength at 590 to 650 nm Representative 
results are shown from 3 independent experiments with essential similar results CTL Control 
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(A) (B) 

• 
HSP 70 
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Merged Image 

Figure 5.3 — Association of HSP70 with HLA class I protein in Pa-PDT-treated breast cancer 
cells, (A) MDA-MB-231 cells were treated with 0.5 jiM Pa-PDT, fixed at 24 hours after illumination, 
and overnight immunostained with monoclonal anti-HSP70 and anti-HLA class I antibodies. The 
stained cells were then further probed with secondary antibody that is either FITC - or Alexa Fluor 
594—conjugated for 2 hours before observation. Fluorescence micrographs were acquired with a Nikon 
fluorescent microscopy, where HSP70 was assigned as green, and the HLA class I protein was 
assigned as red. In the merged image, colocalization of HSP70 and HLA class I protein showed yellow 
color. Images are a representative of 3 independent experiments with essential similar results (B) The 
samples CTL (solvent control) and 0.5 jiM Pa-PDT-treated MDA-MB-231 and MCF-7 cells (Pa-PDT) 
were collected at 4 hours after PDT treatment and immunoprecipitated with. anti-HLA class I 
antibodies followed by SDS-PAGE and immunoblot analysis with anti-HSP70 antibodies. Lane 1: 
CTL; lane 2: Pa-PDT. Representative results are shown from 3 independent experiments with essential 
similar results. 



Figure 5.4 - Induction of human macrophages phagocytic activity by Pa-PDT-treated cells. The 
MDA-MB-231 cells were treated with Pa-PDT, collected at 2 hours, and then resuspended in PBS The 
human rnarcophages were incubated with PBS (PBS), cell lysates of MDA-MB-231 treated with 0 04% 
ethanol as solvent control (MDA-MB-231 cells), or cell lysate of Pa-PDT-treated MDA-MB-231 cells 
(Pa-PDT-treated MDA-MB-231 cells) for 1 hour, and then the phagocytosis activities of human 
marcophage were measured by the Vybrant Phagocytosis Assay Kit The results are presented as mean 
士 S D with 3 independent experiments with essential similar results (" p< 0 05, when compared with 
the PBS only control) 



Protein CI (%) Function 

Calreticulin 100 

ER proteins GRP78/BiP 100 ER proteins 

Calumenin 99.992 

ER proteins 

HSP70 100 Stress related proteins 

Peroxiredoxin 100 

Stress related proteins 

RNP A2/B1 95.351 Cancer marker 

Prohibitin 99.204 Apoptotic related 

Adolase 99.993 Glycoysis 

Table 5.1 - The differentially expressed main proteins mediated by Pa-PDT in MDA-MB-231 
cells. The Pa-PDT-regulated proteins identified from two-dimensional gel electrophoresis and MALDI-
TOF MS analysis were listed according to confidence interval (CI) and grouped by their function. 
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Pheophorbide a: a photosensitizer with 

smmunostirnulating activities on mouse macrophage 

RAW 264.7 cells and human peripheral blood 

mononuclear ceils in the absence of irradiation 



Many studies have been conducted to elucidate the action of clinically used 

photosensitizers in cancer eradication by PDT (Allison et al., 2004; Marchal et ah, 

2005; Kinzler et a l , 2007; O'Connor et al., 2009). However, no study has been 

performed to evaluate the potential effect of those photosensitizers, in the absence of 

irradiation, in stimulating irainunocytes for the suppression of the growth of tumour 

cells. 

According to the bioassay guided method, our group has identified 

Pheophorbide a (Pa) as a potential anti-cancer agent (Chan et a I., 2006). Pa is the 

most studied chlorophyll metabolite (Hortensteiner, 2006) with anti-tumour activity 

by disrupting the integrity of tumour DNA at high concentration (Chan et ci/., 2006; 

Cheng et al., 2001; Nalcamura el al,, 1996; Hibasami et a l , 2000). Pa is also a natural 

photosensitizer and Pheophorbide a (Pa) based photodynamic therapy (Pa-PDT) 

enhances cancer suppression and reduces the effective dosages (Hajri et aL, 2002; Lee 

et al,, 2004; Lim et al‘, 2004; Rapozzi et ah, 2009). Our group has also demonstrated 

that Pa is an efficient photosensitizer for cancer treatment (Tang et al., 2006; 2007, 

2009a,b, 2010; Bui-Xuan et al., 2010). However, no study has been conducted to 

investigate the immunomodulatory effects of Pa. In the present work, we investigated 

the potential activities of Pa on a murine macrophage cell line RAW 264.7 and on 

human immune competent cells isolated from fresh human peripheral blood. Our data 

showed a stimulatory effect of Pa on both murine and human immune effector cells, 

which is suggested to be an outcome of the activation of MAPK pathway by Pa 

treatment. 
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6.2.1 Proliferation of Pa-stimulated RAW 264.7 cells 
Cell viability was measured by using MTT assay. As shown in Figure 6,1，Pa 

could stimulate the growth of RAW 264.7 cells at different time points from 24 to 72 

h, where maximum stimulation was found at 1.0 fiM. The peak cell growth is more 

significant comparing with the control at longer incubation time (e.g 120% at 24 h， 

150% at 48 h and 165% at 72 h). Insignificant cytotoxicity was observed in Pa-treated 

cells at tested concentrations ( 0 - 5 fxM). 

6.2.2 Enhancement of phagocytosis and the induction of 
inflammatory cytokines after Pa stimulation in RAW 264.7 cells 

Pa was shown to significantly activate the phagocytotic activity of RAW 

264.7 cells (Figure 6.2A). Macrophages are derived from monocytes and are able to 

secrete a wide range of cytokines, growth factors and other inflammatory mediators. 

They participate in the innate immunity by phagocytosing bacteria and non-host 

particles. Secretions of inflammatory cytokine interleukin (IL)-6 and tumour necrosis 

factor (TNF)-a were triggered in Pa-treated RAW 264.7 cells (Figure 6.2B and C). 
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6.2.3 Screening of induced cytokines in Pa-treated human immune 
competent cells 

Our study on murine macrophage cell line showed an induction of 

inflammatory cytokines in Pa-treated cells. A screening of induced cytokines in Pa-

treated human immune competent cells including lymphocytes, macrophages and 

neutrophils was then performed. 1L-6, IL-12, 1L-17, iFN-y, TNF-a and GM-CSF 

were induced at different concentrations (e.g. 1 jxM, 5 f-iM and/or 10 (xM of Pa) and 

cell type (Table 6.1). 

6.2.4 Subcellular localization of Pa and ROS production in Pa-

To further investigate the underlying mechanism of Pa-mediated immune 

stimulation, the intracellular localization of Pa was investigated at 2 h by co-staining 

the Pa-treated cells with MitoTracker Green. As shown in Figure 6.3A, Pa is 

suggested to be localized specifically at the mitochondria in RAW 264.7 cells. In 

addition, JC-1 staining reveals a change of mitochondrial membraiie potential in Pa-

treated cells (Figure 6.3B); and the release of ROS (e.g. peroxidants), small molecules 

that can trigger either cell death or cell growth, was also triggered in the Pa-treated 

cells (Figure 6.3C). Despite the depolarization of mitochondrial membrane and an 

increase of ROS level，the sub-Gl population remains unchanged in Pa-treated cells 

and control cells according to the Figure 6.3D. Therefore, no apoptosis was observed 

and Pa did not exhibit any cytotoxicity at the tested concentration, consistently with 

the growth curve. 

The cell cycle was also performed in Pa-treated human monocytes, 
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lymphocytes and neutrophils. Similar to murine monocytes, Pa exhibited no toxicity 

up to 10 ^ M (Figure 6.3F). In the same concentration range, R〇S (e.g. peroxidants) 

release was observed (Figure 6.3G), accompanied with a change of mitochondrial 

membrane potential (Figure 6.3E) 

6.2.5 Activation of mitogen activated protein kinases (MAPK) in Pa-
treated immune competent cells 

Generation of ROS can rapidly activate MAPK pathway, especially the 

phosphorylation of extracellular signal-regulated kinase (JERK) in order to induce cell 

proliferation. The total and phosphorylated forms of three major MAPK including c-

iui i amino-terminal kinases (JNKs), ERK. and p38, were monitored by Western 

blotting. In Figure 6.4A, the phosphorylation of ERK, JNK and p3B was activated 

after 2 h of Pa incubation. The phosphorylation of p38, ERK and JNK were increased 

in a dose-dependent manner, while the expression levels of p38, ERK1, ERK2, JNK1 

and JNK2 remained unchanged (Figure 6.4B). 

The expression of MAPKs in Pa-treated human immune competent cells were 

investigated using flow cytometric analysis of intracellular stained cells method, p-

p38 activation was found to be mediated in CD4+ cells, CD 14+ cells and neutrophils 

whereas p-JNK activation was mediated in CD4+ cells and CD 14+ cells and p-ERK 

activation was mediated only in CD4+ cells (Figure 6 A C ) . 
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6.2.6 Activation of MAPK promotes cell growth and cytokine 
secretion in Pa-treated RAW 264.7 cells 

Addition of MEK1/2 inhibitor at 24 h (5 pM) suppressed the growth 

stimulation of Pa on RAW 264.7 cells (Figure 6.5A). In addition, secretion of IL-6 

and TNF-a in the Pa-treated cells were significantly inhibited by p38 inhibitor (1 fxM) 

(Figure 6.5B and C). 

Pa is identified at first as an anti-tumour agent (Chan et cil., 2006; Cheng et al., 

2001; Nakmnura et ah, 1996; Hibasnmi et al., 2000). and has subsequently been 

shown to be a potential photosensitizer in treating colonic, leukaemia, pigmented 

melanoma, hepatoma, uterine and breast cancer (Hajri et al,, 2002; Lee at al., 2004; 

Lim et a l , 2004; Rapozzi et al., 2009; Tang et al., 2006; 2009a, 2009b, 2010; Bui-

Xuan et a l , 2010). Therefore, Pa and Pa-PDT are generally proposed to be a potential 

anti-cancer agent. However, the effect of Pa on the immune system is rarely 

investigated. Our present study demonstrated for the first time that Pa alone without 

photo-activation possesses immunostimulatory effects on mouse macrophages. 

Pa was found to be specifically localized at the mitochondria, as shown in 

Figure 6.3 A, which is the main organelle for the production of free radicals including 

ROS and reactive nitrogen species (RNS) (Murphy, 2009; Droge, 2002). The 

mitochondria can continuously produce ROS when oxygen and oxidative substrates 

are available (Starlcov, 2008). ROS production was observed in Pa-treated RAW 

264.7 cells (Figure 6.3C) but no RNS was released (data not shown). The oxidant 
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character of Pa is due to its carboxyl group. At the local environment of mitochondria, 

Pa can change the mitochondrial membrane potential and triggers ROS production 

(Figure 6.3B); whereas, the generation of RNS is due to the metabolism of arginine to 

citrulline (Vallco et a l , 2007) and thus RNS was not observed during Pa treatment. To 

maintain proper function, cells need to keep their intracellular redox environment to 

be constant. Overproduction of ROS may lead to cell stimulation or cell death 

depending on its concentration (Torres and Form an, 2003). Therefore, PI staining was 

performed to investigate the toxicity of Pa in treated cells. Pa-treated RAW 264.7 

cells presented similar sub-Gl population number comparing with non-treated cells 

(Figure 6.3D), thereby showing no apoptosis. Therefore, Pa induced ROS production 

did not lead to cell death. 

MAPK, are conserved proteins kinases involved in many cell signalling 

pathways of eukaryotic cells and MAPK. can be activated by low dose ROS on certain 

types of cells (Kamala and Mimla, 1999; ROLIX and Blenis, 2004). Although the exact 

mechanism of ROS-induced MAPK activation is unclear, the regulatory roles of 

MAPK on cell function have been reported (Wagner and Nebreda, 2009; Yao et al., 

2003). Due to the induction of ROS after Pa treatment (Figure 6.3B), we investigated 

the MAPK activation in Pa-treated RAW 264.7 cells. Figure 6.4A reveals that MAPK 

signalling pathways are activated via the phosphorylation of ERK, J NIC and p38 in 

Pa-treated RAW 264.7 cells at 2 h. This is coherent to the fact that 2 h is required for 

the maximal cellular up-take of Fa (data not shown). 

A wide range of stimuli could induce MAPK activation, e.g. growth factors 

activating ERK 1/2 pathway. Therefore, MAPK plays a key role for cell proliferation, 

whereas stress stimuli are potent to activate JNICs and p38 MAPK (Pearson et al., 
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200]; Meloche and Pouyssegur, 2007). In this study, we found that Pa stimulates 

RAW 264.7 cell growth at different time points from 24h to 72h (Figure 6.1). The cell 

growth curves are similar between the three time points with higher intensity at higher 

incubation time. Optimal 48h was chosen for further growth stimulating study. Co-

treatment with MEK1/2 inhibitor exhibited the abolishment of cell growth induced by 

Pa (Figure 6.5A). The phosphorylation of ERK was also observed in the treated cells 

(Figure 6.4B). Our findings suggested that Pa induces RAW cell proliferation by 

MAPK pathway via ERK activation. Besides, the activation of stress-activated protein 

kinases (SAPKs) such as JNK and p38 MAPK were also found during the Pa 

treatment (Figure 6.4B). The role of JNK activation in macrophages is still unclear. 

However, the phosphorylation of p38 MAPK is believed to regulate the expression of 

pro-inflammatory cytokines (Kamata and Hirata, 1999; Olio and Han, 2000; Rincon 

and Davis, 2009). The induction of IL-6 and TNF-a release was observed in the Pa-

treated cells at 24 h of treatment as shown in Figure 6.2B and 6.5C, and introduction 

of p38 inhibitor could suppress the 1L-6 and TNF-a release (Figure 6.5B and C). 

Cytokine secretion has been suggested to be mediated by the activation of p38 MAPK 

pathway during Pa treatment. 1L-6 is an inflammatory cytokine in acute phase 

reaction produced by activated macrophages (Heinrich et a l , 2003); and TNF-a is 

another macrophage secreted inflammatory cytokine for the induction of apoptosis 

and inflammation, inhibition of turaourigenesis and viral replication (Locksley et al., 

2001). Our observations indicated that Pa could act as a potential therapeutic agent for 

treating infection. Moreover, TNF-a can enhance phagocytosis of macrophages, and 

phagocytosis is one of the several mechanisms to internalize particles and solutes into 

cells (Aderem and Underhill, 1999; Ousman and David, 2001). Fa is able to enhance 
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the phagocytic rate in RAW 264.7 cells after 24h, as shown in Figure 6 . 2 k , therefore, 

Pa-induced phagocytosis may be related to TNF-a release. 

We extend our mouse model to human ex-vivo model. While Pa exerts 

immunostimulation at low concentrations (e.g. 0.5 to 2.0 pM) in murine 

macrophages, higher concentrations are required in human immune competent cells 

(e.g. 1.0 to 10.0 pM). Measurement of ROS release in the Pa-treated PBMCs showed 

the highest release of ROS at 10.0 pM (Figure 6.3G). The ROS release was 

accompanied by the change of the mitochondrial membrane potential in lymphocytes, 

macrophages and neutrophiles (Figure 6.3E). However, no cytotoxicity was observed 

at those concentrations as demonstrated by the cell cycle analysis (Figure 6.3F). The 

expression of three MAPKs was then investigated by different sub-types of PBMCs 

including CD4+ cells, CD 14+ cells (e.g. lymphocytes and macrophages respectively) 

and neutrophils at 1.0 ^tM, 5.0 | iM and 10.0 \jM. In Pa-treated CD4+ T cells, the 

expression of p-ERK, p-JNK and p-p38 was up-regulated in a dose-dependant manner 

at 5.0 and 10.0 piM whereas only p-JNK and p-p38 are up-regulated at 1.0 and 5.0 j iM 

in Pa-treated CD 14+ macrophages and p-p38 at 1.0 ^iM, 5.0 \xM and 10.0 pM in Pa-

treated neutrophils (Figure 6.4C). This result suggests that the induction of different 

MAPK activities depends on Pa concentration and cell type. ROS could induce the 

activation of MAPKs by affecting the mitochondrial membrane potential. Since the 

mitochondrial membrane potential among various cell types is different, it depends on 

ROS concentration, in a consequence of Pa concentration, to mediate the differential 

activation of MAPKs in different cell types. In addition, only p-p38 was mediated in 

the three types of cells. It suggested that Pa is likely more effective in inducing p-p38 

in human immune competent cells. As p-p38 is generally associated to cytokine 

1 0 0 



production, a cytokine prelimary screening was performed. Table 6.1 showed that IL-

6, IL-12, IL-17, IFN-Y, TNF-a and GM-CSF were mediated depending on Pa 

concentration and the cell type. Similar to Pa-treated RAW 264.7 cells, human 

immune competent cells treated with Fa produce inflammatory cytokines. Therefore, 

the potential anti-viral property of Pa is demonstrated both in murine and human cells. 

Comparing murine cells with human cells, similar results were observed. 

However, effective Pa concentrations were different between nuinrie cells and human 

cells. This could be explained by the different drug disposition between species due to 

differential hepatic clearance (Walker et al., 2009). 

In this study, we evaluated for the first time that, at concentration lower than 

10.0 (xM, Pa, an anti-tumour agent and a potential photosensitizer, is capable of 

inducing immunostimulatory effects without cytotoxicity on both murine and human 

immune competent cells. The stimulation of the growth of immune cells (e.g. 

macrophages) can reinforce the immune defence of the host, and the production of 

pro-inflammatory cytokines and enhancement of phagocytic capacity could be a 

beneficial effect for tumour clearance after chemotherapy or photodynamic therapy. 

In addition to the photosensitizer characteristics of Pa, it can also be considered as an 

immunomodulatory agent. This novel feature offers Pa a better therapeutic potential 

than other photosensitizers in cancer treatment, since Pa is a good adjuvant in term of 

its potential in enhancing the immune system of the host against the tumour cells 

indirectly during Pa-PDT treatment which wil l exert cytotoxic effect directly on the 

tumour cells. 
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Figure 6.1 — Pa stimulates RAW 264.7 cell proliferation. RAW 264.7 cells were treated with 
different Pa concentration ( 0 - 5 [iM) in dark. MTT assay was performed after (i) 24h, (ii) 48h and (iii) 
72h of incubation. Results were expressed with mean ± SD of three independent experiments. 
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(A) 
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Figure 6.2 - Pa stimulates RAW 264.7 cells by Inducing cytokine production and enhancing 
phagocytotic activity. (A) RAW 264 7 cells were treated with vehicle control or different Pa 
concentrations (0 5 - 2 0 (.iM) for 24 h m dark Murine macrophage cell line were exposed to 
fluorescent E coh particles and phagocytosis index was performed by monitoring the fluorescence (B, 
C) RAW 264 7 cells were treated with vehicle control, Pa (0 5 and 1 0 fxM) or LPS (100 ng/ml) for 24 
h in dark Supernatant was analyzed for (B) IL-6 and (C) TNF-a using ELISA method Results were 
expressed with mean ± SD of three independent experiments 1 p < 0 05, CTL control 
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(G) 

Figure 6.3 一 Pa»induced ROS production ot monocytes. (A) RAW 264 7 cells were co-stamed with 
4 \xM of Pa for 2 h following by MitoTracker Green in dark The fluorescence of either Pa or 
MitoTracker was detected by fluorescence microscope Results are representative of three individual 
experiments with essential similar result (B，E) RAW 264 7 cells (B) and human immune competent 
cells (E) were treated with vehicle control, 0 5 , 1 0 and 2 0 pM of Pa for 24h m dark Cells were then 
stamed with JC-1 and subjected to flow cytometric analysis for the mitochondrial membrane potential 
change Results are representative of three individual experiments (C, G) RAW 264 7 cells (C) and 
PBMCs (G) were treated with vehicle control or different Pa concentrations (0 5 to 30 0 |iM) m dark 
for 24 h Cells were stained with CM~H 2DCFDA dye The ROS concentration was estimated by 
monitoring the fluorescent signal Results were expressed with mean plus SD from three individual 
experiments (D，F) RAW 264 7 cells (D) and human macrophages (F l), lymphocytes (F 11) and 
neutrophils (F in) were treated with vehicle control or different concentrations of Pa for 24 h in dark 
Cells were then stained with propidium iodide (PI) and RNase A and subjected to flow cytometric 
analysis Results are representative of three mdividual experiments * p < 0 05 CTL medium control 
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(iii) Neutrophils 
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Figure 6.4 — MAPK activation in Pa-treated immunocytes. (A) RAW 264 7 cells were treated with 
vehicle control or Pa (0 5 }iM) m dark for different times ( 1 - 2 4 h) and (B) RAW 264 7 cells were 
treated with vehicle control or Pa (0 25，0 5 and 1 0 fxM) in dark for 2 h Western blot was performed to 
evaluate the protein expression of total (phosphorylated plus unphosphorylatd forms) and 
phosphorylated ERK, JNK and p38 Results are representative of three independent experiments with 
essential similar results CTL control, p-ERK phosphorylated ERK, p-JNK phosphorylated JNK, p-
p38 phosphorylated p38 (C) Human immune competent cells (10 6) were incubated with vesicle 
control or various Pa concentrations for 2 h Then, cells were collected and fixed with 4% of BD 
Cytotix and were permeabihzed with BD Perm Buffer II Cells were further incubated with primary 
antibodies (e g pERK, pJNK and pp38) following with FITC conjugated goat anti-mouse IgG Stained 
cells were subjected to FA CS Can to flow cytometric analysis Results were expiessed with mean ± SD 
of three independent experiments < 0 05，CTL control 
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Figure 6.5 — Role oi MAPK activation in Pa-treated RAW 264.7 cells. (A) RAW 264 7 cells were 
co-treated with different Pa concentration (0 - 2 [aM) and MEK1/2 inhibitor U0126 (5 (.iM) in dark 
MTT assay was performed after 48 h of incubation Results were expressed with mean ± SD of three 
independent experiments (B, C) RAW 264 7 cells were treated with vehicle control, Pa (0 5 |iiM) or 
p38 MAPK inhibitor SB20219 (1 |iM) tor 24 h in dark Supernatant was analyzed for (B) IL-6 and (C) 
TNF-a using ELISA method Results were expressed with mean plus SD of three independent 
experiments CTL control, SB SB20219, 1 p < 0 05 
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Cytokines Lymphocytes Macrophages Neutrophils 
IL-6 5 ^M - 10 _ 5 fxM - 10 |iM 5 幽 - 1 0 [xM IL-12 5 }iM - 10 \xM 5 [xM -10 \xM X 

1L-17 10 jiM 10 \xM X 

IFN-Y 5 pM - lOfxM 5 HM-lOpM 5 
TNF-a 1 \xM - 5jxM -10 }iM 1 jxM - 5\iU - 10 fxM X 

GM-CSF 10 |iM 10 fxM X 

Table 6.1 - Screening of induced cytokines in Pa-treated human immune competent cells. 
Human competent cells were separated from fresh PBMCs and incubated with Pa (at 1 [.iM, 5 [xM or 10 
|.iM) for 24 h. Supernatants were subjected to cytokine quantification using Bio-Plex cytokine assay kit. 
Data showed concentration of Pa that is up-regulated comparing to control cells in a dose dependent 
manner. 
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Pheophorbide a is a metabolite of chlorophyll a. It is contained in all green 

leaves and could be purified at significant yield from Scutellaria barbata, and 

Psychotria acuminata, as well as silkworm excreta (Chan et al, 2006; Glinsld et a I., 
1995; Lim et a l , 2002). Pa has been described as an anti-tumour agent (Nakamura et 

a l , ！ 996), Later, Pa was reported to be efficient with lower dose as a natural 

photosentizer for photodynamic therapy (PDT) (Tang et a/., 2006). Recently, PDT has 

been approved for clinical treatment in several developed countries for the treatment 

on actinic keratosis, macular degeneration, Barrett's esophagus, obstructing 

esophageal carcinoma, early and obstructing tracheobronchial carcinoma, palliative 

treatment of head and neck cancer, and basal and squamous cell skin cancers (Klein et 

a L 2008; Biel, 2006). 

Several studies about Pa-PDT action on cancer cells were published by 

different groups, mainly by ours, including leukaemia, pigmented melanoma, colonic 

cancer, hepatoma and uterine carcinosarcoma (Lee et al., 2004; Lim et a ! � , 2004; 

Hajri et a l , 2002; L i et al’, 2007; Tang et a l , 2006; Tang et al., 2007; Tang et cd’, 

2009a; Tang et al., 2009b; Tang et al., 2010; Bui-Xuan et cd’, 2010). However, until 

now no study investigates the action of Pa-PDT on human breast adenocarcinoma. 

This study proposes for the first time to elucidate the potential therapeutic property of 

Pa-PDT on human breast cancer via different aspects: mechanistic study for direct 
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toxicity, combination with tamoxifen for treating advanced breast cancer and the 

enhancement of cancer immunity. The immunostimulation of photosentizer in the 

absence of radiation is another important and new aspect of PDT that was also 

investigated in this study. 

Pa-PDT is effective in treating advanced human breast cancer with an iCso 

equals to 0.5 jxM at 24 h incubation via apoptosis induction as the main raechaiiisra. 

This result is consistent with previous reports on liver and uterine cancer (Tang et al,, 

2006; Tang et al,, 2007; Tang et al., 2009a; Tang el al., 2009b; Tang et al., 2010). 

Particularly, Pa-PDT reveals different additional pathways leading to cancer cell 

death including endoplasmic reticulum stress and ERK-mediated autophagy (Bui-

Xuan et al., 2010). Other clinical photosensitizers inhibit cell growth via several 

possible pathways including apoptosis, cell cycle arrest, necrosis, autophagy and 

endoplasmic reticulum stress (Table 7.1). However, they do not induce all of these 

mechanisms. Therefore, Pa-PDT is the most efficient breast cancer treatment method. 
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Photosensitizer Substance Cell cycle arrest Apoptosis Necrosis Autophagy ER stress 
Pheophorbide a yes 

(Tang et al., 2007) 
yes 

(Bui-Xuan et a l , 2010) 
yes 

(not shown) 
yes 

(Bui-Xuan et a/., 2010) 
yes 

(Bui-Xuan et al,, 2010) 
Photofrin HpD Yes Yes Yes n/a Yes 

(Tong et al., 2002) (Engbrecht et al., 1999) (Murakami et a/., 2009) (Hsieh etal” 2010) 
Photogem HpD n/a n/a Yes 

(Ribeiro et a l , 2010) 
n/a n/a 

Levulan AX/A. No Yes Yes Yes n/a 
(Ailman et al； 2000) (Noodt et al., 1996) (Noodt et a!., 1996) (Ji et al., 2010) 

Visudyne Verteporfin n/a Yes 
(Matsubara et al., 2007) 

Yes 
(Opitz et a l , 2007) 

n/a n/a 

Foscan Temoporfin Yes 
(Sasnausldcne et al., 

2009) 

Yes 
(Marchal et al., 2005) 

Yes 
(Marchal et al, 2005) 

Yes 
(Sasnauskiene et cd., 

2009) 

n/a 

Photolon Talaporfin n/a n/a n/a n/a n/a 
Antrin Lutexaphyrin n/a n/a n/a n/a n/a 

Photosens Phthalocyanine n/a Yes 
(Plaetzer et al., 2002) 

Yes 
(de Castro Pazos et a l , 

2003) 

n/a n/a 

Table 7.1 — Induced pathways by Photodynamic Therapy (n/a, not available) 
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-PDT sensitises tamoxifen to MDA-MB-231 cells 
Tamoxifen is a common drug employed in hormonal therapy for breast cancer 

treatment. However, besides several side effects, tamoxifen is limited to treat only 

early stage of breast cancer but with low efficient in treating advanced stage. In order 

to increase tamoxifen sensitivity to late phase breast tumour, the combination of 

tamoxifen with other drugs or agents is generally suggested (Penolazzi et al., 2007; 

Fortiuiati et al., 2009; Awad et ciL, 2008; Weng et al,, 2008; Ford et al., 2009). 

According to a similar approach, Pa-PDT combined with tamoxifen has been tested in 

MDA-MB-231 cells in this study. Interestingly, Pa-PDT sensitises tamoxifen to 

estrogen receptor-negative breast cancer cell model. This result is supported by 

VitB2-PDT suggesting that combination effect could be the general effect of PDT and 

not specifically to Pa-PDT. This synergetic effect is due to the high induction of 

apoptosis (Figure 4.4). 

Pa-PDT is also demonstrated to restore ER-a expression which is absent in 

MDA-MB-231 cells. This could be a reason how Pa-PDT exerts synergetic effect 

with tamoxifen. 

Tumour immunity is one of the other interested aspects of PDT in oncology 

research instead of tumour toxicity. Both pre-clinical and clinical studies have shown 

that PDT treatment of tumours can enhance the systemic anti-tumour immunity 

(Gollnick and Bracket!, 2010). Intensive researches were conducted to investigate the 

potential of PDT as an immunotherapy. Even though PDT generates direct 

cytotoxicity via production of reactive oxygen, PDT was shown to induce acute 

inflammation resulting in an increased induction of pro-inflammatory cytokines 

1 1 9 



including IL- ip , TNF-a and iL-6 (Korbelik, 2006), adhesion molecules E-selectin and 

Inter-Cellular Adhesion Molecule 1 (ICAM-1) (Gollnick et al., 2003) and rapid 

leukocyte infiltration into the treated tumour site (Krosl et al., 1995). Moreover, 

animal study using murine model showed an induction of anti-tumour immunity in 

PDT treated tumours (Kousis et a l , 2007). Similarly, systemic immune reactivity was 

observed in clinical setting (Kabingu et a l , 2009). Those properties contribute 

significantly to the long-term tumour growth control by PDT (Henderson and 

Gollnick, 2003). Although in vitro and in vivo studies support that PDT can enhance 

the anti-tumour immunity, the mechanisms remains unclear. 

PDT-treated tumour cells has been believed to generate effective preventative 

anti-tumour vaccines in vitro (Gollnick et al., 2002) which are more effective than 

tumour cells treated with UV or ionizing irradiation or cells subjected to freeze-thaw 

cycles. The mechanism was distributed to the role of TLR ligands and heat shock 

protein 70 (HSP70) (Gollnick and Brackett, 2010). Our study demonstrated that 

HSP70 is induced by PDT, which is consistent with findings of Gomer et al. (Gomer 

et a l , 1996). Generally, the level of the expression of HSP70 was associated with the 

stimulation of DC maturation (Kuppner et a l , 2001). Our findings showed that Pa-

PDT could induce HSP70 expression and the antigen presentation. However, several 

studies demonstrated that DC activation could be HSP70 independent (Jalili et a l , 

2004). Therefore, it is important to recognize that cell surface receptors other than 

innate immune response receptor members of the Toll-like receptor/NOD-like 

receptor/RIG-I-lilce Receptor (TLR/NLR/RLR) families (Karin et al., 2006; Savill et 

al., 2002) may also act as danger receptors. Some studies suggest other critical 

pathways to the efficacy of PDT-generated vaccines such as Korbelik and Sun，work, 
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where PDT-treated cells exihibited HSP70 on their surface and were opsonized by 

complement C3 (Korbelik and Sun, 2006). 

Although numerous pre-clinical studies have demonstrated that PDT can result 

in an increase in anti-tmnour immunity (Castano et aL, 2006)，until recently, only few 

studies have examined the ability of PDT to enhance anti-tumour immunity in a 

clinical setting (Garg et a I., 2010). Therefore, it wi l l take long time before PDT to be 

clinically approved as an immunotherapy. 

photoactivation 
Photodynamic therapy is a treatment method that requires long time 

incubation of photosensitizer before activation, usually 90h to 11 Oh (Foscan product 

information). Studying the effect of photosensitizer in the blood stream without 

illumination reveals that it is necessary to investigate its potential toxicity or benefit. 

Since photosensitizers are often overwhelmed by their anti-tumour activities, which 

lead to little studies focusing on their potential effects on the immune system. 

Therefore, our present study attempts to elucidate the potential effects of Pa on the 

immune effector cells at optimized concentration of Pa-PDT in anti-tumour treatment. 

Our study showed that Pa without photoactivation could stimulate murine cell growth 

mediated by ERK activation. Also, the release of IL-6 and TNF-a was observed and 

controlled by p38 MAPK. Similarly, Pa induces cytokine secretion and MAPK 

activation in human competent cells. A l l together, Pa is demonstrated to be a good 

immunostimulating agent, besides its anti-tumour property and its photosensitizer 
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characteristic. This study provides a biochemical basis for the immunomodulatory 

effects of Pa on immimocytes. 

The National Cancer Institute of the USA defines adjuvant as an "additional 

cancer treatment given after the primary treatment to lower the risk that the cancer 

wi l l come back. Adjuvant therapy may include chemotherapy, radiation therapy, 

hormone therapy, targeted therapy, or biological therapy". In our study, Pa is 

demonstrated to be an anti-tumour agent and a promising photosensitizer for 

photodynamic therapy. Besides direct cytotoxicity, Pa-PDT is demonstrated to 

enhance tumour imiminity. In combination with hormonal therapy, Pa-PDT could 

sensitise ER-a negative breast cancer to tamoxifen. Furthermore, Pa alone without 

illumination stimulates imraunocytes. Taking together, Pa-PDT is a good anti-tumour 

device and a potential adjuvant in cancer treatment for immunotherapy as well as 

hormonal therapy. 

Until present, no clinical studies were conducted using neither Pa nor Pa-PDT 

for cancer treatment. However, BZL101, an aqueous solution of Ban Zhi Lian (BZL) 

extract, is under clinical trial in the USA for breast cancer treatment (Perez et al., 

2010). Since Pa is one of the active components of BZL, Pa and Pa-PDT could be 

considered for clinical study in future. 
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