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Abstract

Part I.

In this study, we investigated the effect of 2- (3-chlorophenyl)- 6,

7-methylenedioxyquinolin-4-one (CMQ) as a drug candidate for anti-tumor activities in

p53-expressing LNCaP cells and p53-null PC-3 cells of prostate cancers. In vitro results

showed that CMQ-1 inhibited tumor cell growth in both cell types, and the inhibition was

associated with microtubule-depolymerizing activity and G2/M cell cycle arrest in both

cell lines. Intriguingly, CMQ triggered a strong apoptotic activity in LNCaP cells but

induced an endoreduplication activity and delayed cell death in the tested PC-3 cells. The

cell cycle blockade was found to be associated with an elevated level of reactive oxygen

species (ROS), followed by activation of the mitochondrial apoptotic pathway, with

subsequent consecutive activation of caspases-9 and -3. In addition, CMQ significantly

activated caspase-8 in LNCaP cells but not in PC-3 cells. Intraperitoneal injection of CMQ

significantly suppressed tumor growth in SCID mice bearing LNCaP or PC-3 xenografts.

Our findings suggest that CMQ may display differential antitumor activities in different

prostate cancers, and this may have clinical applications.

Keywords: CMQ, 2-phenyl-4-quinolone, apoptosis, mitotic catastrophe, anti-tumor activity
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Part Il.

Damage-associated molecular patterns (DAMPs) are associated with immunogenic
cell death and have the ability to enhance maturation and antigen presentation of dendritic
cells (DCs). Specific microtubule-depolymerizing agents (MDASs) such as colchicine have
been shown to confer anti-cancer activity and also trigger activation of DCs. In the second
section, we evaluated the ability of three MDAs (colchicine and two 2-phenl-4-quinolone
analogues) to induce immunogenic cell death in test tumor cells, activate DCs, and
augment T-cell proliferation activity. Three test phytochemicals considerably increased the
expression of DAMPs including HSP70, HSP90 and HMGBI, but had no effect on
expression of calreticulin (CRT). DC vaccines pulsed with MDA-treated tumor cell lysate
(TCLs) had a significantly inhibitory effect on tumor growth, showed -cytotoxic
T-lymphocyte activity against tumors, and increased the survival rate of test mice. In vivo
antibody depletion experiments suggested that CD8" T cells and NK cells, but not CD4" T
cells, were the main effector cells responsible for the observed anti-tumor activity. In
addition, culture of DCs with GM-CSF and IL-4 during the pulsing and stimulation period
significantly increased the production of IL-12 and decreased production of IL-10. On the
other hand, MDAs also induced phenotypic maturation of DCs and augmented CD4" and
CDS8" T-cell proliferation when co-cultured with DCs. Taken together, specific MDAs
including the clinical drug, colchicine, can induce immunogenic cell death in tumor cells,

XX



and DCs pulsed with MDA-treated tumor cell lysates (TCLs) can generate potent

anti-tumor immunity in mice. This approach may warrant future clinical evaluation as a

cancer vaccine.

Keywords: immunogenic cell death; colchicine; 2-phenyl-4-quinolone; dendritic cells;

cancer vaccine
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Part I11.

Development of anti-severe acute respiratory syndrome associated coronavirus

(SARS-CoV) agents is pivotal to prevent the reemergence of the life-threatening disease,

SARS. In this study, more than 200 phytocompounds and more than 200 extracts from

Chinese medicinal herbs were evaluated for activity against anti-severe acute respiratory

syndrome associated coronavirus (SARS-CoV) activities using a cell-based assay

measuring SARS-CoV—induced cytopathogenic effect on Vero E6 cells. Ten diterpenoids,

two sesquiterpenoids, two triterpenoids, five lignoids, curcumin and reference controls,

niclosamide and valinomycin were potent inhibitors at concentrations between 3.3 and 10

uM. Six herbal extracts, one each from Gentiana scabra, Dioscorea batatas, Cassia tora

and Taxillus chinensis (designated as GSH, DBM, CTH and TCH, respectively), and two

from Cibotium barometz (designated as CBE and CBM), were found to be potent inhibitors

of SARS-CoV at concentrations between 25 and 200 pg/ml. The concentrations of the 22

compounds and six extracts to inhibit 50% of Vero E6 cell proliferation (CCsp) and viral

replication (ECsy) were measured. The selective index values (SI = CCs¢/ECsg) of the most

potent compound 5 and 16 were >510 and >667, respectively. In addition, the resulting

selective index values of the most effective extracts CBE, GSH, DBM, CTH and TCH

were > 59.4, > 57.5, > 62.1, > 59.4, and > 92.9, respectively. Betulinic acid (13) and

savinin (16) were competitive inhibitors of SARS-CoV 3CL protease with K; values = 8.2
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+ 0.7 and 9.1 £ 2.4 uM, respectively. Among these extracts, CBM and DBM also showed

significant inhibition of SARS-CoV 3CL protease activity with 1Csy values of 39 pg/ml

and 44 pg/ml, respectively. Our findings suggest that specific abietane-type diterpenoids

and lignoids as well as these six herbal extracts exhibit strong anti-SARS-CoV effects.

Keywords: SARS; terpenoids; lignoids; phytoextracts; 3CL protease
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Part 1. Novel quinolone CMQ induces apoptosis
and mitotic catastrophe in prostate cancer cells via
reactive oxygen species (ROS)- and mitochondria-

dependent pathways

Chapter 1. Introduction

1.1. Epidemiology of prostate cancer

Cancer is probably the most extensive public health problem in the world including
Taiwan. Prostate cancer is the most frequently diagnosed malignancy and the second
leading cause of cancer-related deaths in men in the United States (/-3). In 2010, prostate
cancer alone accounts for approximately 28 % of incidental cases and for 11 % of total
cancer deaths in men (Figure 1) (3). Although the incidence of prostate cancer is lower in
Asian countries, however, this type of cancer is one of the top 10 fatal cancers in Taiwan
(Table 1) (4). Regional and early diagnosed tumors can be treated by radiation therapy and
prostatectomy. However, it has been reported that numerous patients treated with
prostatectomy suffer relapse (5, 6). The androgen-ablation therapy may be effective for the
patients with relapsed disease at the initial stage, but the cancers eventually progress to

hormone-refractory prostate cancer and metastasize to other organs, , leaving a majority of



the sufferers dead within a few years (2, 7, §). To date, there is no effective treatment for

locally advanced or metastatic prostate cancer. Therefore, it is particularly important to

discover effective therapeutic agents that can treat androgen-dependent or/and

androgen-independent prostate cancers without further progression and high mortality. In

this context, many novel approaches for the treatment of prostate cancer are currently

under development, including new androgen receptor antagonists, cytotoxic agents,

antimitotic drugs, antiangiogenic agents, and immune-based therapies (2). Based on this

rationale and importance, in this study, we investigate a novel quinolone derivative, CMQ,

as a candidate anti-tumor agent in prostate cancer cells.



Estimated New Cases*

Males Females
Prostate 217,730 28% Breast 207,090 28%
Lung & bronchus 116,750 15% Lung & bronchus 105,770 14%
Colon & rectum 72,080 9% Colon & rectum 70,480 10%
Urinary bladder 52,760 7% Uterine corpus 43,470 6%
Melanoma of the skin 38,870 5% Thyroid 33,830 5%
Non-Hodgkin lymphoma 35,380 4% Non-Hodgkin lymphoma 30,160 4%
Kidney & renal pelvis 35,370 4% Melanoma of the skin 29,260 4%
Oral cavity & pharynx 25,420 3% Kidney & renal pelvis 22,870 3%
Leukemia 24,690 3% Ovary 21,880 3%
Pancreas 21,370 3% Pancreas 21,770 3%
All Sites 789,620 100% All Sites 739,940 100%

Estimated Deaths

Males Females
Lung & bronchus 86,220 29% Lung & bronchus 71,080 26%
Prostate 32,060 1% Breast 39,840 15%
Colon & rectum 26,580 9% Colon & rectum 24,790 9%
Pancreas 18,770 6% Pancreas 18,030 7%
Liver & intrahepatic bile duct 12,720 4% Ovary 13,850 5%
Leukemia 12,660 4% Non-Hodgkin lymphoma 9,500 4%
Esophagus 11,650 4% Leukemia 9,180 3%
Non-Hodgkin lymphoma 10,710 4% Uterine Corpus 7,950 3%
Urinary bladder 10,410 3% Liver & intrahepatic bile duct 6,190 2%
Kidney & renal pelvis 8,210 3% Brain & other nervous system 5,720 2%
All Sites 299,200 100% All Sites 270,290 100%

Figure 1. Ten leading cancer types for the estimated new cancer cases and deaths, by

sex, United States, 2010. [Adopted from Jemal et al. (3) ]



Table 1. Ten leading cancer types for the estimated cancer—caused deaths, by sex,

Taiwan, 2009.
Estimated deaths caused by cancer (2009 in Taiwan)
Male Female
Ranking  Location deaths % Location deaths %
1 Liver & intrahepatic bile
duct 5,467 21.6 Lung and bronchus 2,615 228
2 Liver & intrahepatic bile
Lung and bronchus 5,336 21.1 2,292 20.0
duct
3 Colon and rectum 2,562 10.1 Colon and rectum 1,969 17.2
4 Oral cavity 2,103 8.3 Breast 1,588 13.9
5 Stomach 1,457 5.8 Stomach 825 7.2
6 Esophagus 1,369 5.4 Uterine corpus 657 5.7
7 Prostate cancer 936 3.7 Pancreas 609 53
8 Pancreas 871 34 Ovary 435 38
9 Leukemia 571 23 Non-Hodgkin lymphoma 372 32
10 Non-Hodgkin lymphoma 542 2.1 Leukemia 353 3.1
Others 4,070 16.1 Others 2918 255
All sites 25,284 100 14,633 100

The table was modified from Department of Health, Executive Yuan, Taiwan.

(http://www.doh.gov.tw/CHT2006/DM/DM2_p01.aspx?class_no=25&level no=1&doc_no

=76013 ).



1.2. The structure of microtubules and microtubule-binding agents
(MBAs)

In general, antimitotic drugs constitute a class of anticancer drugs that target the
microtubule system (9, 10). A particularity of microtubule-binding agents compared to
other categories of anticancer drugs is their various structural diversity and in many cases,
their structural complexity (Figure 2). As shown in Figure 3a, microtubules, the key
components of cytoskeletal filaments in all eukaryotic cells, are composed of a backbone
of a- and B- tubulin heterodimers (9-/7). To the best of our knowledge, in terms of drugs
which interfere the tubulin polymerization, there are typically three binding-domains
within microtubule structures (Figure 3b). Microtubule dynamics and stability, strongly
associated with the rearrangement of depolymerization and polymerization, as shown in
Figure 3c, are critical for cells undergoing replication and division where microtubule
architecture vividly changes. Microtubules are also associated with various intracellular
components, including mitochondria, the endoplasmic reticulum, the Golgi apparatus and
lysosomes. As seen in Figure 4a and 4b, the mitotic spindle microtubules allow the
appropriate alignment of chromosomes during metaphase, followed by the equal
distribution of chromatids between the two daughter cells during anaphase (/2). An
increasing number of chemically diverse substances, originating from natural sources, have

been discovered bound to tubulin and/or microtubules, interacting with microtubule



polymerization, leading to mitosis arrest, resulting in apoptosis of cancer cells or other

types of cell deaths (9, 11, 13, 14). According to their interference with microtubule

dynamics and stability, antimitotic drugs are classified into two distinct groups, as

summarized in Table 2. Microtubule-stablizing agents or microtubule-polymerizing agents,

which bind to fully formed microtubules and promote polymerization of tunulin subunits,

include the taxanes, such as paclitaxel and doxetaxel, and the epothilones. The second

group, microtubule-destabilizing agents or microtubule-depolymerizing agents (MDAsS),

which bind mainly to the tubulin dimer and inhibit their polymerization into microtubules,

include the vinca alkaloids, such as vincristine, vinblastine, and colchicine. Both the

taxanes and the vinca alkaloids are currently used as chemotherapeutic drugs for various

human cancers, whereas agents binding to the colchicine-binding site have been

recognized as potential targets (/4, 15). Although there are numerous microtubule-binding

agents in clinical use (Table 2), the long-term use of many MBAs may result in drug

resistance (Table 3). Therefore, it is vitally important to discover and develop new drug

candidates to improve this difficult situation.
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Figure 2. Various chemical structures of microtubule-binding agents, grouped
according to their binding domains. a: vinca-domain binders; b: colchicine-domain
binders; c: taxol-domain binders; d: others.

This figure shows the extreme chemical diversity and the complexity of these agents. This

figure is adopted from Dumontet et al. (/0)
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Figure 3. The formation of microtubules and the binding sites for microtubule
inhibitors.

(a) The formation of microtubules. The soluble tubulin dimers, each containing one
a-tubulin peptide and one B-tubulin peptide, polymerize to form a microtubule nucleus.
Additional dimers are added head-to-tail; resulting microtubules are highly dynamic
structures with a (+) end, characterized by an exposed B-tubulin peptide and a (—) end,
characterized by an exposed o-tubulin peptide. (b) The binding sites of different
microtubule inhibitors. Three binding sites of microtubule inhibitors are shown (orange

triangles, purple squares and yellow diamonds). While vinca alkaloids bind to microtubule



ends, colchicine binds to soluble dimers, which are incorporated incorporated into the

microtubules. Taxanes, such as paclitaxel, bind along the interior surface of the

microtubules. The figures (a) and (b) are adopted from Dumontet et al. (/0). (¢) The

dynamics and stability of microtubules. Microtubules are dynamic polymers assembled

from tubulin heterodimers, which are organized so that the microtubules have an intrinsic

polarity. Microtubules undergo periods of polymerization and depolymerization and

interconvert randomly between these states, a property known as dynamic instability. This

figure (c) was adopted from Walczak et al. (/2).
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Figure 4. The role of the microtubules in cell cycle.

(a) The structure of the mitotic spindle during mitosis. Mitosis is staged into individual

phases. During prometaphase, the spindle microtubules are connected with kinetochore
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(k)-fibres (bundles of stabilized microtubules) and the kinetochores on the chromosomes,

allowing the chromosome to align at the spindle equator,; this defines metaphase. The

microtubules are uniformly oriented with their minus (-) ends at the centrosome and their

plus (+) ends extending towards the spindle equator, where they often overlap. The astral

microtubules emanate from the centrosomes and extend their plus (+) ends towards the

cell’s cortex. The movement of the chromosomes towards the poles occurs during anaphase

A, and the two spindle poles separate during anaphase B. The nuclear envelope begins to

reform and the DNA begins to decondense during telophase. An organized central spindle

bundle of microtubules is also present. This figure is adopted from Walczak et al. (/2). (b)

The microtubule changes during the cell cycle. The structures of microtubule (shown in

green) undergo marked morphological changes to regulate specific functions throughout

the cell cycle. Microtubule dynamics vary during the cell cycle, being most dynamic

during mitosis and least dynamic in interphase cells. Most of tubulin-binding agents (TBAs)

act upon the dynamics of the spindle microtubules, which are important for normal spindle

function. Disruption of spindle microtubules causes mitotic arrest, leading to cell death

through various mechanisms. DNA is shown in blue. This figure is adopted from

Kavallaris et al. (/1)
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Table 2. Anti-mitotic drugs

including microtubule-polymerizing agents and

microtubule-depolymerizing agents currently in clinical use

Microtubule-polymerizing/-stabilizing agents

Compound class Compound  Clinical status
Taxanes Paclitaxel Approved for ovarian cancer, breast cancer and NSCLC; in
(taxol-domain binder) clinical trials for various solid tumour types
Docetaxel Approved for NSCLC, breast, prostate, stomach, head and
neck cancer; in clinical trials for various solid tumour types
Cabazitaxel =~ Approved for metastatic hormone-resistant prostate cancer

Epothilones

(taxol-domain binder)

Nab-paclitax
el
Larotaxel

Ixabepilone

Approved for breast cancer; in clinical trials for various solid
tumours. Clinical trials for prostate cancer
Phase III trials for pancreatic cancer

Approved for breast cancer; in clinical trials for solid tumours

Mcrotubule-depolymerizing/-destabilizing agents

Compound class Compound  Clinical status
Vinca alkaloids Vincristine Approved for ALL, lymphomas, various solid tumours; in
(vinca-domain binder) clinical trials for various tumour types
Vinblastine ~ Approved for lymphomas and various solid tumours; in
clinical trials for various tumour types
Vinorelbine. = Approved for breast cancer and NSCLC; in clinical trials for
various tumour types
Vindesine Approved for ALL, lymphomas and lung cancer; in clinical
trials for various tumour types
Vinflunine Approved for bladder cancer; in clinical trials for breast
cancer in combination with trastuzumab
Dolastatins Romidepsin ~ Approved for cutaneous T cell lymphoma; in clinical trials for
(vinca-domain binder) myeloma, lymphoma and solid tumours
Halichondrin Eribulin Phase III trials for advanced breast cancer
(vinca-domain binder)
Combretastatins Ombrabulin  Phase III trials for sarcoma

(colchicine-domain binder)

This table was modified from Dumontet et al. (/0)
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Table 3. Characteristics of microtubule-binding agents.

Agent
Vinca alkaloids

Cryptophycins
Dolastatins

Taxanes

Epothilones

Discodermolides

Cyclostreptin
Laulimalides
Taccalonolide
Peloruside
Hemiasterlin

Combretastatins

2-Methoxyoestradiol

Sensitivity to ABC
efflux pumps

MDR sensitive
MRP sensitive

MDR insensitive
MDR sensitive

MDR sensitive
MRP2 and MRP7 sensitive

MDR sensitive

MDR sensitive
MRP1 sensitive

MDR insensitive
MDR insensitive
MDR insensitive
MDR insensitive
MDR insensitive
MDR insensitive

MDR insensitive

Sensitivity to f-tubulin content

Sensitive to Plll-tubulin content

Not determined
Not determined

Sensitive to Plll-tubulin content

No

Sensitive to Blll-tubulin content

Not determined
Not determined
More active if high Blll-tubulin content
Not determined
Not determined

Yes

Inactive against Bl-tubulin

ABC, ATP binding cassette; MDR, multidrug resistance; MRP, multidrug resistance-associated protein.

This table is adopted from Dumontet et al.(/0)
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1.3. Cell death including apoptosis and mitotic catastrophe

Various types of cell death have recently been defined and classified by the
Nomenclature Committee on Cell Death (NCCD); these include apoptosis, autophagy,
necrosis, cornification, and atypical cell death such as mitotic catastrophe (/6).
Programmed cell death (PCD) is a natural process for removing unwanted cells such as
those with aberrant substratum attachment, potentially harmful mutations, or abnormal
alterations in cell-cycle control (/7). Apoptosis, a major type of PCD, is essentially a
regulating mechanism by which cells undergo programmed cell death (/8). In many
malignant cells, the normal process for removing unwanted cells is deregulated (/7).
Anti-apoptotic mechanisms contribute to the development of cancer and to the resistance
of cancer cells to anticancer chemotherapies. An increasing number of studies have
demonstrated that promoting apoptosis is a good strategy for cancer drug discovery (17,
19-22). To date, at least two major apoptotic pathways have been described previously:
the intrinsic and the extrinsic pathway (see Figure 5) (18, 19, 23). The intrinsic pathway is
a mitochondrion-mediated process, influencing mitochondrial permeability and resulting in
cytochrome c release and activation of caspase-9. The extrinsic apoptotic pathway, on the
other hand, is triggered by the binding of specific ligands such as Fas ligands and TRAIL
(tumor-necrosis factor-related apoptosis-inducing ligand) to membrane death receptors
(DRs) such as Fas (CD95/APO-1), DR4 (TRAIL-R1), and DR5 (TRAIL-R2), resulting in

14



recruitment of adaptor molecules and initiating activation of caspase-8 as well as distal

executioner caspases including caspase-3. Additionally, the endoplasmic reticulum stress

pathway is recognized as the third pathway to induce apoptosis (24). On the other hand, the

p53 tumor suppressor functions as a key regulator of both intrinsic and extrinsic pathways

(18). However, although current chemotherapeutic drugs can induce apoptosis, there is still

an urgent need to find candidate drugs that will target an apoptotic pathway with a less

adverse effect for practical, more productive cancer chemotherapy.

Mitotic catastrophe is a type of cell death characterized by the occurrence of aberrant

mitosis with the formation of large multi-nucleated cells, which may be morphologically

distinguishable from apoptotic cells (25-27). However, mitotic catastrophe is a term

sometimes used restrictively to illustrate a type of cell death that occurs during or after a

defective mitosis, which takes place through apoptosis or necrosis, rather than a cell death

itself (25, 26, 28). Moreover, it may be associated with complicated mechanisms of

induction, as shown in Figure 6. Several antitumor drugs and ionizing radiation have been

shown to induce mitotic catastrophe (26), but precisely how the ensuing lethality is

controlled or what mechanisms are involved is less characterized. The type of cell death

caused by antitumor therapy may be evaluated by the mechanisms of action of the

antitumor agents, the dosing regimen, and perhaps the genetic background of the cells

under treatment with anti-cancer agents. For example, oxaliplatin can trigger different

15



types of cell death such as mitotic catastrophe and apoptosis in esophageal cancer cells

(29). The proteasome inhibitor Bortezomib induces cell death via mitotic catastrophe and

apoptosis in B-cell lymphoma cell lines (30). Doxorubicin may induce one of two distinct

modes of cell death: apoptosis or cell death through mitotic catastrophe accompanied by

senescence-like phenotype (37). The wild-type of p53 promotes apoptosis or senescence,

whereas mitotic catastrophe is independent of p53 (25, 26). Mitotic catastrophe may be

regarded as a delayed response of pS3-mutant or pS3-null tumors that are resistant to some

damage especially for DNA damage (see Figure 7). In this context, characterization of the

mechanisms of treatment-induced mitotic catastrophe should contribute to further

improvement of the anti-tumor chemotherapy, due to the fact that the majority of solid

tumors bear an inactive p53 protein (25).
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Figure 5. Schematic representation of detailed mechanisms that govern the extrinsic

and intrinsic apoptotic pathways and caspase-independent cell death.

Essentially, the common denominator in apoptotic cell death processes is permeabilization

of the outer mitochondrial membrane and the release into the cytosol of proteins that

trigger death programs. The apoptotis-related caspases appear in yellow and red circles,

respectively. Inhibitors of apoptosis are shown in green boxes. [Adopted from Blank et

al.(18)]
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Table 4. Comparison of major cell death pathways observed in drug-treated cells

Apoptosis

Mitotic catastrophe

Necrosis

Definition and

characteristics

Associated genetic

changes

* Programmed cell death.

* Cells shrnk with blebbing of cell

membranes.

* Condensed chromatn and DNA

fragmentation.

* Stimulated by eyelin D1 activation and

by Myc.
* Can be mhibited by loss of wild-type

p33.

* Caspase activation.

* Cell death occwrring during or after a
faulty mitosis.

* Giant cells with two or more nuclei
and partially condensed chromatin.

* Can lead to necrosis or apoptosis-like

death (p53-independent).

* Stimulated by deficiencies in proteins
mvoelved in G1 and G2 checkpomts and
i mitotic spindle assembly: p53, p21,
Cdkl, Chkl. Chk2. ete.

* Can follow caspase-dependent or —
independent routes.

*Identifies, in a negative fashion, cell
death lacking the features of apoptosis
or autophagy.

* Cells visible swell with breakdown of
cell membrane.

* Typical nuclei with vacuolization. and
disintegrated cell organelles.

* In general, it is not considered
genetically determuned (this 1s open to

debate).

Detection methods

#*Sub-G1 peak in flow cytometry.
* Annexin-V-staining.

*Internucleosomal laddering, ete.

* Cells with two or more nuclei detected
by Microscopy or Laser Scanning
Cyviometry. * Acenmulation in G2/M and

polyploidy.

*Early permeability to vital dyes.
* Staining with propidium iodide.

*Electron microscopy.

[Adopted from Portugal et al.(25)]
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Figure 6. Schematic representation of current concepts of mitotic catastrophe.
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Table 5. Specific inducers of mitotic catastrophe (MC) and associated events

Inducers Mechanism of action Effects Qutcome

DMA damaging agents Induce DSBs by:
Doxorubicin, cisplatin Interfering with DNA synthesis
Irradiation Direct DNA damage Premature segregation into

mitosis

Replication fork

Checkpoint inhibitors: DBH Defect in maintaining cell arrest

Checkpoint adaptation

Prolonged mitotic arrest and slippage

Spindle poisons/mitotic inhibitors Affect microtubule dynamics by: Aneuploidy
Taxanes (paclitaxel, docetaxel) Hyperpolymerization Failure or inhibition of mitosis: Tetraploidy
Eleutherobins Spindle assembly defects Polyploidy
Epothilones Chromosome segregation defects Micronucleation
Laulimalide Abortive centrosome duplications Multi/mono-
Sarcodictyins Multipolar mitosis nucleation

Discodermolide

Vinca alkaloids (vinblastin, vincristin)
Cryptophycins

Halichondrins

Estramustine

Colchicine

Inhibition of mitotic proteins:
Thiazole compounds, Monastrol
(kinesin spindle protein (KSP))
Small-molecule Inhibitor Bl 2536
(Polo-like kinase 1 (PLK1))
Hesperadin, ZM447439 and VX-680
(Aurora kinases)

Depolymerization

Disturbing mitotic process

Uneven chromosomes separation
Premature segregation of
unaligned chromasome

Delayed mitosis

Microtubule attachment defects
Monopolar and monoastral
spindles

Mitotic spindle checkpoint defects

[Adopted from Vakifahmetoglu et al. (26)]
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Figure 7. Pathways leading to mitotic catastrophe and cell death after DNA damage.

Several key events occurring after a faulty mitosis are represented. DNA damage in

p53-deficient cells can result in an exit from mitosis without cytokinesis, or in cell death

occurring during mitosis. The relationship of mitotic catastrophe with apoptosis and/or

necrosis is indicated. [Adopted from Portugal et al.(25)]
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1.4. Relationship between p53 and microtubule-binding agents

Microtubule inhibitors can block the cell cycle at G2/M-phase by damaging the
mitotic spindle. However, under certain conditions, specific cells escape these effects and
become aneuploid, polyploid and/or micronucleated, or multi-nucleated (/8, 32). For
example, as shown in Figure 8, exposure to high doses of the microtubule-depolymerzing
agent nocodazole may result in polyploidy due to mitotic slippage in the absence of a
functional spindle. Furthermore, it is shown that pS3 plays an important role in inducing
cell death or ensuring cell survival. Also, different concentrations may cause different
types of cell death. The mitotic defect with characteristics of monopolar, pseudo-bipolar,
tripolar or multipolar spindles is possibly caused by different microtubule inhibitors
including MDAs. As seen in Figure 9, these abnormal spindles can result in aneuploidy,
polyploidy or other types of aberrant chromosomes. However, depending on whether cells
express the p53 gene, cells are likely to die or to survive abnormally (33). We therefore
hypothesize that cells expressed with or without expression of the p53 gene may be
strongly related to different types of cell death or cell survival induced by microtubule

inhibitors.
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1.5. CMQ as one of 2-phenyl-4-qunolone derivatives with potent
anti-tumor activity

As shown in Table 6, quinolone, a general structure occurring in natural alkaloids and
its derivatives, exhibits several pharmacological activities including antibacterial activity,
inhibition of leukotriene biosynthesis and antitumor activity (34-36). Furthermore, it has
been reported that the 2-phenyl-4-quinolone derivatives exhibited various pharmacological
activities including suppression of hind-paw edema and cutaneous vascular plasma
extravasation (37), regulation of serotonin-mediated changes and permeability of
endothelial monolayers (38), prevention of serotonin-induced increases in endothelial
permeability to albumin (39), involvement in cyclic AMP generation in the inhibition of
respiratory burst in rat neutrophils (40), antiplatelet activity (47), potent antagonists for
glycine-binding site of the N-Methyl D-aspartate (NMDA) receptor (42), potent
5-hydroxytryptamine [SHT(1B)] antagonists (43), and especially anti-tumor activities in
cancer cell lines by inhibiting polymerization of tubulins (Table 6) (44-52). Based on the
rationale designs and efficacy results for 2-phenyl-4-quinolone derivatives, we found that
2-(3-chlorophenyl)-6, 7-methylenedioxyquinolin-4-one (CMQ) is a good candidate for
further investigation of antitumor activities (45). Therefore, we investigated the effect of
CMQ as a drug candidate for anti-tumor activities in p53-expressing LNCaP cells and
p53-null PC-3 cells of prostate cancers.
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Table 6. A summarized list of bioactivities of quinolone and 2-phenyl-4- quinolone

derivatives.

Compounds Bioactivities Reference

quinolones Antitumor quinolones with mammalian Yamashita et
topoisomerase Il mediated DNA cleavage al. 1992. (36)
activity

2-phenyl-4-quinolone Positive inotropic effect in rat cardiac tissues ~ Su et al.

derivatives 1993.(53)

1,6,7,8-substituted Antimitotic agents interacting with tubulin Kuo et al.

2-(4'-substituted 1993.(44)

phenyl)-4-quinolones

2'3'4'5',5,6,7-substitute  Cytotoxicity, and inhibition of tubulin Liet al.

d 2-phenyl-4-quinolones  polymerization 1994.(45)

2-phenyl-4-quinolone Suppress hind-paw edema and cutaneous Wang et al.

derivatives vascular plasma extravasation in mice 1994.(37)

quinolone derivatives

Antibacterial activity

Kamenska et
al. 1996.(54)

Renau et al.
1996.(55)
Renau et al.
1996.(56)
Yoshida et al.
1996.(57)
2-phenyl-4-quinolone Regulate serotonin-mediated changes in the Lee et al.
morphology and permeability of endothelial 1997.(38)
monolayers
2-phenyl-4-quinolone Prevents serotonin-induced increases in Lee et al.
endothelial permeability to albumin 1998.(39)
2-phenyl-4-quinolone Involve in cyclic AMP generation in the Wang et al.
inhibition of respiratory burst in rat 1998.(40)
neutrophils
6,7,2',3" 4'-substituted-1,  Antimitotic antitumor agents Xia et al.
2,3,4-tetrahydro-2-pheny 1998.(46)
1-4-quinolones
2-phenyl-4-quinolone Antiplatelet activity Huang et al.
1998.(41)

25



fluoroquinolones

Inhibitiobn on DNA gyrase and

Hooper et al.

topoisomerase II & IV 1999.(34)
Fluorinated Antimitotic antitumor agents Xia et al.
2-phenyl-4-quinolone 2001.(47)
Alkylation of Synthesis Hadjeri et al.
2-phenyl-4-quinolones 2001.(598)
2-phenyl-4-quinolone Antimitotic antitumor agents Xia et al.
acetic acids and their 2003.(59)
esters
quinolone alkaloids Inhibition of leukotriene biosynthesis by Adams et al.

quinolone alkaloids from the fruits of Evodia  2004.(35)

rutaecarpa

5-hydroxy-7-methoxy-2-

phenyl-4-quinolones

Antimitotic antitumor agents

Hadjeri et al.
2004. (60)

2-phenyl-4-quinolone
and
9-0x0-9,10-dihydroacridi
ne derivatives

Antitumor-promoter

Nakamura et
al. 2005.(61)

3',6-substituted Antimitotic antitumor agents Lai et al.

2-phenyl-4-quinolone-3- 2005.(62)

carboxylic acid

derivatives

2-phenyl-4-quinolone Antimitotic antitumor agents Chen et al.
2007.(48)

quinoline-2-carboxylic Potent SHT(1B) antagonists Horchler et al.

acid 2007. (43)

(4-morpholin-4-yl-pheny

l)amides

7-choloro-4-hydroxy-3-[
3-(4-methoxybenzyl)
phenyl]-2(1H)-quinolone

Antagonist for the glycine-binding site of the
N-Methyl D-aspartate (NMDA) receptor

Matsumoto et
al. 2007.(63)

2-(3-Fluorophenyl)-6-me
thoxyl-4-oxo-1,4-dihydr
oquinoline-3-carboxylic
acid (YJC-1)

Induces mitotic phase arrest in A549 cells

Hsu et al.
2007.(64)

2-(2-fluorophenyl)-6,7-
methylenedioxyquinolin-
4-one (CHM-1)

Promoted G2/M arrest through inhibition of
CDKI and induced apoptosis through the
mitochondrial-dependent pathway in CT-26

Wang et al.
2007.(65)
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murine colorectal adenocarcinoma cells

Potent and selective antimitotic antitumor Wang et al.
activity against human hepatocellular 2008.(49)
carcinoma in vitro and in vivo
Promoted G2/M arrest through inhibition of ~ Chou et al.
CDK1 and induced apoptosis through the 2009.(50)
mitochondrial-dependent pathway in CT-26
murine colorectal adenocarcinoma cells
Induces apoptosis and inhibits metastasis ina  Hsu et al.
human osterogenic sarcoma cell line 2009.(52)
Induces DNA damage and inhibits DNA Chen et al.
repair gene expressions in a human 2010.(606)
osterogenic sarcoma cell line
Induces apoptosis of human umbilical vein Tsai et al.
endothelial cells via p53-mediated death 2010.(517)
receptor 5 up-regulation
Inhibits murine WEHI-3 leukemia in BALB/c Lai et al.
mice in vivo 2010.(67)
2-(2-fluorophenyl)-6,7- =~ Antimitotic antitumor agents Chou et al.
methylenedioxyquinolin- 2010.(68)
4-one monosodium
phosphate
(CHM-1-P-Na)
2-(3-chlorophenyl)-6,7  Augment efficacy of dendritic cell-based Wen et al.
-methylenedioxyquinoli  cancer vaccines 2011.(69)

n-4-one (CMQ)
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Chapter 2. Rationale and Significance

The rationale of this study used CMQ as a lead compound for investigating the
anti-tumor activity in LNCaP and PC-3 cells are as follows.

It has been reported that derivatives of 2-phenyl-4-quinolone induce cytoxicity and
apoptosis in human cancer cell lines by inhibiting the polymerization of tubulins and
interfering with microtubule organization (44-52). In a previous study, we reported that
2-(3-chlorophenyl)-6,7-methylenedioxyquinolin-4-one (CMQ) holds potential for further
research and development into a specific antitumor agent (Fig. 1A) (45).

To date, there is no effective treatment for either locally advanced or metastatic
prostate cancer. Usually, these cancers are androgen-independent and p53 -null or -mutated.
Therefore, various new therapeutic approaches, including new androgen receptor
antagonists, antimiotic drugs, antiangiogenic agents, and immune-based therapies are being
actively evaluated (2).

On the other hand, notably, we understand two key pieces of information as
follows: prostrate cancers are androgen dependent [6-7], and TRAIL and p53 play key
roles in apoptosis (/8, 23). However, there is no available research which compares the
effects of 2-phenyl-4-quinolone derivatives on cancer cells concurrently with or without
the characteristics described above. Therefore, in this study, we evaluated the extent to
which CMQ exerts antitumor activities in prostate cancer cells including LNCaP cells
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(androgen-sensitive, TRAIL-resistant, p53 wild-type) and PC-3 cells

(androgen-independent, TRAIL- sensitive, p53- null). Intriguingly, we found that CMQ

could induce G2/M arrest and apoptosis via inhibition of tubulin polymerization in both

cell lines, but that it activates a stronger intrinsic apoptotic pathway in the LNCaP cells

than in the PC-3 cells, whereas it inhibits phosphorylation of Akt in the PC-3 cells more

effectively than in the LNCaP cells. These findings may provide future clinical uses of

CMQ or other antimitotic drugs for treatment of different types of prostate cancers.

It was reported recently that specific chemotherapeutic agents, such as microtubule

inhibitors and cisplatin, caused mitotic arrest which in turn could induce distinct modes of

cell death, including apoptosis and mitotic catastrophe (32, 70). Apoptosis has been

recognized as a promising focus for cancer therapists (/8). So far, major apoptotic

pathways have been described as distinguishable: the intrinsic pathway, the extrinsic

pathway, and the endoplasmic reticulum stress pathway (/8, 19, 23, 24). Mitotic

catastrophe has been recognized as a mode of cell death characterized by the presence of

aberrant mitosis with the formation of giant multinucleated cells (25, 26). It can be caused

by chemical and physical stresses and lead to apoptosis or necrosis but also the survival of

tumor cells. Importantly, the pS3 tumor suppressor gene not only plays a crucial role as a

switch between mitotic catastrophe and apoptosis (25, 26, 70), but also functions as a key

regulator of both intrinsic and extrinsic apoptotic pathways (/8). Therefore, it is important
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to investigate the possible correlation between p53 expression and the different types of

cell death induced by specific chemotherapeutic agents.

Taking the previous researchers’ observations together, this study was aimed to

address such a possible connection in a prostate cancer cell system. As there is no

information available concerning the antitumor effects of 2-phenyl-4-quinolone derivatives

on cancer cells with or without p53, we evaluate here whether CMQ exerts significant and

differing antitumor activities against specific prostate cancer cell types that differ in p53

expression. Thus, a parallel and comparative study using LNCaP cells (p53 wild-type) and

PC-3 cells (p53-null) was conducted. We show that CMQ can induce mitotic arrest and

cell death in both cell lines tested, triggering apoptosis in LNCaP cells but causing mitotic

catastrophe in p53-lacking PC-3 cells. CMQ activates the intrinsic apoptotic pathway in

both LNCaP and PC-3 cells, whereas it did not affect the extrinsic apoptotic pathway in the

PC-3 cells. Our findings demonstrate that CMQ may be functionally employed to treat

various types of cancer cells by attacking different signaling pathway systems involving

distinct modes of cell death. Specifically, CMQ holds potential for future clinical use in the

treatment of a variety of prostate cancers.
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Chapter 3. Results and Discussion

3.1. Results

3.1.1. CMQ inhibits growth of both LNCaP and PC-3 cells

In order to investigate the cytotoxic effect of CMQ (Figure 10A) in LNCaP cells
(androgen-sensitive, p53 wild-type) and PC-3 cells (androgen-independent, p53- null), we
treated test cells with CMQ in a wide range of concentrations. Figure 10B shows that
exposure of LNCaP and PC-3 cells to CMQ caused a concentration-dependent inhibition of
cancer cell growth as measured by MTT assay. [Csg values for LNCaP and PC-3 cells were
2.523uM and >10uM, 0.082 uM and 0.291 uM, and 0.046 pM and 0061 puM, respectively
after 24, 48 and 72 hours. CMQ caused approximately 90-95 % cell death in LNCaP cells
at high concentrations compared to an approximately 50 % level in PC-3 cells. CMQ
conferred an even higher level of cytotoxicity in LNCaP and PC-3 cells than the positive
control paclitaxel, for which ICsy values of 0.18 uM and 0.51 uM in LNCaP cells and PC-3
cells, respectively, were determined (data not shown). These results suggest that CMQ
holds potential for future development as a chemotherapeutic agent. Additional
experiments further showed that CMQ displayed a similar cytotoxic effect on other cancer
cell types including human breast carcinoma MCF-7 cells and MDA-MB231 cells with

ICsg values of 1.9 uM and 0.2 puM, respectively (Figure 10C). In addition, the cytotoxicity

31



of CMQ was investigated in non-cancerous cell lines such as human lung fibroblast cells
(WI-38) a cell type present in the stromal microenvironment; and resting leukocyte cells,
such as primary cultures of human immune cells including CD4" T cells CD8" T cells, and
human peripheral blood mononuclear cells (PBMC). ICsy values of CMQ at 48 h for these
cells were significantly higher, ranging from 4.3 and 4.5 uM for PBMC and WI-38,
respectively, to >10 pM for CD4" and CD8" T cells. It is important to note here that the
ICs¢ values of CMQ for the non-cancerous test cells such as WI-38 and PBMC are
approximately 52-55-fold and 14-16-fold higher as compared with those for LNCaP and
PC-3 cells, respectively, suggesting that CMQ may exert a specific cytotoxicity towards
cancerous cells. Together, our results indicate that CMQ can confer different levels of
cytotoxicity on the two different prostate cell line tested and that it had a less toxic effect

on all non-cancerous cell types investigated.
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Figure 10. Chemical structure and cytotoxicty of CMQ in human prostate carcinoma

and other cells

(A) Chemical structure of 2-(3-chlorophenyl)- 6,7-methylenedioxyquinolin-4-one (CMQ).

(B) Cell wviability. LNCaP and PC-3 cells were treated in culture with CMQ at

concentrations between 0.0005 and 10 uM for 24, 48 or 72 hours. Data are presented as

proportional viability, where viability of vehicle-treated group was regarded as 100%. Cell

viability was determined by MTT assay. Data are expressed as mean £ S.D. for triplicate

samples. (C) Differential effect of CMQ on cancerous or non-cancerous fibroblast or

leukocytes. Cells were cultured in 96-well plates and treated with CMQ for 48h as

indicated and ICso values were measured.
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3.1.2. CMQ induces G2/M cell cycle arrest that leads to apoptosis in
LNCaP cells and endoreduplication in PC-3 cells

To evaluate the possible mechanisms by which CMQ inhibits cell growth, the effect
of CMQ on the progression of cell cycles in LNCaP and PC-3 cells was examined by flow
cytometric analysis. CMQ treatment resulted in a concentration-dependent G2/M cell cycle
arrest with a concomitant reduction in GO-G1 phase population in both LNCaP and PC-3
cells tested at 24 hour treatment (Figure 11A). The two agents used as positive control, the
microtubule-stablizing agent paclitaxel (PTX) and the microtubule-destablizing agent
vincristine (V), showed a similar pattern of concomitant accumulation of G2/M phase and
loss of GO-G1 phase populations in both cell lines. Similar data were obtained at prolonged
treatment periods. To examine possible differences between the effects of CMQ on LNCaP
and PC-3 cells, we next investigated the number of cells in subG1 phase which may mark
the apoptosis level in test cells. As seen in Fig. 2B, significant dose-dependent increases in
subG1 phase were detected in LNCaP cells treated with CMQ for 24 to 72 hours. CMQ
treatments for 72 hours increased the cell accumulation at subG1 phase to a level that was
up to 45 % higher than that of cells treated with paclitaxel or vincristine. By contrast, CMQ
induced varying levels of subG1 phase population in PC-3 cells. Increased levels in subG1
phase were found at treatment with 0.1 uM CMQ for 24 to 72 hours. By contrast, at
concentrations of 0.5 and 2.5 uM, CMQ had no effect on subG1 phase accumulation after

24 hours of treatment, and a slightly elevated level in subGl cell accumulation was
34



observed at treatment of cells with 2.5 uM CMQ for 48 hours. After 72 hours of treatment

with 0.5 and 2.5 pM CMQ, however, the level of subG1 cells was significantly elevated,

reaching nearly that obtained with 0.1 uM CMQ (Figure 11B). Previous studies have

reported that mitotic cell death and high doses of microtubule inhibitors may cause an

endoreduplication (END) effect with polyploidy and the formation of giant

multimicronucleated cells, and that this effect may prolong or decrease apoptosis formation

(18, 32). We hence speculated that CMQ could have caused END activity in PC-3 cells at

high concentrations tested. As shown in Figure 11C, the levels of END with characteristics

of > 4N in DNA content were significantly increased in PC-3 cells treated with CMQ at

concentrations of 0.5 and 2.5 uM for 24 or 48 hours compared with those of cells treated

with 0.1 uM CMQ or the control group. By contrast, the END activity was less induced in

LNCaP cells by CMQ treatment for 24 or 48 hours. The END activities induced by

treatments with CMQ in both cell lines at 0.5 and 2.5 uM were found to mirror results

from treatment with either of the two reference controls, paclitaxel and vincristine, at 0.5

uM (data not shown). In addition, treatment with CMQ for 24 to 72 hours also increased

the cell size (FSC) and granule content (SSC) with a trend toward an increased level of

polyploidy in PC-3 cells (Figure 11D). DNA damage is known to usually contribute to G1

or G2/M cell cycle arrest. The tumor suppressor gene p53 gene plays an important role in

regulating the G2/M checkpoint molecules including ATM, Chk2 and p21 (33). We
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therefore determined the levels of these molecules in the two cell lines in the absence and

presence of treatment with CMQ at different concentrations. After 24 hours treatment with

CMQ, expression levels of p-ATM and p21 were found to be elevated (Figure 12A). The

DNA damage-associated DNA fragmentation induced by CMQ treatment in LNCaP and

PC-3 cells was also evaluated (Figure 12B). After 24 hours treatment with CMQ, the level

of DNA fragmentation was increased in both cell lines. These results suggest that CMQ

may induce G2/M arrest via a DNA damage response pathway in test LNCaP and PC-3

cells. However, we also showed that the apoptosis levels were drastically increased in

LNCaP cells upon CMQ treatment in contrast to smaller increases in PC-3 cells. The more

modest increases of apoptotic cells observed for PC-3 cells, we speculate, may result from

the presence of END and lack of p53 expression.
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Figure 11. CMQ induces apoptosis and mitotic catastrophe via G2/M cell cycle arrest

(A) Cell cycle analysis for CMQ-treated LNCaP and PC-3 cells. Test cells were treated for
24 hours with CMQ (0.1, 0.5, 2.5 uM) or paclitaxel (PTX, 0.5 uM) and vincristine (V, 0.5
uM) as positive controls, labeled with PI, and analyzed by flow cytometry. Percentages of
cells present in the GO/G1, S and G2/M phases of the cell cycle were quantified. (B)
Percentage of apoptotic cells in the sub-G1 phase cell population in LNCaP and PC-3 cells.
Cells were treated as described in (A) for 24, 48, or 72 h. (C) CMQ induces apoptosis in
LNCaP cells and endoreduplication in PC-3 cells. Cell-cycle analysis was performed in
test cells as described in (A). Histogram of cell-cycle for specific cells are shown and % of
with DNA content > 4N was quantified. (D) FSC/SSC dot plots obtained from LNCaP and

PC-3 cells treated with indicated compounds.
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Figure 12. CMQ induces DNA damage and fragmentation

(A) Expression of DNA damage- and G2/M-associated marker proteins. Total cell lysates
(30 pg) from test cell cultures were harvested after treatment with CMQ (0.1, 0.5, 2.5 uM)
for 24 h. Levels of p-ATM, ATM, p-chk2, chk2, p53, p21 and B-actin, were quantitatively
assayed. (B) CMQ induces DNA fragmentation in LNCaP and PC-3 cells. Cell lines were
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cultured in 96-well plates and treated with CMQ on the second day as indicated. After 24

hours, DNA fragmentation was measured with the Cell Death Detection ELISA kit (Roche

Molecular Biochemicals). Error bars represent mean S.D. of triplicate determinations.
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3.1.3. CMQ suppresses polymerization of microtubules in LNCaP and
PC-3 cells

G2/M cell cycle arrest is usually attributed to the disruption of cytoskeleton including
microtubules. To evaluate the possible effect of CMQ on the organization of microtubule
distribution in LNCaP and PC-3 cells, we further investigated cellular behaviours of the
microtubule networks by immunofluorescence microscopy. Paclitaxel, vincristine, and
colchicine are microtubule-destablizing agents used as reference controls for the study. As
shown in Figure 13A and 13B, in the absence of drug treatment the cellular microtubule
network exhibited normal arrangements with a rich and intact structure of cytoplasmic
microtubular cytoskeleton in test cells. However, treatment with CMQ at 0.1 to 2.5 uM
was found to cause mitotic arrest in both LNCaP and PC-3 cells, with typical
characteristics of disorganized microtubules, damaged microtubules and abnormal mitotic
spindles. For both cell types, the exposure to CMQ at 0.1 uM resulted in disorganized
microtubules that were arranged irregularly into an abnormal spindle status with
aster-shaped tubulins, pseudo-bipolarity, tripolarity, or multipolarity. At elevated
concentrations of 0.5 uM and 2.5 uM, CMQ treatment provoked massive microtubule
damage, and short microtubule fragments were found to be scattered within the cytoplasm,
exhibiting depolymerizing properties which are similar to those detected for colchicine-
and vinblastine-induced microtubule changes. On the other hand, paclitaxel treatment

promoted microtubule polymerization with aster-shaped microtubules, multipolar spindles
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and well-organized microtubule structures. To further confirm the observed

depolymerizing properties of CMQ, we measured the soluble (monomer) and polymerized

forms of tubulin present in untreated PC-3 cells and in cells treated with 0.5 uM CMQ by

western blotting. Figure 13C shows that CMQ increases the soluble form of tubulin (S)

and decreases the polymerized form of tubulin (P) in a time-dependent manner, suggesting

strongly that CMQ possesses a microtubule-depolymerizing activity. As shown in Figure

13B, high concentrations of CMQ caused mitotic catastrophe-related formation of

multinucleated cells (Figure 11D). This activity is most notable after DNA damage that

causes the fragmentation of chromosomes into pieces (I8, 26, 71). These findings are

consistent with our observations of endoreduplication and increased DNA

damage-mediated pathway activity (Figure 11D and 13A). The obtained results illustrate

that CMQ can confer strong microtubule-depolymerizing activity which may contribute to

G2/M cell cycle arrest and mitotic catastrophe activities detected in PC-3 cells.
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Figure 13. CMQ suppresses polymerization of microtubules in LNCaP and PC-3 cells

(A) Effect of CMQ on the organization of microtubule cytoskeleton. LNCaP and PC-3
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cells were grown in medium for 48 h and then treated for 24 h with either 0.1 % DMSO,

various concentrations of CMQ (0.1, 0.5, 2.5 uM), or with 0.5 uM paclitaxel (PTX) and

0.5 uM vincristine (V) as positive controls. Cells were fixed, blocked, and incubated with

polyclonal B-tubulin antibody, then probed with the respective fluorescence-conjugated

secondary antibodies Alexa Fluor 488 and nuclei were stained with DAPI. The samples

and the coverslips were mounted. The immunoflurescent images were visualized by the

confocal microscopy and analyzed using the manufacturer’s software. (B) Western blotting

analysis of soluble and polymerized forms of B-tubulin in PC-3 cells treated with CMQ.

After treatment with 0.5 uM CMQ at different time points, the soluble (S) and polymerized

(P) tubulin fractions were separated and immunoblotted with antibody against B-tubulin

(left). Plot of S/P ratio as a function of treatment time (right) is using the quantified

western blot data.
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3.1.4. CMQ activates the intrinsic apoptotic pathway in both cell types,

but activates the extrinsic pathway only in LNCaP cells

Previous studies have demonstrated that generation of reactive oxygen species (ROS)
can initiate the induction of apoptosis and mechanisms for cell death (72, 73). We therefore
investigated whether ROS can also play a role in the cytotoxic activity of CMQ. As shown
in Figure 14A, CMQ increased ROS production in a concentration-dependent manner in a
range from 40 to 60 (MFI) in LNCaP cells. The ROS production induced by CMQ could
be blocked by N-acetyl cysteine (NAC), a thiol compound that serves as a cysteine source
for the repletion of intracellular glutathione and act as a direct scavenger of ROS. High
levels of ROS activity and mitotic arrest are known to regulate the expression of bcl-2
family proteins that have been shown to be key regulators of the mitochondrial apoptotic
pathway (/8, 73). As shown in Figure 14B, treatment with CMQ for 24 hours significantly
affected the expression of two kinds of Bcl-2 family proteins in the examined prostate
tumor cell lines. In LNCaP cells, CMQ treatment resulted in a 2-3-fold increase in the level
of Bax and a maximal ~4-fold decrease in the level of Bcl-2. By contrast, the level of Bax
was unchanged or only slightly increased in CMQ-treated PC-3 cells (Figure 14B). Based
on the positive correlation between bcl-2 family and the mitochondrial pathway (the
intrinsic pathway), we next examined whether the pro-apoptotic factors cytochrome ¢
(which can induce caspase-3 and -9 activation), Smac (which can inhibit inhibitors of

apoptosis), and apoptosis-inducing factor (AIF) (which can induce caspase-independent
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cell death) were released from mitochondria into the cytosol to promote cell death of test

tumor cells (/3, 18). As shown in Figure 14C, after treatment for 24 hours, expression

levels of cytochrome ¢, Smac and AIF were drastically increased in the cytosol fraction of

CMQ-treated LNCaP and PC-3 cells in a dose-dependent manner. By contrast, the

expression of these proteins in the mitochondrial fractions of test cells decreased.

Activation of caspases-8 and -9, important components of the extrinsic and intrinsic

apoptotic pathways, respectively, leads to activation of caspase-3 and subsequent apoptosis

(18). We thus measured the effect of CMQ at varying dosage on the activation of

caspases-3, -8 and -9 in LNCaP cells and PC-3 cells. CMQ treatment for 24 hours

effectively induced the expression of the cleaved form of caspases-3 and -9 in LNCaP cells

and PC-3 cells (Figure 14D), implying that they could be activated in LNCaP and PC-3

cells. CMQ treatment led also to an increase in the level of the cleaved form of caspase-8

in LNCaP cells; on the contrary, no such increase in the level of caspase-8 was observed in

PC-3 cells. Taken together, these results suggest that CMQ can activate the intrinsic

pathway in both test cell types via mitochondria or ROS activities, whereas the extrinsic

pathway can only be activated by CMQ treatment in the p53-expressing LNCaP cells.
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Figure 14. CMQ triggers the ROS-mediated intrinsic apoptotic pathway in both
LNCaP and PC-3 cells, whereas it activates the extrinsic apoptotic pathway only in
LNCaP cells

(A) Effect of CMQ on ROS production. LNCaP and PC-3 cells were treated with 0.1, 0.5
and 2.5 uM of CMQ for 24 h with or without 10 mM NAC. Cells were harvested and
stained with H,DCFDA for 30 min at 37°C. ROS production is presented as mean
fluorescence intensity (MFI) P values of less than 0.05 were considered statistically
significant (**P < 0.01, ***P < 0.001, versus control group). P values of less than 0.05
were considered statistically significant (**P < 0.001, versus CMQ 0.5 uM group). (B)
Effect of CMQ on Bax and Bcl-2 proteins. Test cells were treated with 0.1, 0.5 and 2.5 uM
of CMQ for 24 h and lysed to analyze the levels of Bax and Bel-2 proteins. (C) Effect of
CMQ on release of cytochrome ¢, Smac and AIF proteins from cytosol and mitochondria.
The cytosolic and mitochondrial fractions were separated as described in Materials and
Methods, and the levels of cytochrome ¢, Smac and AIF were measured. (D) Effect of
CMQ on the activation of capases-3, -8 and -9. Cells were treated and lysed as described in

(A) to assay the levels of cleaved and pro-forms of caspases-3, -8 and -9 proteins.
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3.1.5. CMQ can confer caspase-dependent and ROS-mediated antitumor
activity

In an attempt to evaluate in detail the mechanisms underlying the antitumor activity
observed for CMQ, several inhibitors against specific molecules or signaling systems were
used to pretreat both types of cells. Cell viability was then measured in the absence and
presence of treatment with CMQ. The caspase-9 inhibitor Z-LEHD-FMK, caspase family
inhibitor Z-VAD-FMK and the ROS production inhibitor NAC were found to effectively
rescue inhibition of tumor-cell growth in both LNCaP (Figure 15A) and PC-3 cells
(Figure 15B). Pretreatment with the caspase-8 inhibitor Z-IETD-FMK reversed the
cytotoxicity of CMQ in LNCaP cells but did not have an effect in PC-3 cells. These results
suggest that the antitumor activity of CMQ 1is caspase-dependent and mediated by ROS
activity. We also demonstrated here that the activation of caspase-8 may play a role in the

antitumor activity of CMQ against LNCaP cells.
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Figure 15. ROS and caspase plays a role in antitumor activity of CMQ.

LNCaP (A) and PC-3 cells (B) were pretreated with 10 mM NAC (ROS scavenger), 20
mM CFI (caspase family inhibitor, Z-VAD-FMK), 20 mM C8I (caspase-8 inhibitor,
Z-IETD-FMK), 20 mM C9I (caspase-8 inhibitor, Z-LEHD-FMK)or for 30 min prior to
treatment with CMQ. P values of less than 0.05 were considered statistically significant

(*P < 0.05, versus control group).
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3.1.6 CMQ suppresses tumor growth in xenograft mouse model
Androgen-dependent prostate cancer cells can often be readily treated with
prostatectomy, androgen ablation or chemotherapeutics (6), while androgen-independent
and p53-null prostate cancers, like PC-3 cells, are more aggressive and less sensitive to
treatment with chemotherapeutics. It is therefore important to evaluate in vivo the potential
antitumor activity of CMQ for both LNCaP and PC-3 cells. Subcutaneous mouse models
using CB-17 SCID mice implanted with LNCaP and PC-3 cells, respectively, were
employed in this study, and tumor growth in these mice was monitored with and without
CMQ treatment. At dosages of 7.5 mg/kg and 15 mg/kg, the intraperitoneal injection of
CMQ significantly suppressed LNCaP tumor growth, resulting in a mean tumor size of 394
+ 127 mm’ and 353 + 151 mm’, respectively, after 24 days of treatment as compared to
696 + 267 mm’ in the vehicle control-treated mice (p < 0.05 for each CMQ treatment
group versus vehicle control group, (Figure 16A and 16B). The effect of CMQ was
comparable to that of paclitaxel, which resulted in a tumor size of 313 + 150 mm’ when
given at a dose of 15 mg/kg (*P < 0.05 versus vehicle control). Like treatment with the
reference compound PTX, CMQ treatment did not affect the body weight of test mice
(Figure 16C). Similar data were obtained in mice xenografted with the PC-3 cell line
(Figure 16D-F). At a dose of 7.5 mg/kg and 15 mg/kg, CMQ treatment resulted in an
average tumor size of 475 + 260 mm® (*P < 0.05 versus vehicle control with 1152 + 390
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mm’) and 367 + 236 mm’, respectively, (**P < 0.01 versus vehicle control). Treatment
with paclitaxel (15 mg/kg) led to a tumor size of 545 + 260 mm® (*P < 0.05 versus vehicle
control). Again, CMQ did not significantly affect the body weight of mice (Figure 16F). In
the orthotopic xenograft mouse model, as shown in Figure 16G and Figure 16H, the
doses of 5 mg/kg body weight and 10 mg/kg body weight of CMQ treatment resulted in
significant tumor suppression (**P < 0.01 versus vehicle control, ***P < 0.001 versus
vehicle control, respectively). The treatment with paclitaxel (10 mg/kg) also led to

decreased tumor weight (**P < 0.01 versus vehicle control).
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Figure 16. CMQ suppressed PC-3 and LNCaP tumor growth in subcutaneous and
orthotopic xenograft SCID mice

(A-F) For subcutaneous xenograft mouse model, each mouse was inoculated s.c. in the
right flank with LNCaP cells (4x10° cells) or PC-3 cells (2x10° cells) in a total volume of
0.2 ml serum-free medium containing 50 % Matrigel (BD Bioscience). As tumors reached
an approximate size with a mean tumor volume of 150-200 mm®, mice were randomly
divided into three groups (n=6) that received the following treatments: (a) vehicle only, i.p.,
twice a week; (b) CMQ at 15 mg/kg, 1.p., twice a week; (¢c) CMQ at 7.5 mg/kg, 1.p., twice a
week; and (d) paclitaxel at 15mg/kg, 1.p., twice a week. Tumors sizes were measured twice
a week using a caliper and tumor volumes were calculated using the following formula:
Length x Width?/ 2. Body weight was measured every four days. Test mice per group were
sacrificed on day 40 and the tumors excised. (G-H) For orthotopic xenograft mouse model,
PC-3 cells (2 x 10%) in 20 ul were injected into the left side of the prostate. Two weeks
after implantation, mice were randomly assigned to four groups (n = 6) that received
vehicle control or CMQ (10 mg/kg and 5 mg/kg) and paclitaxel (10 mg/kg), 1.p., twice a
week for 3 weeks. All the mice were sacrificed on day 40 and the tumors were excised.

Tumor weight was measured. (*P < 0.05,**P < 0.01, ***P < 0.001, versus vehicle control)
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3.2. Discussion

Interference with microtubule assembly provides a promising approach for

developing cancer therapy agents (/3, /4). Even though taxanes and vinca alkaloids are

currently commonly used as chemotherapeutic agents in clinics, severe toxic side effects

and tumor cells developed drug resistance limit their therapeutic utility (/7). For these and

other clinical needs, efforts to find new, alternative therapeutic agents have become

imperative for improving cancer treatments. One approach toward achieving this goal is to

target molecular signaling systems. The p53 tumor-suppressor protein is well recognized as

a key regulator in DNA repair and programmed cell death after DNA damage (33, 74). In

this regard, aggressive prostate cancers are usually found as p53-null or -mutated. Recently,

an increasing body of evidence suggests that 2-phenyl-4-quinolone derivatives possess

potent antitumor activities and may offer advantages over current chemotherapeutic agents

against certain cancers (435, 48-50, 65, 68). Therefore, we investigated in this study the

2-phenyl-4-quinolone derivative CMQ as a possible candidate by evaluating its in vitro and

in vivo antitumor activities against two specific human prostate cancer lines carrying

p53-wild type or a p53-null mutation, respectively.

Our results clearly demonstrated here that CMQ effectively inhibits cell proliferation

of LNCaP cells and PC-3 cells in a concentraion-dependent manner, with very appreciable

ICso values of 0.082 uM and 0.291 uM, respectively at 48 hr (Figure 10B). These values
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were even lower than those determined for the positive control tested in parallel, namely

paclitaxel, which exhibited an ICsy value of 0.18 pM and 0.51 pM, respectively (Figure

10). Interestingly, CMQ induced a higher proportion of apoptotic cells in LNCaP cells than

in PC-3 cells (Figure 11B). This result was also verified by quantitative assessment of

oligonucleosomal DNA fragmentation in both cell lines (Figure 12B). These results show

that distinguishable differences were detectable between LNCaP and PC-3 cells as a

response to CMQ treatment.

It is important to note that, in terms of selective cytotoxicity of CMQ on

non-cancerous or apparently “normal” cells and on tumor cells, we obtained considerably

higher ICs values for non-cancerous WI-38 cells (4.3 uM) and the resting PBMCs (4.5 uM)

(Figure 10C). These values are approximately 52-55-fold and 14-16-fold higher as

compared with that for LNCaP and PC-3 cells, respectively. This result suggests that CMQ

could be selectively more cytotoxic to prostate tumor cells in vitro than to the surrounding

normal “stromal” cells. Related to this consideration, we showed that CMQ treatment did

not result in an obvious toxicity, as the body weight of test mice remained unchanged

(Figure 16C and 16F). Furthermore, in Figure 16B and 16E, CMQ suppressed tumor

growth in both LNCaP and PC-3 tumor-bearing SCID mice as effectively as paclitaxel. In

the orthotopic model (Figure 16G and 16H), we speculated that intraperitoneal injection of

CMQ would elicit the certain cytotoxicity on implanted orthotopic prostate cancer. We
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therefore use lower dose of CMQ (5 and 10 mg/kg body weight) treatments in this model.

The results also that CMQ suppressed tumor growth in this model as effectively as

paclitaxel. Based on these findings, we suggest that CMQ may be considered as a

candidate for further development as a chemotherapeutic agent against prostate cancers.

Cell cycle analyses of LNCaP and PC-3 cells showed that CMQ promoted

differentially a stronger G2/M cell cycle arrest in PC-3 cells than in LNCaP cells (Fig. 2A).

Interestingly, our results also show that CMQ triggered a higher level of apoptosis in

LNCaP cells than in PC-3 cells (Figure 11B). By analysis of the detailed cell cycle

distribution, we found that with high doses of CMQ treatment, PC-3 cells showed a

reduced level in cytotoxicity, delayed cell death, and induced several characteristics of

mitotic catastrophe such as endoreduplication and enlarged cell size, as compared with

these features in CMQ-treated LNCaP cells (Figure 11C). However, a low dose of CMQ

(0.1 uM) caused minor apoptosis in PC-3 cells, but high doses of CMQ (0.5 uM and 2.5

uM) promoted endoreduplication, delayed cell death and resulted in mitotic catastrophe.

According to these observations and considering the different pS3 expression pattern in

LNCaP and PC-3 cells, we hypothesized that p53 plays a role in coordinating the activity

of G2/M arrest, apoptosis and mitotic catastrophe.

Previous studies reported that an impaired or deficient p53-mediated G2/M

checkpoint is an important requisite for the massive damage of microtubules that cause the
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activation of mitotic catastrophe (/8, 32). The DNA damage-induced G2/M checkpoint

activation, which involves interactive activities of p21, p53, ATM and chk-2, has been

shown to be associated with apoptosis and mitotic catastrophe caused by microtubule

damage (18, 27, 33, 70). By measuring the expression of some proteins activated by DNA

damage, we found that CMQ increased the expression of ATM, chk-2 and p21 proteins in

both LNCaP and PC-3 cells, suggesting that CMQ can activate a DNA damage pathway

that contributes to apoptosis or mitotic catastrophe (Figure 11D). The elevated expression

of p53 gene in CMQ-treated LNCaP cells indicates that p53 may indeed promote apoptosis

rather than mitotic catastrophe. Inhibition of microtubule assembly may contribute to the

G2/M phase arrest, DNA damage, endoreduplication and mitotic catastrophe (18, 26, 71).

Thus, we conducted a comparison of the microtubule networks and the soluble (monomer)

and polymerized forms of tubulin in LNCaP and PC-3 cells as a response to treatment with

CMQ, paclitaxel, colchicines and vinchristine. Our results clearly demonstrated a

microtubule-depolymerizing activity of CMQ (Figure 13A and 13B.). This finding is

consistent with the results from a previous study in which it was implied that microtubule

damage may result in G2/M phase arrest and facilitate a high level of subsequent apoptosis

or endoreduplication (45). Taking these results together, we suggest that p53 activity may

facilitate excessive G2/M arrest and polyploidy, which then leads to apoptosis. A
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hypothesis of the differential cell death modes induced by CMQ in LNCaP cells and PC-3

cells is schematically outlined in Figure 17A.

Reactive oxygen species (ROS) are well known to mediate various intracellular

signaling cascades (73). Oxidative stress regulated by the mitochondria-mediated pathway

leading to apoptosis or necrosis may result from excessive production of ROS (73, 75).

Our results found that CMQ can effectively enhance ROS production, whereas the

inhibitor NAC can reduce CMQ-mediated ROS production (Figure 14A). The Bcl-2

family proteins have been recognized as crucial regulators of the mitochondria-mediated

cell death pathway by functioning either as promoters (such as Bax) or inhibitors (such as

Bcl-2) of cell death (73). We show in this study that CMQ can increase the expression of

Bax but decrease the expression of Bcl-2 in both cell lines (Figure 14B). Excessive

expression of proapoptotic proteins (such as Bax) over anti-apoptotic proteins (such as

Bcl-2) usually initiates mitochondrial outer membrane permeabilization which in turn

triggers the release of cytochrome ¢, Smac/Diablo and AIF (Apoptosis-inducing factor)

from the mitochondrial intermembrane space to the cytosol (/8). Cytochrome c released

from mitochondria binds to Apaf-1 ATP and procaspase-9 forming a protein complex

named apoptosome that activates caspase-3, leading to apoptosis. The Smac/Diablo

proapoptotic protein can significantly enhance apoptotic execution via inactivation of

various cellular inhibitors of apoptosis (IAPs) which can bind to active forms of caspase-3
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and -9 and directly suppress their enzymatic activity (/8). The AIF protein, which is

involved in caspase-independent cell apoptosis, can directly cause DNA fragmentation and

apoptosis. To characterize CMQ effects, we examined the expression patterns of

cytochrome ¢, Smac and AIF in cytosolic and mitochondrial fractions. We demonstrated

here that CMQ treatment results in increased levels of cytochrome ¢, Smac and AIF in the

cytosolic fraction, while protein levels were decreased in the mitochondrial fraction

(Figure 14C). We therefore suggest that CMQ may trigger the mitochondria-mediated

pathway, leading to caspase-dependent cell death induced by cytochrome ¢ and Smac, and

caspase-independent cell death by AIF. Evaluation of the activation of caspase-3 and -9

induced by CMQ in LNCaP and PC-3 cells showed that caspase-3 and caspase-9 were

activated by CMQ treatment in both LNCaP and PC-3 cells, but the activation levels were

considerably higher in LNCaP cells (Figure 14D).

The activation of caspase-8 activity is known to play a pivotal role in the extrinsic

pathway to induce apoptosis (/8). It is interesting for us to find that caspase-8 was

significantly activated by CMQ in LNCaP cells, whereas no induction was observed in

PC-3 cells (Figure 14D). This finding suggests that p53 plays a role in regulating the

control of caspase-8 activation (57). Taken together, our results demonstrate that CMQ can

induce both caspase-dependent and -independent pathways. These findings are different

from results previously reported by Wang and co-workers on another 2-phenyl-4-quinolone
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derivative, CHM-1 (49). In that study, it was demonstrated that CHM-1 induced apoptosis

in hepatocellular carcinoma cells only via a caspase-independent pathway. However, other

studies demonstrated that CHM-1 only induced a caspase-dependent pathway in

endothelial cells (57) and in colon adencarcinoma cells (50). In comparison, our current

results correlate well with those reported by Hsu and co-workers (52), who showed that

CHM-1 induces both caspase-dependent and caspase-independent pathways in the human

osterogenic sarcoma U-2 OS cell line (52). We suggest that some of the dissimilarities

observed among these studies may be due to the use of multiple cell types, the difference

between chemical structures in CHM-1 and CMQ, and the various treatment conditions for

test tumors.

In order to further characterize specific key regulators that may be involved in the

observed antitumor activity of CMQ, an ROS scavenger (NAC), a caspase family inhibitor

(Z-VAD-FMK), and a caspase-8 inhibitor (Z-IETD-FMK) were used to assess their

potential interference effects (Figure 15A and 15B). Our results suggest that ROS indeed

may play an important role in promoting the CMQ-induced cell death in both LNCaP and

PC-3 cells. However, caspase-8 may be involved to a higher extent in regulating

CMQ-induced cell death in LNCaP cells than in PC-3 cells. Based on our various results

reported in this study, we here proposed a model that may help explain the action of CMQ

in the prostate cancer cells tested (Figure 17B).
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Figure 17. Hypothetical mechanisms for the action mode of CMQ-induced cell cycle
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(A) A schematic representation of the hypothetic modes of differential cell death induced

by CMQ in LNCaP and PC-3 cells. (B) Hypothetical mechanisms for the action of CMQ

on prostate cancer cells.
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Chapter 4. Conclusion

In summary, we conclude that CMQ has significant cytoxicity against prostate cancer
cells, as shown with LNCaP and PC-3 tumor cells. It may confer relatively low levels of
cytoxicity, in vitro and in vivo, to the tumor-surrounding stromal fibroblast or leukocyte
cells. The strong mitotic arrest effect induced by CMQ treatment in both LNCaP and PC-3
cells may be caused by activation of the DNA damage pathway. In addition to ROS,
caspase-dependent (especially caspase-9-dependent) and caspase-independent pathways
may also play important roles in the antitumor activity of CMQ. Given that LNCaP cells
are p53-wild type and PC-3 cells are p53-null and distinguishable patterns were induced by
CMQ in LNCaP cells (strong apoptosis and caspase-8 activation) versus PC-3 cells
(endoreduplicaiton, mitotic catastrophe and delayed cell death, and caspase-8 inactivation),
we suggest that p53 may play a critical role in the action mode of CMQ for tumor
suppression. We propose that CMQ may function as a switch between apoptosis and
mitotic catastrophe and by fine-tuning the regulation of caspase-8 activation. Our results
reported here warrant future systematic evaluations of CMQ for use as a cancer therapy

agent.
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Chapter S. Materials and Methods

5.1. Chemicals and reagents

CMQ was synthesized as described (45) and was obtained from our laboratory. The
compound was dissolved in dimethyl sulfoxide (DMSO) to obtain a stock solution, and a
final concentration of 0.1 % DMSO was used in the cell assays. RPMI 1640 medium,
DMEM, fetal bovine serum (FBS), penicillin, streptomycin, and all other tissue culture
reagents, unless otherwise indicated, were obtained from GIBCO/BRL Life Technologies
(Grand Island, NY). DMSO, EGTA, EDTA, leupeptin, dithiothreitol (DTT), propidium
iodide (PI), phenylmethylsulfonnylfluoride (PMSF), thiazolyl blue tetrazolium bromide
(MTT), and other chemical agents were purchased from Sigma (St Louis, MO). Antibodies
to Bcel-2 (sc-7382), Bax (sc-493), smac (sc-22766), cytochrome c¢ (sc-13156), p-ATM
(sc-47739), pS3 (sc-1311), p21 (sc-469) as well as HRP-labeled anti-mouse (sc-2031) and
anti-rabbit (sc-2357) IgGs were obtained from Santa Cruz Biotechnology Inc. (Santa Cruz,
CA). Antibodies to apoptosis-inducing factor (AIF) (#4602), caspase 3 (#9662), caspase-8
(#9476), and caspase-9 (#9508) were purchased from Cell Signaling Technologies (Boston,
MA). The antibodies to B-tubulin (ab6046) was purchased from Abcam (Cambridge, UK).
5.2. Cell culture and cell viability assay

LNCaP and PC-3 cells (1 x 10* cells/well) were grown in 96-well plates in RPMI and
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DMEM medium, respectively, supplemented with non-essential amino acids and 10 %
FBS in 5 % CO, at 37°C. After incubation for 16 h, culture media were removed and cells
treated with different concentrations of CMQ ranging from 0.0005 to 10 uM for 24, 48 or
72 h. Test culture medium was then replaced with 100 pl culture medium containing MTT
at a concentration of 0.5 mg/ml per well for 4 h. Subsequently, light absorbance was
measured with a spectrophotometer at 570 nm (76, 77). Cell viability was expressed as the
percentage of vehicle control cells (containing 0.1 % DMSO, as 100 %) cultured in the
absence of any test compounds.
5.3. Cell cycle analysis

After treatment of cells with vehicle or CMQ for the indicated time periods, both of
the floating and adherent cells were harvested by trypsinization, washed with
phosphate-buffered saline (PBS), and then fixed with 70% (v/v) ethanol at 4°C overnight.
After washing and centrifugation, cells were resuspended in 0.5 ml propidium iodide (PI)
solution containing Triton X-100 (0.01%, v/v), RNase (200 pg/ml) and PI (20 pg/ml) for
30 min at room temperature (77, 78). Then, cells were centrifuged and the DNA content
was analyzed by flow cytometry (BD LSR2; BD Bioscience, San Jose, CA).
5.4. Immunofluorescence microscopy

The immunofluorescence assay was performed as described (4, 79) with a minor
modification. LNCaP and PC-3 (1 x 10°) cells were grown in medium on 12-mm
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coverslips for 48 h and then treated either with 0.1 % DMSO, serial concentrations (0.1,
0.5, 2.5 uM) of CMQ, or with the two positive controls, 0.5 uM paclitaxel and 0.5 uM
vincristine for 24 h. Cells were fixed with 4% (v/v) paraformaldehyde on ice for 15 min,
permeabilized with 0.2% (v/v) Triton X-100/PBS, and then washed three times with PBS.
After blocking in 1% (v/v) fish gelatin/PBST (PBS with 0.1% Tween 20) for 1 h, samples
were incubated with a-tubulin antibody (clone DM1A, Calbiochem, La Jolla, CA; 1:1000
dilution) and polyclonal -tubulin antibody (Abcam, Cambridge, UK; 1:1000 dilution) at 4
°C for 18 h, washed thrice with PBST, then probed with the respective Alexa Fluor
488-conjugated secondary antibodies (Invitrogen, Carlsbad, CA; 1:2000 dilution). Nuclei
were stained with 4’,6-diamidino-2-phenylindole (DAPI, 0.2 pg/mL in PBS; Sigma
Chemicals) for 1 h at room temperature. The samples were washed four times and the
coverslips were mounted with Prolong Antifade (Invitrogen, Carlsbad, CA, USA). The
immunofluorescent images were visualized by confocal microscopy (LSM 510 Meta, Carl
Zeiss GmbH).
5.5. Analysis of soluble and polymerized tubulins

Soluble and polymerized tubulins from cell lysates were separated by centrifugation
as described previously (80). Briefly, PC-3 cell lines (1x10° cells) were washed twice with
PBS before lysing at 37°C with 100 uL of hypotonic buffer [I mM MgCl,, 2 mM
phenylmethylsulfonyl fluoride, 2 mM EGTA, 0.5% NP40, Roche’s Complete Protease
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Inhibitor Cocktail, and 20 mM Tris-HCI, (pH 6.8)] in 1.5-ml microfuge tubes for 5 min in
the dark. After an additional 100-ml hypotonic buffer was added, the cell lysates were
vortexed, and the fractions separated by centrifugation at 16,200 g for 10min at room
temperature. The supernatant (200 pL) containing the soluble tubulins was transferred to
another tube. The pelleted fraction containing the polymerized tubulins was then
resuspended in 200 ml of hypotonic buffer. Proteins were solubilized in 5 X sample buffer
and sonicated on ice before heating samples to 99°C for 5 min.
5.6. Preparation of cytosolic and mitochondrial fractions

Fractionation of cystosol and mitochondria was carried out as previously described
(77, 81). In brief, cells (10°) were resuspended in 30 ul of homogenization buffer (75 mM
KCl, 1 mM NaH,;POs4, 8 mM Na,HPO,4, 250 mM sucrose, | mM EDTA, and 50 pg/ml
digitonin) and incubated on ice for 5 min, followed by centrifugation at 16,200 g for 10
min. Supernatants were collected as the cytosolic fraction and the pellets as the
mitochondrial fraction. The samples were used for western blot analysis of cytochrome c,
AIF and Smac.
5.7. Western blotting

After the indicated exposure time to vehicle or to the indicated treatments, cells were
washed twice with PBS, and reaction was terminated by the addition of 500 ul ice-cold
lysis buffer (20 mM Tris—HCI, pH 7.4, 150 mM NaCl, 1 mM EGTA, 1 mM PMSF, 1 mM
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Na3;VOsand 1% Triton X-100) containing Roche’s Complete Protease Inhibitor Cocktail
and phosphatase inhibitors (Roche Diagnostics Ltd, Mannheim, Germany). For Western
blot analysis, equal amounts of total proteins were separated by electrophoresis in a 5-20
% gradient polyacrylamide gel and transferred onto an Immobilon-P PVDF membrane
(Millipore Corp., Billerica, MA, USA). After blocking with 5% nonfat milk at room
temperature in PBS containing 0.1% Tween 20 (PBST), the membrane was washed with
PBST and immuno-reacted with the indicated primary antibody overnight at 4 °C. After
four washings with PBST, anti-mouse or anti-rabbit IgG (dilute 1:10000) secondary
antibodies were applied to the membranes for 1 h at room temperature. The membranes
were washed with PBST for at least five times and the detection of signals was performed
using the Immobilon HRP substrate (Millipore Corp., Billerica, MA, USA) (79, §2).
5.8. Subcutaneous and orthotopic xenograft tumor model

CMQ was dissolved in a vehicle mixture of DMSO/10% Cremophor EL/PBS. As a
comparison and reference, the positive control paclitaxel was dissolved in the same vehicle
solution. For subcutanecous xenograft mouse model, male severe combined
immunodeficient (SCID) mice (4-6 weeks of age), were purchased from the National
Laboratory Animal Center (Taipei, Taiwan). LNCaP cells (4x10°) or PC-3 cells (2x10°) in
50 ul DMEM medium with 50 pl Matrigel (BD Pharmingen, San Diego, CA) were injected
subcutaneously (S.C.) into the right flank of each test mouse. When tumors reached an
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approximate volume of 150 -200 mm®, mice were randomly distributed into 4 different test
groups (n = 6) receiving vehicle only, CMQ (15 mg/kg and 7.5 mg/kg) or Paclitaxel (15
mg/kg) by intraperitoneal (I.P.) injection twice weekly for 3 weeks. Tumor volumes (V)
were determined by measuring the length (L) and the width (W), and tumor volumes were
calculated as V =L x W?/ 2. Body weight was measured every four days. All mice were
sacrificed on day 24 post-treatment and the tumors were excised. For the orthotopic
implantation, PC-3 cells (2 x 10°) in 20 ul were injected into the left side of the mouse
prostates. Two weeks after implantation, mice were randomly assigned to four groups (n =
6) that received vehicle control, KY (10 mg/kg and 5 mg/kg) or paclitaxel (10 mg/kg) by
I.P. injection twice weekly for 3 weeks. Six mice per group were sacrificed on day 40 and
the tumors were excised. Tumor weight was measured.
5.9. Statistical analyses

Data are expressed as mean = S.D. or £ S.E.M. for the indicated number of separate
experiments. Means were analyzed for statistical difference using the Student’s #-test, and
p values less than 0.05 were considered significant (*P < 0.05; **P < 0.01 ; ***P <

0.001).
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Part II. CMQ augments efficacy of dendritic

cell-based cancer vaccines

Chapter 1. Introduction

1.1. Cancer vaccines and dendritic cells

The term “cancer,” which is derived from the Latin word for “crab,” was adopted in
ancient times to illustrate the way in which malignant tumors seem to grasp the tissues they
invade. Cancers may arise due to mutations or epigenetic changes to genes that control cell
division, migration, and death, leading to an abnormality in cellular proliferation associated
with life-threatening invasive tumor growth and metastases (83, 84).

Effective cancer vaccines are sought to treat malignancies by approaches that induce
presentation of tumor-associated antigens (TAAs) in contexts that elicit potent CD4" and
CDS8" T-cell responses and break the tolerance of the host immune system to tumor growth
(85, 86). Immunity, including innate immunity and antigen-specific adaptive immunity,
and tolerance toward tumors is orchestrated by a network of antigen-presenting cells, the
most crucial of which are dendritic cells (DCs) (87, 88). As shown in Figure 18,
maturation and activation of dendritic cells is critically important for immune response.
However, although clinical trials based on DC-based vaccines have been initiated for
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certain malignancies (89), unlike in pathogen infection, activation of DCs in tumor
microenvironments is weak and ineffective (85, 90); the challenge, therefore, is to develop
DC-based vaccines that can not only induce powerful activation of DCs, but also enhance
tumor-specific immunity by breaking tolerance.

The approach to generate ex vivo differentiation and activation of DCs for cancer
immunotherapy is shown in Figure 19. In general, the most common method used to
generate DCs in clinical trials is to culture CD14" monocytes in serum-free media in the
presence of GM-CSF and IL-4. After 5—7 days of culture, the monocytes can differentiate
into immature DCs with a loss of CD14 expression, the expression of moderate to low
levels of CD40 and the costimulatory ligands B7-1 and B7-2. DC maturation is
accomplished by culturing the immature DCs for an additional 24—48 hours in the presence
of several biological agents, the most popular combination being tumor necrosis factor-a
(TNF-a), interleukin-6 (IL-6), interleukin-1p (IL-1B), and prostaglandin E2 (PGE2).
Matured DCs further upregulate CD40, B7-1, and B7-2 and induce the expression of the
lymph node homing receptor CC chemokine receptor 7 (CCR7). Antigen loading may
occur at either the immature or mature DC stage. Later, mature antigen-loaded DCs could
be injected into patients subcutaneously, intradermally, or intravenously. They would
subsequently migrate to the draining lymph node, where they would encounter and present
antigen to the cognate CD4" T cells. CD40L, which is expressed on the antigen-activated
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CD4+ T cell to cross-link CD40 on the DCs, induces the mature DCs to differentiate, a
process known as licensing. These licensed DCs upregulate cell surface products, notably
the ligands for OX40 and 4-1BB (OX40L and 4-1BBL, respectively). The licensed DCs
also present antigen to cognate CD8+ T cells. 4-1BBL—mediated costimulation via 4-1BB
on the antigen-activated CD8" T cells elevate the survival and proliferative capacity of the
activated CD8" T cells. Similarly, the OX40L-mediated costimulation increases the
survival and proliferation of the activated CD4+ T cells. The important factors which
influence the efficacy of DC-based vaccines are shown in Figure 20.

Numerous dendritic cell-based strategies have been employed for developing
anti-cancer vaccines, including defined peptide-loaded DCs (91, 92), genetically-modified
DCs (93, 94), DC-derived exosomes (89), apoptotic cell-loaded DCs (95), and tumor cell
lysate (TCL)-pulsed DCs (91, 96, 97). The possible advantage of using whole cell lysates
as the source for vaccination is that a full complement of TAAs, including both MHC class
I and class Il-restricted tumor associated epitopes may be provided, thus reducing the
possibility of immune escape by antigen loss variants (98). A common technique used to
generate tumor cell lysates (TCLs) is the removal of solid cellular debris by centrifugation
after repeated cycles of freezing and thawing of target tumor cells (99-101). The protective
effect of DCs pulsed with TCLs has been proven in animal models (96, /02), and reported
in a range of clinical trials, summarized in Table 7 (97, 97, 103). Nonetheless, the modest
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activities reported thus far for TCL-pulsed DC-based vaccines need to be further improved

and optimized, either in the presence or absence of DC-maturation stimuli (97, 103).
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Figure 18. The different functions of immature and mature dendritic cells

(a) Immature dendritic cells (DCs) induce tolerance. Tissue DCs always sample their

environment, capture specific antigens and migrate in small numbers to the draining lymph

nodes. In general, in the absence of inflammation, the DCs usually remain in an immature

state, and antigens could be presented to T cells in the lymph node without costimulation,

leading to either the deletion of T cells or the induction of regulatory T cells. (b) Mature

DCs induce immunity. Inflammation of tissue induces the maturation of DCs and triggers

the migration of large numbers of them to draining lymph nodes. The mature DCs express

peptide-MHC complexes on their surface, and appropriate co-stimulatory molecules. This

allows the priming of CD4+ T helper cells and CD8+ cytotoxic T lymphocytes (CTLs), the

activation of B cells and the initiation of an adaptive immune response. To control the

immune response, CD4+CD25+ regulatory T cell (Treg) populations are also expanded.

ADCC, antibody-dependent cell-mediated cytotoxicity; NK, natural killer; TCR, T-cell

receptor. Adopted from Banchereau et al. (92).
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Figure 19. The approach of ex vivo differentiation and activation of DCs for cancer

immunotherapy. [Adopted from Gilboa, E.et.al. (90)]

Generation of DCs
= Direct purification from peripheral blood (+ mobilization with FIt3L, ProGP, etc.)
= Monocyte-derived (flask adherence, CD14 bead separation, culture with GM-CSF and
IL-4/IL-13)
= CD34" precursors (CD34 bead separation, culture with FIt3L, TL-3, IL.-6, GM-CSF, IL-4)

Antigen loading of DCs

Peptides (acid-eluted/synthesized, MHC class I/Il-restricted)

Proteins (purified, Ag-Ab immune complexes, coupling with anti-DEC-205 Ab)
mRNA, DNA (tumor-derived, synthesized single target gene)

Viral vectors (retrovirus, lentivirus, adenovirus, fowlpox, alphavirus, etc.)
Tumor cells (apoptotic/necrotic), tumor lysate, DC-tumor cell fusion

Maturation of DCs

Cytokines (TNF-a alone, TNF-a + IL-1pB + IL-6 + PGE2)
CDA40L (£IFN-y)

= Calcium ionophore

= TLR agonists (CpG ODN, dsRNA, poly I:C, etc.)

DC administration
= Dose
= Frequency
=  Route (intravenous, intradermal, subcutaneous, intranodal, intratumoral)

Figure 20. Various factors to be considered in DC-based immunotherapy.

[Adopted from Osada et al. (104)]
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Table 7. Overview of clinical trials using dendritic cell-based cancer immunotherapy

Tumor type DC generation  Pulsing Maturation Route Memo Reference
Soft-tissue MDDC from - - LT. (pilot study)  Finkelstein
sarcoma GM-CSF (1000 et al.
(STS) U/ml) & IL-4 2011.(105)
(1000 U/ml)
Metastatic MDDC from gp100;s54.167, PGE2 (10 pg/ml), LV. Anti-CD25 Jacobs et
melanoma GM-CSF (800 gp100yg0.283, TNF-a (10 ng/ml ) (10><106 (Phase I/1I) al.
U/ml) & IL-4 tyrosinasesgo.  (72h) DCs) 2010.(106)
(500 U/ml) 376 (25 L.D.
pg/ml, 60 (5%10°
min) DCs)
Colorectal MDDC from CEA571579 TNF-a (10 ng/ml), I.V. Adjuvant: Lesterhuis
cancer GM-CSF (800 IL-1B (5 ng/ml), (10x10° oxaliplatin/c et al. 2010.
(CRC) U/ml) & IL-4 IL-6 (15 ng/ml), DCs) apecitabine (107)
(500 U/ml) PGE2 (10 pg/ml) LD. (5x10° (pilot study)
DCs)
Colorectal MDDC from CEA (20 OK432, IFN-a (500 S:C Phase I/I1 Sakakibara
cancer GM-CSEF (50 pg/ml) U/ml), PGE1 (50 et al.
(CRC) ng/ml) & IL-4 ng/ml) 2011.(108)
(20 ng/ml)
Non-small MDDC from WTI peptide  IFN-y (1000 U/ml) S.C. Maturation,  Perroud et
cell lung GM-CSF (50 CEA peptide  (48h) LV. and then al.2011.(10
cancer ng/ml) & 1L-4 MAGE-1 (5x10’ loaded with ~ 9)
(30 ng/ml) peptide DCs) antigens
Her2 peptide (Phase I)
Prostate MDDC from PSMA-deriv - LV. Phase 11 Lodge et
cancer GM-CSF (500 ed peptide al.
U/ml) & IL-4 2000.(110)
(500 U/ml)
Melanoma MDDC from DNA TNF-a (20 ng/ml), I.D. Phase I/I1 Steele et
GM-CSF (500 vaccine: IL-1B (5 ng/ml) (48h) S.C. al.
U/ml) & IL-4 melan A (5%10° 2011.(111)
(500 U/ml) gpl100 DCs)
Advanced MDDC TCL - LD. Pilot study Burgdorf
colorectal (3-5%10° et al.
cancer DCs) 2008.(112)
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(CRC)

Malignant MDDC from TCL (18h) - S.C. Phase | Yu et al.
glioma GM-CSF (800 2004.(113)
U/ml) & IL-4
(500 U/ml)
Colorectal MDDC from CEA571.579 TNF-a (10 ng/ml), I.V. pilot study Lesterhuis
cancer GM-CSF (800 CEAmRNA IL-1B (5 ng/ml), (10x10° et al. 2010.
(CRO) U/ml) & IL-4 (electroporat  IL-6 (15 ng/ml), DCs) (114)
(500 U/ml) ion) PGE2 (10 pg/ml) LD. (5x10°
DCs)
Metastatic MDDC from TCL 100 and TNF-a (1000 U/ml),  LD. Phase I/11 Trepiakas
melanoma GM-CSF (1000 50 pg/ml IL-1B (1000 U/ml), LN. (5x10° et al.
U/ml) & IL-4 (F-T)(48h) IL-6 (1000 U/ml), DCs) 2010.(115)
(250 U/ml) Peptide (2h) PGE2 (1 pg/ml)
Metastatic MDDC from TCL 100 TNF-a (1000 U/ml), LV. Phase I/11 Ridolfi et
melanoma GM-CSF (1000  mg/ml IL-1B (1000 U/ml), al.
U/ml) & IL-4 IL-6 (1000 U/ml), 2006.(116)
(1000 U/ml) PGE2 (1 pg/ml)
Metastatic MDDC from TCL 50 and  TNF-a (1000 U/ml),  S.C. Phase I/11 Soleimani
renal cell GM-CSE (1000  100ug/ml IL-1B (1000 U/ml), et al.
carcinoma U/ml) & IL-4 (12h) IL-6 (1000 U/ml), 2009.(117)
(mRCC) (250 U/ml) PGE2 (1 pg/ml)
Colorectal MDDC from TCL TNF-a (10 ng/ml), I.D. Phase II Toh et
cancer GM-CSF (500 IL-1B (10 ng/ml), (3-5x10° al.2009.
(CRC) U/ml) & IL-4 IL-6 (10 ng/ml), DCs) (103)
(20 ng/ml) PGE2 (1 pg/ml)
Medullary MDDC from TCL TNF-a (1 pg/ml), LV. Pilot trial Bachleitne
thyroid GM-CSF (1000  200ug/ml IFN-y (1000 U/ml) retal.
carcinoma U/ml) & 1L-4 (F-T) (12h) (12h), LPS (50 2009.(118)
(MTC) (500 U/ml) ng/ml) (4h)
Hepatocellul MDDC from TCL (2h) TNF-a (1 pg/ml) LV. Phase II Palmer et
ar carcinoma GM-CSF (800 al.
(HCC) U/ml) & IL-4 2009.(119)
(500 U/ml)
Metastatic MDDC from TCL (F-T & TNF-a (50 pg/ml) ILN. IL-2 & Schwaab et
renal cell GM-CSF (500 Irra) IFN-a al.2009.(97
carcinoma U/ml) & IL-4 (Tumor : DC (Phase II) )
(mRCC) (20 ng/ml) =1-3:1)
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Relapsed MDDC from TCL (F-T&  TNF-a (120 mg/ml), LD. Pilot trial De

glioblastoma GM-CSF (500 Irra) IL-1B (120 ng /ml), Vleeschou
multiform U/ml) & IL-4 PGE2 (20 pg/ml) wer et al.
(GBM) (20 ng/ml) 2008.(120)
Pancreatic MDDC from TCL 50 - TNF-a (1000 U/ml), LD. pilot study Bauer.
carcinoma GM-CSF (1000 150 pg/ml PGE2 (10 pg/ml) 2011.(121)
U/ml) & IL-4 (4h)
(500 U/ml)
Metastatic MDDC from TCL FMKp (1 pg/ml) & L.D. Phase 11 Ribas et al.
melanoma GM-CSF (700 IFN-y (1000 U/ml) S.C. 2010.
U/ml) & IL-13 (122)
(136 ng/ml)
Glioblastom  MDDC from TCL (200 TNF-a (120 ng/ml), I.D. pilot study Ardon et
amultiform  GM-CSF (1000  pg/10°DCs)  IL-1p (120 ng/ml), (5%10° al.
(GBM) U/ml) & IL-4 PGE2 (20 ng/ml) DCs) 2010.(123)
(1000 U/ml)
Metastatic MDDC from TCL 100 ug ~ TNF-a (500 pg /ml),  L.N. Phase I/I) Marten et
renal cell GM-CSF (750 /ml (72h) KLH (100 pg /ml) S.C. al.
carcinoma U/ml) & IL-4 2002.(124)
(mRCC) (500 U/ml)

MDDC, monocyte-derived dendritic cells; CEA,carcinoembryogenic antigen; PSMA,

prostate-specific membrane antigen; KLH, keyhole limpet hemocyanin; TCL, Tumor cell

lysate; TNF-q, tumor necrosis factor-a; IL-1p, interleukin-1f; IL-6, interleukin-6; PGE2,

prostaglandin E2; F-T, 4-6 cycles of freezing-thawing; Irra, irradiation (60 Gray); FMKp, a

bacterial membrane fragment of Klebsiella pneumonia; 1. V., intravenously; [.N.,intranodal;

S.C., subcutaneously;, .D., intradernally; I.T., intratumorally.
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1.2 Damage-associated molecular patterns (DAMPs) and

immunogenic cell death (ICD)

It is well-recognized that most anticancer chemotherapeutics influence both tumor
cells and the associated immune systems (/25, 126). The conventional chemotherapeutics
possibly induce immunogenic cancer cell death or stimulate immune effectors through
so-called off-target effects (/26). However, the nature of the mechanisms underlying the
various cellular activities that induce immune response, and whether specific necrotic or
apoptotic cells are immunogenic or tolerogenic, remain unclear (/27, 128).

A key-lock paradigm has been proposed to explain the relationship between
immunogenic cell death and DCs (Figure 21) (/28). Immunogenic cell death is
characterized by occurring events of damage-associated molecular patterns (DAMPs)
including the translocation of calreticulin (CRT), the release of heat shock proteins (HSPs)
including HSP70 and HSP90 on the cell surface, and the release of high-mobility group
box 1 (HMGBI1) proteins (127, 129-131). CRT, HSPs and HMGBI1 can function as
immunological adjuvants for phagocytosis, cross-presentation of tumor-derived antigens
and antigen processing as well as presentation by DCs (Table 8) (/29). As seen in Figure
22, the induction of tumor cell death results in recognition of cell death by DCs. Perhaps
the apoptotic bodies are engulfed by DCs, and tumor-derived antigens are processed and
presented along with DAMPs and costimulatory molecules. After DC maturation, they
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move to naive T lymphocytes to interact with them. This process is amplified at different
steps. Selection of immunogenic cell death inducers allows enhancement of recognition
and phagocytosis of apoptotic debris, maturation of DCs, processing and the presentation
of tumor-derived antigens. Most importantly, this leads to the induction of a cytotoxic
immune response, involving CD4"  and CD8 T lymphocytes, leading to complete
eradication of tumor cells (726, 127, 130, 131). Other factors may also involve in the
induction of immunogenic cell death via different pathways to enhance the immune
response, as summarized in Figure 23. The approach of DC-pulsed with tumor cell lysates
(TCLs) 1is clinically used and has the advantage of providing various sources of
tumor-associated antigens to DCs; however, TCLs may inhibit the maturation of DCs (98).
It is, therefore, of importance to investigate the molecular and cellular behaviors of these
immunogenic cell death-associated proteins in TCLs with an eye toward improving the

efficacy of TCL-pulsed DC-based vaccines.

82



Dying tumor cells Dendritic cells T cells

Calreticulin
exposure

+
cobs Specific

cytotoxic lysis

of tumor cells
Q) cor

Immunogenic  Uptake of  Dendritic cell Processing and Dendritic cell T cell activation  Anti-tumor immune
cell death dying cells activation presentation of maturation response
tumor antigens

Current Opinion in Immunclegy

Figure 21. Critical events required to trigger dendritic cell activation by dying tumor

cells.

Immunogenic tumor cell death is featured with a temporal sequence of events including

translocation of calreticulin (CRT) to the cell surface at the early stage, the release and

exposure of heat shock proteins, and the late release of HMGBI, all allowing DC-mediated

specific anti tumor immune response. These key components released from or exposed at

the surface of dying tumor cells can be said to act at several levels of this immune response:

uptake of apoptotic bodies (calreticulin), activation of dendritic cells (heat shock proteins),

antigen processing (HMGBI1), maturation of dendritic cells, and activation of T

lymphocytes. [Adopted from Tesniere et al. (/28)]
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Table 8. Major determinants of immunogenic cancer cell death and their effects on

DCs

Tumor cells Dendritic cells

Plasma membrane components
HSP70 Cross presentation of
tumor-derived antigens

HSP90

Calreticulin Phagocytosis
Phosphatidylserine residues Recognition
Integrins

Proinflammatory mediators

HSP70 DC maturation

HSP90

HMGBA1 Antigen processing and
presentation

Uric acid through TLR2 and DC maturation

NALP3 ATP

Late-stage degradation products

DNA through TLR9 ATP DC maturation

RNA through TLR3 DC activation

PTX3 Regulation of DC
maturation

Adopted from Tesniere et al. (/29).
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Figure 22. The key steps for the induction of an antitumor immune response

triggered by immunogenic cell death. [Adopted from Tesniere et al. (/29)]
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1.3. The relationship between microtubule-targeting/binding

agents (MTAs/MBASs) and immunity

A cornucopia of chemotherapeutic drugs including microtubule-targeting agents can
induce cell death (/32). Recent studies indicate that functional microtubules are required
for antigen processing by DCs (/33) and microtubules mediate NF-xB activation in the
TNF-a signaling pathway (/34). The detailed mechanisms behind this activity are still
unclear. Furthermore, in terms of activation of DCs, colchicine was found not only to
trigger the maturation of DCs in vitro and in vivo (135), but also promote antigen-cross
presentation by murine DCs (/36). On the other hand, with respect to enhancement of
antitumor effect, vincristine increased the antitumor effect of DC-based immunotherapy
(137), and was also thought to enhance the immunogenicity of chronic lymphocytic
leukemia cells (/38). Taken together, these findings suggest that MDAs may be able to
enhance tumor-specific immune response generated by activation of DCs and induce
immunogenic cell death. Both, therefore, could conceivably be used in cancer

immunotherapy approaches.
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Chapter 2. Rationale and Significance

According to the observations and rationale that follow, we hence evaluate the
potential MDAs for cancer immunotherapy. First of all, MDAs including 2-phenyl-4
quinolone  derivatives such as CMQ, colchicines and vinblastine, and
microtubule-polymerizing agents such as paclitaxel have strong anti-tumor activities
against various cancers. It is worth investigating whether they possess sufficient strength to
induce immunogenic cell death of tumor cells. Secondly, colchicine can trigger the
maturation of DCs and promote antigen-cross presentation activity of DCs in vitro and in
vivo (135, 136). Vincristine increased the antitumor effect of DC-based immunotherapy
(137, 138). Thirdly, functional microtubules are essential for antigen processing by DCs
(133, 134). We therefore hypothesized that MDAs including CMQ can not only activate
DCs, but also can induce immunogenic cell death of tumor cells, resulting in a strong
tumor-specific immunity.

The metastatic advanced cancer is usually difficult to treat. This cancer also is
non-immunogenic and metastatic. B16/F10 cells were derived from the B16/F0 line after
10 successive in vivo passages (139, 140). These poorly immunogenic tumor lines only
express low MHC class I levels and do not express MHC class II molecules, but both

molecules are inducible on IFN-g exposure (/47). B16/F10 cells are highly aggressive and
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metastatic, whereas B16/F0 cells metastasize less and are less aggressive (139, 142, 143).
We therefore use B16/F0 cells as a target cancer cell to investigate the effect of MDAs as
adjuvants for cancer immunotherapy.

In this study, we evaluated the effect of colchicine and two 2-pheny-4-quinolone
analogues, which, as MDAs, were shown to confer antitumor effects via inhibition of
tubulin polymerization (50, 52, 144) on the activation of DCs and subsequent T-cell
proliferation. We also investigated the effect of these MDAs on mediating immunogenic
cell death in treated B16F10 melanoma cells via induction of DAMP stress proteins.
Possible use of the test MDAs as adjuvants in TCL-pulsed DC vaccines was also evaluated.
Our findings showed that 2-pheny-4-quinolone analogues could induce phenotypic
maturation of DCs. These MDAs were able to augment CD4" and CDS" T cell proliferation.
TCLs generated from MDA treatment were further able to improve the efficacy of
TCL-pulsed DC vaccines. Our findings thus provide useful information for potential

clinical application of MDAs in chemotherapy or cancer immunotherapy.
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Chapter 3. Results and Discussion

3.1. Results
3.1.1. Effect of various microtubule-depolymerizing agents on growth of
B16F10 melanoma cells

Several 2-phenyl-4-quinolone derivatives including CMQ and FMQ have been shown
to confer anti-tumor activity via the mitochondria (intrinsic pathway), death receptors
(extrinsic pathway), or endoplasmic reticulum (ER) stress (48, 52, 65). To evaluate
whether CMQ and FMQ and colchicine (chemical structures shown in Figure 24) as
microtubule-depolymerizing agents can cause cell death leading to immunogenic cell death,
we examined their effect along with the effect of doxorubicin as positive control on cell
proliferation of BI6F10-F10 melanoma cells. Twenty-four hours post-treatment, colchicine
effectively inhibited approximately 50% of test cell growth at concentrations greater than
0.05 uM. CMQ and FMQ exerted similar inhibitory patterns in a concentration-dependent
manner at concentrations from 0.1 to 2.5 puM, and inhibition reached a plateau at
approximately 2.5 pM (Figure 25). Doxorubicin inhibited tumor cell growth at all
concentrations tested in this study. Our findings suggest that CMQ and FMQ conferred a
similar cytotoxic effect on B16F10 tumor cells growth to doxorubicin. Colchicine
apparently exerts different cytotoxic patterns on growth of B16F10 melanoma cells.
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Figure 24. Chemical structures of microtubule-depolymerizing agents and

doxorubicin tested in this study
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Figure 25. Effect of MDAs and doxorubicin on cell viability of B16F10 melanoma
cells

Mouse B16F10 melanoma cells were treated with the indicated concentrations of
colchicine, doxorubicin (DX), 2-(3-chlorophenyl)-6,7-methylenedioxyquinolin-4-one
(CMQ) and 2-(3-fluorophenyl)-6,7-methylenedioxyquinolin-4-one (FMQ) for 24 h, as
shown in A B C and D, respectively. The values are represented as the percentage of viable
cells; the vehicle control group was regarded as 100% viable. Cell viability was determined

by MTT assay and data were expressed as mean = S.D. for triplicate culture samples.
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3.1.2. Effect of specific microtubule-depolymerizing agents on expression
of immunogenic cell death-related proteins and tumor-associated
antigens

Recent studies have revealed that increased expression of DAMPs, a characteristic of
immunogenic cell death, can boost immunogenicity in cancer vaccines via ER stress or
other signaling pathways (72, 145, 146). Whether microtubule-depolymerizing agents can
induce DAMPs has not, to our knowledge, been previously reported. Therefore, we
measured the expression of several DAMPs (HSP70, HSP90, CRT and HMGB1) in TCLs
from B16F10 cells after treatment with 2.5 uM colchicine, CMQ, FMQ or doxorubicin.
The MDAs colchicine, CMQ and FMQ induced the expression of HSP70, HSP90 and
HMGBI in tumor cells as compared with cells treated with vehicle control, but did not
affect the expression of CRT (Figure 26A). Doxorubicin induced higher levels of
expression of the same DAMPs than the MDAs tested. Specific tumor-associated antigens
including glypican-3 and survivin are markers for melanoma and many cancer cell types
(147). The levels of glypican-3 and survivin in cell lysate were elevated after test tumor
cells were treated with colchicine, CMQ, FMQ or doxorubicin (Figure 26B). These results
suggest that the three MDAs increase the expression of DAMPs as well as the expression
of tumor-associated antigens such as survivin and glypican-3, but the expression patterns
of these presteins may differ among the MDAs and doxorubicin.
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Figure 26. Expression of damage-associated molecular patterns (DAMPs) and

tumor-associated antigens in tumor cell lysates of B16F10 melanoma treated with

different MDASs

B16F10 tumor cells were treated for 24 h with vehicle control, colchicine (C), CMQ, FMQ

or DX, at a concentration of 2.5 uM. After treatment, TCLs were obtained through four

freeze-thaw cycles. Western blot analysis for protein expression of damage-associated

molecular patterns (DAMPs), heat shock protein 70 (HSP70), heat shock protein 90
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(HSP90), calreticulin (CRT) and high-mobility group box-1 (HMGB1), is shown in (A),
and expression of tumor-associated antigens including glypican-3 and survivin, is shown in
(B). Expression of B-actin was used as an internal control. The results show one

representative experiment of three independently performed experiments.
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3.1.3. Microtubule-depolymerizing agents can enhance the efficacy of
therapeutic immunity provided by tumor cell lysate-pulsed dendritic cell
vaccines

The results described above suggest that MDA-conditioned TCLs may induce an
immunogenic response in vivo and thus augment the efficacy of specific dendritic
cell-based vaccines. A mouse model challenged subcutaneously with B16F10 cells and
immunized with test DC vaccines intratumorally was used to explore this possibility
(Figure 27A). Mice receiving PBS only, unpulsed mature DCs, or TCL-DMSO-pulsed
DCs showed no significant cytotoxic T lymphocyte (CTL) activity against B16F10
melanoma (Figure 27B). However, mice vaccinated with TCL-C-pulsed DCs (DCs pulsed
with colchicine-treated tumor cell lysats) (P = 0.013 versus TCL-DMSO group) and
TCL-CMQ-pulsed DCs (P = 0.015 versus TCL-DMSO group) were found to have
significantly enhanced CTL activity; the ratio of effector cells to target cells (E:T)
increased from 20:1 to 80:1. These CTL activities were comparable with those of the
positive control, TCL-DX-pulsed DC vaccine (P = 0.018 versus TCL-DMSO group).

With respect to tumor growth, time-course experiments revealed that tumor growth
was significantly inhibited in the TCL-DMSO (P = 0.02 versus vehicle group) in
comparison with the unpulsed DC (P = 0.02 versus vehicle group) and vehicle group on
day 24 post tumor inoculation (Figure 27C). However, treatment with TCL-C (P = 0.011
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versus TCL-DMSO group) and TCL-CMQ (P = 0.020 versus TCL-DMSO group) showed

significant tumor suppression, which was comparable to that of the positive control,

TCL-DX (P = 0.012 versus TCL-DMSO group). Furthermore, the survival time and

survival rate of test mice in the TCL-C, TCL-CMQ and TCL-DX vaccinated groups (all

with P < 0.001) were significantly improved in comparison with those of the TCL-DMSO

group (Figure 27D). This trend was in accordance with that for the suppression of tumor

growth (Figure 27C). Results for mice vaccinated with TCL-FMQ-pulsed DCs were

similar to those vaccinated with TCL-CMQ pulsed DCs (data not shown). These results

suggest that the efficacy of DC-based vaccines pulsed with TCLs can be effectively

elevated by treating test tumor cells with the MDAs, colchicine, CMQ and FMQ.
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Figure 27. Therapeutic immunity of DC vaccines pulsed with various tumor cell

lysates, against B16F10 melanoma
(A) Schematic representation for vaccination. C57BL/6 mice were challenged

subcutaneously with 1 x 10° B16F10 cells and vaccinated with different preparations of
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TCL-pulsed DCs when the tumor volume reached to 50-80 mm’. On day 10 after the
secondary boosting, splenocytes were harvested for cytotoxic T lymphocyte activity (CTL)
assay. (B) CTL activities in test mice. Splenocytes from vaccinated or control group mice
(n =8 mice per group) were collected and CTL activity assayed with target tumor cells.
Test DCs were pulsed with TCL-DMSO, TLC-DX, TLC-C, or TCL-CMQ. PBS-treated
mice (Ctrl) did not receive DC vaccine, only a PBS injection. Test mice in the mature DC
group (maDC) were subjected to vaccination with unpulsed mature DCs. (C) Tumor
growth of treated mice. Tumor size of each group (n =8 mice per group) was measured on
indicated days. (D) Survival rates of treated mice. Survival of mice (» = 12 mice per group)
was observed after tumor challenge. For all experiments, the TCL-FMQ groups showed a
similar pattern of activities as that of TCL-CMQ and hence the data are not shown. All data

are expressed as mean £ S.E.M.
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3.1.4. Specific immune cell subsets involved in vaccine efficacy

In order to investigate which immune cell subsets participate in therapeutic immunity
of test DC vaccines, mice were injected intraperitoneally with either anti-CD4, -CD8, or
-NK1.1 monoclonal antibodies (mAb) to deplete the respective cell types. The vaccinated
mice treated with rat-IgG (P = 0.028, versus control group) or anti-CD4 mAb (P = 0.049,
versus control group) showed significantly increased survival rates and times as compared
with the control group (Figure 28). However, the survival rate of the vaccinated mice
injected with anti-CD4 mAb was 40% lower than the rat-IgG group. On the other hand,
vaccinated mice treated with anti-CD8 or anti-NK1.1 mAb did not exhibit a statistical
change in survival rate and time as compared with control group (P > 0.05, versus control
group). Depletion of CD8" T cells and NK cells thus virtually completely blocked the
protective activity of DC vaccines pulsed with CMQ-treated TCLs. These results indicate
that tumor-specific CD8" T cells and NK cells play a crucial role in the observed
therapeutic immunity induced by DC vaccines pulsed with CMQ-treated TCLs against
B16F10 melanoma, whereas CD4" T cells are only partially involved in the antitumor

activity.
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Figure 28. Determination of immune cell subsets responsible for protective immunity
induced by test DC vaccines

Preparations of anti-CD4 (GK1.5), anti-CD8 (53—6.7), and anti-NK 1.1 (PK136) antibodies
were administered by intraperitoneal injection on day 1 in test mice prior to vaccination on
days 2, 5 and 8 after tumor challenge as described in Materials and Methods. C57BL/6
mice (n = 5) were immunized intratumorally with test DC vaccines on days 7, 10 and 13
after tumor challenge as described in Materials and Methods and inoculated with B16F10
melanoma cells (10° cells/50 pl/mouse) on day 0. Statistical difference was calculated by
log-rank (Mantel-Cox) test for mouse survival and P values of less than 0.05 were

considered significant as compared with control group (*P < 0.05).
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3.1.5. Effect of DC culture conditions on vaccine efficacy

Since IL-12p70 is essential to the effective priming of a Tyl anti-tumor immune
response and CTL activities (748, 149), and IL-10 has been shown to inhibit the production
of IL-12p70 in murine DCs (150, 151), we next evaluated the expression and balance of
IL-12p70 and IL-10 activities in various TCL-pulsed DC vaccines. To address the possible
effect of CMQ on test DCs, we determined the release of IL-12p70 and IL-10 expressed by
murine DCs pulsed with or without CMQ-treated TCLs. Experiments were carried out
simultaneously by co-treatment or co-incubation for 12 hours and stimulation with or
without LPS in the absence of GM-CSF and IL-4 (Figure 29A). A higher production of
IL-12p70 and a lower production of I[L-10 were detected in DCs with LPS stimulation only
(maDCs) compared to the pulsed DCs co-cultured with TCL-CMQ and LPS (CTCL-CMQ)
or with TCL-CMQ first and stimulated with LPS later (TCL-CMQ) (Figure 29A). DCs
treated with TCL-CMQ showed increased production of IL-12p70 compared with imDCs
and the CTCL-CMQ group, similar to the maDCs group, whereas the production of IL-10
was significantly increased in this group in comparison with other groups. The maDCs
were more effective than TCL-CMQ and CTCL-CMQ in increasing production of 1L-12,
whereas TCL-CMQ was more effective than CTCL-CMQ and maDCs in increasing
production of IL-10. Overall, these results suggest that it may be possible to improve IL-12
production and decrease IL-10 production to enhance anti-tumor activity of TCL-CMQ.
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Treatment with IL-4 accompanied by GM-CSF can promote IL-12p70 expression and

inhibit IL-10 expression in murine or human DCs (127, 152, 153). We, therefore,

hypothesized that adding GM-CSF and IL-4 to test culture during the pulsing and

stimulation period may improve the balance in production of IL-12p70 and IL-10.

Accordingly, we cultured DCs without either GM-CSF or IL-4, with GM-CSF only, or

with GM-CSF and IL-4 to measure the production of IL-12p70 and IL-10 in test cells

treated as above (Figure 29A). Supplement of GM-CSF and IL-4 conferred the highest

level of expression of IL-12p70 and lowest level of expression of IL-10 (Figure 29C) as

compared with the other culture conditions (Figure 29A and 29B). The increase in

IL-12p70 and decrease in IL-10 expression levels suggested that TCL-CMQ and

CTCL-CMQ treatments could be greatly improved by supplementation with GM-CSF only

or by addition of both GM-CSF and IL-4 concomitantly. TCL-CMQ conferred the highest

levels of IL-12p70 production and lowest levels of IL-10 in comparison with other test

groups. These results suggest that TCL-CMQ treatment combined with culturing in

GM-CSF and IL-4 may augment the efficacy of DC-based vaccines pulsed with TCLs.
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Figure 29. Effect of GM-CSF and IL-4 on IL-12p70 expression in DCs treated with

tumor cell lysates

(A-C) IL-12p70 and IL-10 expression in DCs pulsed with CMQ-treated TCLs under
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different culture conditions. After harvesting, DCs were incubated in three kinds of culture

conditions with or without GM-CSF (20 ng/ml) plus IL-4 (20 ng/ml), and were treated as

follows: vehicle (imDC), LPS (maDC), TCL plus LPS for 24 h (CTCL-CMQ) or TCL for

12 h and then LPS for 24 h (TCL-CMQ) as described in Materials and Methods. The level

of IL-12p70 released into supernatants of test DC cultures was assayed by ELISA.

Statistical difference among test groups was analyzed by Student’s #-test. P values less than

0.05 were considered statistically significant (*P < 0.05; **P < 0.01; ***P < 0.001 versus

the maDC group).
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3.1.6. Effect of different administration routes on therapeutic immunity
of DC-based vaccines pulsed with tumor cell lysates

IL-12p70 has been shown to be beneficial when used as an adjuvant with DC-based
vaccines, either via systemic or local delivery, especially when administered via
intratumoral injection (150, 154, 155). It is clinically important to establish optimal
methods of administration for effective delivery of TCL-pulsed DC-based vaccines. To
evaluate of efficiency of vaccine delivery, test vaccines were injected intratumorally,
intranodally, intravenously and subcutaneously into the left flanks of mice. Mice receiving
intratumoral injection of TCL-CMQ DC vaccines (P < 0.01, versus control group) showed
a stronger therapeutic immunity than all the other delivering systems tested (all P < 0.05,
versus control group) with respect to tumor suppression (Figure 30A). Animal survival
rate and time, as analyzed by log-rank (Mantel-Cox) test (Figure 30B), were also
drastically increased by vaccination via intratumoral injection (P = 0.0011, versus control
group) as compared to vaccination via intranodal injection (P = 0.0319 versus control
group), intravenous injection (P = 0.0318, versus control group) or subcutaneous injection
(P = 0.0355 versus control group). Nonetheless, it is important to note that the intranodal,
intravenous and subcutaneous modes of vaccine delivery also had a significant effect on
survival rate and time of test mice in comparison with non-vaccinated (control) mice.
These results suggest that the DC-based vaccine pulsed with TCLs delivered by
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intratumoral injection may be an efficient experimental mode for laboratory animal and

perhaps human clinical studies.
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Figure 30. Effect of different administrative routes on DC-based vaccines pulsed with
specific tumor cell lysates

C57BL/6 mice (n = 6) were immunized by intratumoral (I.T.), intranodal, (I.N.) or
subcutaneous (S.C.) injection with DC-based vaccines pulsed with CMQ-treated TCLs on
days 7, 10 and 13 after tumor challenge. One week post vaccination, right flanks of mice
were subcutaneously inoculated with B16F10 melanoma cells (10° cells/50 ul/mouse).
During the following 45 days post tumor challenge, tumor volume (A) and survival time
(B) of mice was observed and measured. Analysis of statistical differences among test
groups is described in Materials and Methods. P values of less than 0.05 were considered

statistically significant (*P < 0.05; **P < 0.01; ***P < 0.001).
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3.1.7. Microtubule-depolymerizing agents enhance maturation of
dendritic cells and CD4" T and CD8" T cell proliferation

Previous studies reported that some microtubule-targeting agents including colchicine
(135, 136), vincristine (/56) and paclitaxel (757, 158) induced maturation of DCs and
further augmented CD4" T and CDS8" T cell activities or antigen cross-presentation activity.
However, although 2-phenyl-4-qunilone derivatives have previously been shown to confer
strong anti-tumor activity (45, 48, 49), whether these CMQ and FMQ
phytocompound-derived chemicals could induce maturation of DCs and subsequently
enhance CD4" T and CD8" T cell activities has not been reported. As a follow up, we
treated DCs with various concentrations of CMQ (0.1, 0.5 and 1 uM), colchicine (2.5 uM)
and LPS (1 pg/ml). As shown in Figure 31A, expression of DC maturation surface
markers such as CD40, CD80, CD86 and MHC-II were greatly increased after treatment
with CMQ as compared with those of control group cells. Levels of induction of DC
maturation surface markers after treatment with CMQ were comparable to those observed
for colchcine, but were less than those observed after LPS treatment. Co-cultivation of
CD4" T or CD8" T with DCs showed that CMQ could significantly augment CD4" T and
CDS8" T cell proliferation (Figure 31B). Treatment with FMQ showed similar effects (data
not shown). Our findings thus suggest that CMQ and FMQ can induce maturation of DCs
and in turn enhance CD4" T and CD8" T cell proliferation.
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Figure 31. Effect of treatment with different MDAs on expression of cell-surface

markers in mouse bone marrow-derived dendritic cells and CD4" and CD8" T-cell
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proliferation

(A) Expression of surface markers on DCs. Cells were treated for 24 h with CMQ (0.1, 0.5
and 1 puM), colchicine (2.5 uM) and LPS (1 pg/ml), and harvested. Examination for the
expression of CD40, CD80, CD86, MHC class Il and CD11c¢ markers was performed by
flow-cytometry. The levels of CD40, CD80, CD86, MHC class II were expressed as mean
fluorescence intensity (MFI). (B) CD4" and CD8" T-cell proliferation. After indicated
treatments, treated DCs were co-cultured with CD4" T cells or CD8" T cells in a ratio of
1:20 (DCs versus CD4" T cells or CD8" T cells) for 72 h. T-cell proliferation was
determined in vitro using a BrdU proliferation ELISA kit (Roche, Heidelberg, Germany)
according to the manufacturer’s instructions. The T-cell proliferation was expressed as the
stimulation index, the OD4s¢ value of co-culture of treated-DCs and T cells was divided by
the value of co-culture of DMSO-treated-DCs co-cultured with T cells. All data were
expressed as mean + S.D. P values less than 0.05 were considered statistically significant

(*P <0.05; **P <0.01; ***P <0.001).
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3.2. Discussion

The first therapeutic cancer vaccine, Sipuleucel-T (Provenge®), which uses

antigen-presenting cell (APC) technology involving dendritic cells (DCs) for cancer

immunotherapy, was approved by the FDA in 2010 (/59). This success highlights the

potential of ex-vivo-treated DCs as therapeutic vectors for various cell-based cancer

vaccines. Immunization of cancer patients using their own DCs that have been loaded with

tumor associated antigens (TAAs) and/or immune-modifiers ex vivo is becoming an

increasingly popular strategy in the development of cancer vaccines (90, 160).

Microtubule-depolymerizing agents (MDAs) such as colchicine and vincristine, which are

used clinically in cancer chemotherapy, have recently been shown to enhance specific

immune functions of DCs (/35, 136, 156). Whether or not MDAs such as these can be

employed for use in DC-based cancer vaccines has, to the best of our knowledge, not

previously been reported. To address this possibility, our current study explored the effect

of three MDAs — the well-known drug, colchicine, and two 2-phenyl-4-qunilone

derivatives (CMQ and FMQ) — on immunogenic tumor cell death when used as

“adjuvants” of TCL-pulsed DC vaccines in a therapeutic mouse model. MDAs were able to

effectively induce the expression of immunogenic cell death-related proteins in targeted

tumor cells, and augment the efficacy of TCL-pulsed DC-based vaccines.

Previous studies have shown that colchicine can elicit CD4" and CD8" T cell
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responses, induce antibody response, and promote antigen cross-presentation by murine

dendritic cells (135, 136, 161, 162). In this study, we show that colchicine also induces the

expression of DAMPs and tumor-associated antigens (TAAs) in dying BI16F10 melanoma

cells (Figure 26A-B). In addition, DC-based vaccines pulsed with colchicine-treated TCLs

were able to enhance therapeutic immunity (Figure 27B-D). We also tested two

2-phenyl-4-quinolone derivatives, in parallel with colchicine, and doxorubicin (as a

positive control), for their effect on this cancer vaccine approach. CMQ and FMQ showed

effects comparable to colchicine; however, the detailed mechanism(s) of action of these

MDAs remain unclear. Optimization of dosage and improvement in formulation of this

MDA-TCL combination will be important for future use in DC-vaccines.

It has been put forth that DCs pulsed with TAA preparations derived from freeze-thaw

cycle treatment of autologous TCLs are a promising approach to cancer immunotherapy as

a wide repertoire of different TAAs are present in the lysate (/49, 163-165). Based on

knowledge of antigen-processing and cell trafficking of DC activities in vivo, it is generally

believed to be important to optimize the in vitro/ex vitro culture conditions to generate

efficacious vaccines for cancer immunotherapy. In cytokine-regulated anti-tumor immunity,

IL-12p70 is recognized as a key cytokine in the promotion Tyl immune response (/55).

IL-10 inhibits the releases of IL-12p70, and is often considered unfavorable for promoting

anti-tumor immunity. We showed here (Figure 29A-C) that a supplement of GM-CSF only
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or GM-CSF plus IL-4 into the culture medium of a DC-based vaccine can drastically alter

the balance of IL-12p70 versus IL-10 levels in TCL-pulsed, LPS-activated DCs. Hatfield

and his colleagues reported that DCs pretreated with TCLs and then activated by LPS

treatment expressed a substantially reduced level of IL-12p70 and a substantially increased

level of IL-10 (99). Interestingly, here we show that supplement of the cytokines GM-CSF

and IL-4 to the culture medium throughout the entire TCL-pulse/LPS-activation incubation

period can drastically reverse such IL-12p70/IL-10 expression ratio (Figure 29A-C). We

therefore believe that this protocol could increase the potency of DC vaccines for use in

anti-tumor vaccination (99).

Studies on DC-vaccines against cancers have used a number of different modes of

administration for delivery (Table 7). Unfortunately, little comparative analysis of those

delivery systems is available. For future potential clinical application, we consider it

important to investigate which delivery system(s) is practical and desirable for such

vaccines. Intratumoral injection of test vaccines elicited the best therapeutic effects among

all tested administrative routes (Figure 30A -B) in this study. In cancer patients, DCs often

present in an immature or dysfunctional state, especially tumor-infiltrating DCs, thereby

preventing stimulation of tumor-specific T cells (90). Our findings suggest that, for large

size tumors, intratumoral injection of DC vaccines, may be the most efficacious delivery

mode. However, intratumoral injection has several disadvantages including lack of
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promotion of systemic circulation, and inconvenience of delivery into tumor sites in some

clinical tumors. Therefore combinations of different administration modes still need to be

considered to achieve maximum efficacy.

Previously, we developed particle bombardment/gene gun technology, by which 0.1 to

1 million 1-3 M gold particles (biologically inert) can penetrate epidermal or dermal

tissues (/66). We also reported that such ballistic bombardment can systematically generate

evenly distributed, microscopic tissue tracks, creating mild, defined tissue- and

microvascular wounding in target skin areas (/67, 168). We propose that anti-cancer

vaccines may be optimized by making use of the particle bombardment technology as a

systematic, highly effective and multiple site-delivery mode for the pretreatment of

tumor-bearing mice arecas (especially for the high number, metastasized, microscopic

melanoma nodules), before administration of DC-based vaccines. In possible future

applications, melanoma patients might be administered TCL-DC anti-cancer vaccines

using a combination of gene gun and intratumoral injection of TCL-DCs by simultaneous

administration or sequential administration of these two cancer vaccines.

Apoptotic cell death was previously recognized mainly as being tolerogenic, whereas

necrosis was considered immunogenic. Recently, it was found that apoptotic cell death also

induces immunogenic cell death via expression of DAMPs (72, 169-172). A number of

studies have also shown that DCs pulsed with apoptotic tumor cells can induce immunity
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against tumors (/69, 170). Whether human DCs pulsed with MDA-treated tumor cells

could elicit a strong immunity against human cancers needs to be investigated in future

clinical studies. In this study, we for the first time found that the expression of DAMPs

increased in the tumor cell lysates of BI6F10 cells prepared by a necrotic way with

freeze-thaw cycles after treatment with MDAs.

Regardless of which pathways are targeted by DC-based vaccines to treat tumor cells,

apoptotic or necrotic, it is generally agreed that treatment needs to result in immunogenic

cell death, especially in expression of DAMPs (72, 145, 146, 173). Currently, physical

methods including irradiation (/74), heat stress (99) and UV (/75) are used to enhance

expression of DAMPs, hence generating strong tumor-specific immunity.

Chemotherapeutic agents including doxorubicin, mitoxanthrone, oxaliplatin have been

shown to confer these activities (/76-178). Here, we show that MDAs can also induce

immunogenic cell death and confer immunity against test tumors. We speculate that a

combination of physical and chemical methods may help upgrade efficacy of either the

TCL- or apoptotic tumor cell-pulsed DC vaccines. Future research is required to address

these possibilities.

Recent studies have suggested that microtubules play a role in antigen-presenting

presentation of dendritic cells (74, 161). An increasing body of evidence has also shown

that microtubule-targeted agents including vincristine, colchicine and palitaxel can
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promote DC-mediated immune responses or enhance efficacy of combined chemotherapy
(135, 136, 156, 157, 179). The binding site of 2-pheny-4-quinolone derivatives on
microtubule proteins was reported to be likely the same as the binding site of colchicine
(45). Our current findings revealed that 2-phenyl-4-quniolone derivatives can enhance the
maturation of DC and mediate promotion of CD4" and CD8" T cell proliferation (Figure
31A-B). The specific microtubule-depolymerizing agents we studied here may thus have
potential for use as adjuvants for DC-mediated vaccines for infectious diseases or

melanoma cancers.
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Chapter 4. Conclusion

Three specific microtubule-depolymerizing agents — colchicine,
2-(3-chlorophenyl)-6,7-methylenedioxyquinolin-4-one (CMQ) and
2-(3-fluorophenyl)-6,7-methylenedioxyquinolin-4-one (FMQ) — were found to effectively
induce expression of DAMPs proteins and augment the therapeutic efficacy of DC-based
vaccines pulsed with TCLs. In test BI6F10 melanoma mouse systems, CD8" T cells and
NK cells were found to be involved in the observed therapeutic immunity. Further,
supplementing culture media with GM-CSF and IL-4 culture prior to and during pulsing of
MDA-treated DCs may enhance the efficacy of vaccines. CMQ and FMQ also induced
maturation of DCs and increased CD4" T and CD8" T cell proliferation. Our findings show
conclusively that colchicines, CMQ and FMQ offer bifunctional anti-tumor protection in a
B16F10 melanoma model in rodents: First, these chemicals upregulate tumor DAMP, and
cause immunogenic cell death of tumors; second these MDAs strongly augment tumor
antigen presenting function of mature DCs, which in turn orchestrate CD4- and
CD8-mediated tumor destruction. The synergy of immunogenic cell death at level of tumor
cells, coupled with their subsequent adjuvant effect for tumor antigen presentation at level
of DCs lend a significant implication for cancer vaccine development. Thus our findings

strongly suggest that specific microtubule-depolymerizing agents, especially colchicine,
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may be suitable for clinical applications as adjuvants in TCL-pulsed DC vaccines. In the

future, clinical studies on patients with advanced melanoma should be considered.
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Chapter S. Materials and Methods

5.1. Chemicals and reagents

2-(3-chlorophenyl)-6,7-methylenedioxyquinolin-4-one (CMQ) and
2-(3-fluorophenyl)-6,7-methylenedioxyquinolin-4-one  (FMQ) were synthesized as
previously described (45). Each compound was dissolved in dimethyl sulfoxide (DMSO)
to obtain a stock solution, and a final concentration of 0.1% DMSO was used in the cell
assays. RPMI 1640 medium, DMEM, fetal bovine serum (FBS), penicillin, streptomycin,
and all other tissue culture reagents were obtained from GIBCO/BRL Life Technologies
(Grand Island, NY) unless otherwise indicated. Colchicine, DMSO, thiazolyl blue
tetrazolium bromide (MTT), and other chemical agents were purchased from Sigma (St
Louis, MO). Antibodies to -actin (sc-1616-R) and HRP-labeled anti-mouse (sc-2031) and
anti-rabbit (sc-2357) IgGs were obtained from Santa Cruz Biotechnology Inc. (Santa Cruz,
CA). Antibodies to HSP70 (#4876), HMGBI1 (#6893) and survivin (#2808) were
purchased from Cell Signaling Technologies (Boston, MA). Antibodies to calreticulin
(ab2907) and glypican-3 (ab66596) were purchased from Abcam (Cambridgeshire, UK),
and antibodies to HSP90 (AB3466) were purchased from Millipore (Billerica, MA).
5.2. Mice

Male C57BL/6JNarl mice (6-8-weeks old) were purchased from the National
Laboratory Animal Breeding and Research Center, Taipei, Taiwan. All mice were
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maintained in a laminar airflow cabinet in a room kept at 24 + 2°C and 40-70% humidity
with a 12 h light/dark cycle under specific pathogen-free conditions. All facilities were
approved by the Academia Sinica Institutional Animal Care and Utilization Committee,
and all animal experiments were conducted according to institutional guidelines.
5.3. Cell lines and Antibodies

The mouse BI16F10F10 (B16F10) melanoma cells were obtained from American
Type Culture Collection (ATCC; Manassas, VA, USA). Cell cultures were maintained in
Dulbecco’s modified Eagle’s medium with 1.5 g/l sodium bicarbonate, 10% fetal bovine
serum (FBS), 100 mg/ml streptomycin and penicillin, and 2 mM L-glutamine. Mouse bone
marrow cells and bone marrow-derived dendritic cells (BMDCs) were cultured in RPMI
1640 containing 10% FBS, 50 mM 2-mercaptoethanol, 100 mg/ml streptomycin and
penicillin, and 2 mM L-glutamine.
5.4. Cell viability determined by MTT assays

BI6F10F10 cells (1 x 10%well) were grown in 96-well plates in DMEM
supplemented with 10% FBS in a 5% CO, incubator at 37°C. After incubation for 16 hours,
culture media were removed and treated with 14 specified concentrations of CMQ
(0.00049-10 uM) for 24, 48 and 72 hours. Test culture medium was then replaced with 100
pul culture medium containing 3-(4,5-dimethylthiozole-2-yl)-2,5-biphenyl tetrazolium
bromide (MTT) at a concentration of 0.5 mg/ml per well for 4 hours; then light absorbance
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was measured with a spectrophotometer at 570 nm. Cell viability was expressed as
percentage of vehicle control cells (containing DMSO 0.1% as 100%) cultured in the
absence of any test compounds.

5.5. Preparation of tumor cell lysates (TCLs)

B16F10 cell lysates were prepared as described previously with slight modification
(180). Cells (5 x 10°) were seeded onto a 15-cm dish maintained for 16 hours, and then
treated with DMSO (0.1%), doxorubicin (2.5 uM), colchicine (2.5 uM), CMQ (2.5 uM) or
FMQ (2.5 uM) for 24 hours. After scraping, centrifuging and rinsing twice with PBS, cells
were suspended at a concentration of 1 x 10 cell/ml in PBS, then frozen in liquid nitrogen
for 2 minutes. Cells were then thawed in a 37°C water bath for 4 minutes and sonicated for
4 minutes to further disrupt the cell suspension. The freeze—thaw-sonicated cycle was
repeated four times in rapid succession. The suspension was then centrifuged at 17,000 x g
for 15 minutes and the supernatant (tumor cell lysate) was stored at -80°C.

5.6. Western blot analysis

Tumor cell lysate samples were prepared as previously described. In order to
determine the expression levels of DAMPs and tumor-associated antigens, B16F10 tumor
cells were harvested after treatment with indicated test compounds, followed by four
freeze-thaw cycles. Samples were subsequently resolved by SDS-PAGE using 8%, 10% or
15% gels. The resolved proteins were transferred to a PVDF Immobilon-P membrane
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(Millipore, Bedford, CA.), and the membrane was blocked with 5% non-fat dry milk in
PBST buffer [phosphate-buffered saline (PBS) containing 0.1% Tween 20] for 60 minutes
at room temperature. The membranes were then incubated overnight at 4°C with
commercially available antibodies (1:1000 dilutions). Loading of equal amounts of protein
was assessed using mouse B-actin. The blots were rinsed three times with PBST buffer for
5 minutes. Washed blots were incubated with HRP-conjugated secondary antibody
(1:100,000 dilution) and then washed again three times with PBST buffer. The transferred
proteins were visualized with an enhanced chemiluminescence (ECL) detection kit
(Amersham Pharmacia Biotech, Buckinghamshire, UK). Quantification of bands was

performed using Image J software.

5.7. Generation of mouse bone marrow-derived dendritic cells
(BMDCs)

BMDCs were generated as previously described with slight modification (/817).
Briefly, on Day 0, the bone marrow was collected from femurs and tibiae after euthanasia
and then flushed with RPMI-1640 medium using a syringe with a 0.45-mm needle. Red
blood cells in suspension were lysed with ACK lysing buffer (150 mM NH4Cl, 1.0 mM
KHCOs3;, 0.1 mM EDTA) for 5 min. Bone marrow cells were suspended at a density of 1 x
10"cells/30 ml in RPMI-1640 containing 10% FBS, 2 mM L-glutamine, 1% of nonessential
amino acids and 100 U/mL penicillin and 100 pg/mL streptomycin supplemented with 20
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ng/mL of GM-CSF (Peprotech, RocCMQ Hill, NJ) in 15-cm dishes at 37°C with 5% CO..
On day 2, two-thirds of the medium was removed and 30 mL fresh medium with GM-CSF
was introduced. On day 5, culture plates were gently swirled and the floating and loosely
adherent cells were discarded. Aliquots of 75% culture media were replenished with 20
ng/mL GM-CSF (PeproTech EC, London, UK) and 20 ng/mL IL-4 (PeproTech, London,
UK). On day 7, non-adherent cells were collected and used as the immature DC population
for subsequent tests and analyses. More than 92% cells were CD11c" as measured by flow
cytometry.
5.8. Dendritic cells pulsed with tumor cell lysates

DCs were suspended in RPMI-1640 medium at a concentration of 2 x 10° cells/3 ml
in 6-well plate. Tumor cell Isysates (TCL, 400 pg) from the various treatments described in
“Preparation of TCLs” above were added to the DC culture for 12 hours and then 1pg/ml
of lipopolysaccharides (LPS) was added as a maturation stimulus. After incubation with

LPS for 12 hours, TCLs-pulsed DCs were harvested as DC vaccines for immunization.

5.9. Different culture conditions for tumor cell lysate-pulsed
DCs

DCs generated from bone marrow were incubated under culture conditions: (i)
without GM-CSF (20 ng/ml) and IL-4 (20 ng/ml), (i) GM-CSF (20 ng/ml), (iii) GM-CSF
(20 ng/ml) and IL-4 (20 ng/ml). These DCs were then further treated with: vehicle only
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without any treatment (imDCs), LPS for 24 hours (maDCs), TCL plus LPS for 24 hours
(CTCL-CMQ) or TCL for 12 hours and then LPS for 24 hours (TCL-CMQ).
5.10. Measurement of expression of IL-12p70 and IL-10
Expressions of IL-12p70 and IL-10 were measured using a commercial ELISA kit
(R&D Systems, Minneapolis, MN) according to the manufacturer’s instructions. Briefly,
flat-bottomed 96-well plates were coated with capture antibodies, incubated with samples
for 2 hours, washed four times with PBS, developed with appropriate biotinylated
secondary antibodies for 2 hours and washed a further four times with PBS. Subsequently,
plates were incubated with streptavidin conjugate HRP for 30 minutes, washed five times,
TMB substrate solution was then added and stopped by 0.2 M sulfuric acid. The OD values

were measured at 450 nm.

5.11. In vivo B16F10 melanoma tumor model

For the tumor challenge, B16F10 tumor cells were collected at 80% confluence,
washed, resuspended in PBS, and injected subcutaneously (10° cells/50 pl/mouse) into the
right flanks of mice. On day 8 post-tumor cell inoculation (the tumor volume having
reached 50-80 mm®), test mice were vaccinated with different preparations of TCL-pulsed
DCs by intratumoral injection. C57BL/6 mice were divided into seven experimental groups
(eight mice per group). The seven treatments were: (i) PBS (control, Ctrl), (ii) mature DCs

(maDC), (iii) TCL-DMSO, (iv) TCL-DX, (v) TCL-C, (vi) TCL-CMQ, (vii) TCL-FMQ.
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These vaccination sets were used for priming and booster vaccination of mice. Two
boosters were performed, one on day 10 and one on day 13. Ten days after the second
booster (on day 23), splenocytes were harvested from immunized mice and assayed for
cytotoxic T lymphocyte (CTL) activity. Tumor volumes were determined from the length
(L) and width (W) of test tumors, as measured with a caliper in a blinded manner, by the
formula: V = L x W%2. Survival of mice was recorded over 40 days following tumor
challenge.
5.12. Tumor cell lysis by cytotoxic T lymphocyte (CTL)
Cytotoxicity assays for specific cell lysis were performed using the DELFIA EuTDA
cytotoxicity method (152). B16F10 cells were trypsinized and suspended at a of density of
1 x 10° cells/ml, then 5 ul BATDA labeling agent was added to each 4 ml of cells for 15
minutes at 37°C. After labeling, cells were centrifuged, washed in PBS, and resuspended at
a density of 5 x 10* cells/ml in DMEM. Next, 5 x 10> BATDA-labeled B16F 10 target cells
in 100 pl of medium were plated into each well of 96-well V-bottomed plates. Splenocytes
(effector cells) from vaccinated animals 7 days after second boosting were added to the
target cells with ratios ranging from 1:5 to 1:80 for 3 hours at 37°C. Conditions were also
established to measure the background level, spontaneous release and maximal lysis. After
incubation and centrifugation, 20 pl of supernatant containing released BATDA was
transferred to 200 pl of europium solution in a 96-well flat-bottomed plate which was then
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shaken for 15 minutes at 25°C. Plates were analyzed on a time-resolved DELFIA
fluorometer (Wallac Victor’, Perkins— Elmer, Shelton, Connecticut, USA). The percentage
of specific cell lysis was calculated as follows: (experimental release — spontaneous
release)/(maximum release - spontaneous release) x 100. Maximum release was
determined from 5 x 10° labeled target cells lysed with DELFIA lysis buffer
(Perkin—Elmer) in triplicate wells. Spontaneous release was measured by incubating 5 x
10° target cells in the absence of effector cells in triplicate wells. Results are reported as
mean values of triplicate wells.
5.13. In vivo depletion of immune cell subsets

In vivo Ab ablation of rat anti-CD4 (GK1.5), anti-CD8 (53-6.7), and anti- NK1.1
(PK136) monoclonal antibodies (100 pg/ injection/ mice) (all from BioLegend, San Diego,
CA) were performed by intraperitoneal injection to deplete CD4+ T cells, CD8+ T cells,
and NK cells, respectively, on day 1 before vaccination and on days 2, 5 and 8 after tumor
challenge. Normal rat IgG (Sigma) was used as a negative control. C57BL/6 mice (n = 5)
were immunized by intratumoral injection with DC-based vaccine pulsed with
CMQ-treated TCLs on days 7, 10 and 13 after tumor challenge.. Survival of mice was
observed up to 40 days after tumor challenge.
5.14. Different delivery systems of DC-based vaccines pulsed

with CMQ-treated tumor cell lysates
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C57BL/6 mice (n = 6) were immunized by intratumoral, intranodal, or subcutaneous
injection with DC-based vaccine pulsed with CMQ-treated TCLs on days 7, 10 and 13
after tumor challenge. One week after immunization, right flanks of mice were
subcutaneously inoculated with B16F10 tumor cells (10° cells/50 pl/mouse). Tumor
volumes were determined from the length (L) and width (W) of test tumors, as measured
with a caliper in a blinded manner by the formula: V = L x W?/2. Survival of mice was
recorded over 44 days following tumor challenge.

5.15. Analysis of DC phenotype

DCs were harvested and washed in staining buffer (sterile PBS, 1% FBS) before
addition of antibodies. Nonspecific binding was blocked with anti-CD16/CD32 (BD
Pharmingen, San Diego, CA) for 15 minutes at 4°C. Cells were then stained with
anti-CD1 1c-phycoerythrin (PE) (BD Pharmingen, San Diego, CA) and related phenotypic
maturation markers of DCs [anti-CD40-fluorescein  isothiocyanate (FITC),
anti-CD80-FITC, anti-CD86-FITC, and anti- I-A/I-E -FITC, all from BD, Pharmingen].
Cells were incubated for 30 minutes at 4°C before washing with staining buffer twice.
Cells were then resuspended and fixed in 200 mL 2% formaldehyde solution before
analysis with a FACS LSR2 flow cytometer using DIVA software (BD Biosciences, San
Diego, CA).

5.16. Mixed lymphocyte reaction induced by DCs
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Responder CD4" T cells and CD8" T cells, used for the allogeneic T-cell reaction,
were isolated by being passed through mononuclear cells in a MACS column (Miltenyi
Biotec). DCs were treated for 24 hours with CMQ (0.1, 0.5 and 1 uM) or colchince
(2.5uM). After harvesting, DCs (5 x 10 cells) were added to 1 x 10 allogeneic T cells in
flat-bottomed 96-well microtiter culture plates. During the last 16 of the 72 hours of
culturing, proliferation of T cells was determined using a 5-bromo-2-deoxyuridine
(BrdU)-based Cell Proliferation ELISA kit (Roche, Heidelberg, Germany) according to the
manufacturer's instructions. The T-cell proliferation was expressed as the stimulation index:
the ODyso value of co-culture of treated-DCs and T cells divided by the value of co-culture
of DMSO-treated-DCs co-cultured with T cells. Results are presented as means of the
values of triplicate cultures.

5.17. Statistical analysis

Data are presented as mean £ SEM or £+ SD. Statistical analyses were carried out with
GraphPad Prism 5.0 (San Diego, CA). Statistical difference between groups was compared
by Student’s ¢-test. Differences in survival time and rate were evaluated by a log-rank
(Mantel-Cox) test of the Kaplan—Meier survival curves. All statistical tests were two-sided.
P values less than 0.05 were considered statistically significant (*P < 0.05; **P < 0.01;

#kxP < 0.001).
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Part II1. Evaluating natural products as candidate
anti-severe acute respiratory syndrome (SARS)

drug lead.

Chapter 1. Introduction

1.1. Severe acute respiratory syndrome (SARS) and

treatment of SARS

Severe acute respiratory syndrome (SARS) is a highly infectious, life-threatening
disease caused by a novel coronavirus, severe acute respiratory syndrome coronavirus
(SARS-CoV) (Figure 32) (/82-184). In 2003, SARS spread quickly in over 25 countries
and caused 8098 probable SARS cases and 774 SARS-related deaths. Although various
candidate drugs have subsequently been reported to attenuate the disease (/85-187), as yet
there are no clinically approved or recommended antiviral drugs specific for SARS use.
Currently, the most frequently used countermeasure in SARS cases is an antiviral and
supportive treatment using a combination of ribavirin and corticosteroids (Figure 33) (788,
189). Ribavirin, however, is only marginally effective against the SARS virus, and shows
serious adverse side effects (/47, 190). The combination therapy of HIV protease inhibitor
drugs (lopinavir/ritonavir) plus ribavirin plus corticosteroids may improve some clinical

outcomes, but only when administrated in the early phase of the illness (191, 192).
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Figure 32. Schematic diagram of the SARS coronavirus structure

[Adopted from Peiris et al. (/46)]
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1.2. Key steps in SARS-CoV replication as potential targets for
anti-SARS-CoV drugs

As shown in Figure 34, a number of protein molecules encoded by SARS-CoV
genome are potential targets for chemotherapeutic inhibition of viral infection and
replication. These intriguing targets include: the spike protein (S), which mediates the
entry of the virus; the SARS-CoV main protease (3CL protease); the NTPase/helicase; the
RNA-dependent RNA polymerase; the membrane protein (M) required for virus budding;
the envelope protein (E) which plays a role in coronavirus assembly; (/87, 193-197) and
the nucleocapsid phosphoprotein (N) that relates to viral RNA inside the virion and other
possibly viral protein-mediated processes (/98). Anti-SARS-CoV agents that can inhibit
SARS-CoV replication may be involved in inhibition of one or more of the above protein
targets including SARS-CoV 3CL protease. This important protease regulates the
proteolytic processing of replicase polypeptides into functional proteins, playing an
essential role in viral replication (/99, 200). SARS-CoV 3CL protease is thus an attractive
target for drug candidates against SARS. With such a drastic increase in molecular and
biochemical information about various components of the SARS-CoV and their cellular
targets, it is practical and timely to reevaluate anti-SARS-CoV activities using alternative

experimental approaches.
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1.3. SARS and anti-SARS drug development

In an attempt to prevent a re-emergence of the disease, considerable effort has gone
into screening and evaluating compounds to combat SARS-CoV.. Calpain inhibitors such
as Val-Leu-CHO (calpain inhibitor VI) and Z-Val-Phe-Ala-CHO (calpain inhibitor III),
have also been shown to be potent inhibitors of SARS-CoV replication (201). The
non-steroidal anti-inflammatory drug, indomethacin, was also found to confer potent
antiviral activity against SARS-CoV (202).

A number of traditional herbal medicines have also been reported to possess antiviral
activity against SARS-CoV (203-206). Glycyrrhizin from licorice roots has been shown to
inhibit SARS-CoV replication with a 50% effective concentration (ECsg) of 365 uM (147),
and a number of glycyrrhizin derivatives have shown modestly higher anti-viral bioactivity
(186, 207).

Based on this understanding, we hence selected potential phytocomponds and herbal
extracts from traditional Chinese medicinal herbs to evaluate their anti-SARS-CoV

activity.
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Chapter 2. Rationale and Significance

The several reasons as follows urge us to do this study. First, SARS is a highly
infectious, life-threatening disease and there are thus far no clinically approved or
recommended antiviral drugs specific to SARS. Although its appearance was delayed for
several years, we need to investigate potential drugs for prevention of its re-emergence.
Second, traditional Chinese medicines (TCM) including various herbal medicines have
been used for long history. The phytocompounds or phtoextracts derived from TCM may
hold valuable potential as anti-SARS drugs. Therefore, in this study, we investigated the
effects of specific phytocompounds extracts of traditional Chinese medicinal (TCM) herbs
on SARS virus using a Vero E6 cell-based cytopathogenic effect (CPE) assay. A total of
221 compounds with several specific chemical skeletons isolated from a number of
medicinal plants were tested, of which a group of 22 compounds and six herbal extracts
were chosen to further characterize their anti-SARS-CoV bioactivities using ELISA. In
parallel, these 22 compounds were also evaluated for inhibition of SARS-CoV 3CL
protease activity. Structural modeling analysis was undertaken to interpret the
intermolecular interactions in the compound—SARS-CoV 3CL protease complex. We
demonstrate that some specific diterpenoids and lignoids and six herbal extracts have firm

potential as lead compounds for future development as anti-SARS therapeutics.
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Chapter 3. Results and Discussion
3.1. Results
3.1.1. Anti-SARS-CoV activity of test phytocompounds and extracts as
measured by cell-based cytopathogenic effect (CPE) assay
The cell-based assay of cytopathogenic effect on Vero E6 cells infected with SARS
virus was adopted to investigate the anti-SARS-CoV activity of 221 selected
phytocompounds and test extracts as described previously (208). Figure 35, panel A shows
the original morphology of the Vero E6 cells without treatment (negative control), and
panel B shows the cytopathic morphology of Vero E6 cells after infection with SARS
viruses (positive control). The inhibition of CPE of SARS virus on Vero E6 cells was
expressed as levels +++, ++, and + (where +++ represented most inhibition and +
represented least inhibition) as shown in panels C, D, and E, respectively, in Figure 35.
Glycyrrhizin and 18p-glycyrrhetinic acid, previously been reported to have anti-SARS
bioactivity, were employed in this study as reference control samples (147, 186).
Valinomycin (VAL), which has previously been reported to exhibit strong anti-SARS
bioactivity in vitro (207), was also employed as a reference control with high inhibition
(level +++) (Table 9). Among the tested compounds, 22 compounds with structures
depicted in Figure 36, comprising terpenoids (compounds 1-8 as abietane-type diterpenes,
compounds 9-10 as labdane-type diterpenes, compounds 11-12 as sesquiterpenes and
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compounds 13-14 as triterpenes), lignoids (compounds 15-19), curcumin (20), niclosamide

(21) and valinomycin (22), showed high inhibition (level ++ or +++) activity in the CPE

assays at concentrations between 3.3 and 20 uM (Table 9). Moreover, compounds 12, 15,

21 and 22 also exhibited significant inhibitory effects at concentrations as low as 1 uM.

Interestingly, glycyrrhizin and 18f-glycyrrhetinic acid were found to exhibit little or no

activity in CPE reduction at a concentration of 20 pM. Among all tested extracts, none of

the W fractions from test plant materials conferred significant anti-SARS activity. For E,

M and H fractions from all herbal extracts, only six extracts, CBE and CBM from

Cibotium barometz, GSH from Gentiana scabra, DBM from Dioscorea batatas, CTH from

Cassia tora, and TCH from Taxillus chinensis, showed inhibitiory activity (at levels + to

+++) in the CPE assays at concentrations between 25 and 200 pg/ml (Table 10). To

evaluate whether the used vehicle solvent (0.2-0.4% DMSO) in this report would cause

any possible cytotoxic or negative effect on test Vero E6 cells, MTT assay and

microscopic examination were performed. Our result showed that little or no cytotoxic

effect was observed in 0.2-0.4% DMSO-treated cells, as 93 to 96% cells were viable (data

not shown), in addition, there was no morphological changes of test cells observed in the

same tested DMSO concentrations.
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Figure 35. Characterization of compound inhibition of cytopathogenic effect (CPE) of
SARS-CoV on Vero E6 cell_s ysing a cell-based assay

(A) and (B) represent cell culture phenotypes or behavior of Vero E6 cells with or without
infection with SARS-CoV. (C), (D) and (E) represent semi-quantitatively the three levels
(high +++, moderate ++, and low +, respectively) of CPE inhibition, as evaluated by phase

contrast microscopy.
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Figure 36. Chemical structures of the 22 compounds that exhibit significantly

inhibitory activity against cytopathogenic effect of SARS-CoV on Vero E6 cells

(A) Terpenoids. The 14 terpenoids were 10 diterpenes, including 8 abietane derivatives

(1-8) and two labdane derivatives (9, 10), two sesquiterpenes (11, 12), and two triterpenes

(13, 14). (B) Lignoids. The 5 lignoids were three lignan derivatives (15-17) and two

neolignans (18, 19). (C) Miscellaneous. This group includes one phenolic compound (20,

curcumin) and two known anti-SARS-CoV compounds used as positive controls (21, 22).

Individual compound names are: 1: ferruginol, 2: dehydroabita-7-one, 3: suginol, 4:

cryptojaponol, 5: [8f-hydroxyabieta-9(11),13-dien-12-one)], 6:

7p-hydroxydeoxycrptojaponol, 7: 6,7-dehydroroyleanone, 8:

3p,12-diacetyoabieta-6,8,11,13-tetraene, 9: pinusolidic acid, 10: forskolin, 11:

cedrane-34,12-diol, 12: a-cadinol, 13: betulinic acid, 14: betulonic acid, 15: hinokinin, 16:

savinin, 17: 4,4’-O-benzoylisolariciresinol, 18: honokiol, 19: magnolol, 20: curcumin, 21:

niclosamide, and 22: valinomycin.
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Table 7. Phytocompounds tested as effective against CPE of SARS-CoV on Vero E6

cells
Concentration (UM)
Compounds 20 0 3 1 5
Diterpenoids 1 +++ +++ ++ _ _
(Abietane-type) 2 +++ ot N.T.? N.T.* —
3 +H+ et N.T.? N.T.* —
4 +++ 4+ NT'  NT? —
5 +H+ +++ + _ _
6 +++ ot N.T.? N.T.* —
7 o+ e — _ _
8 ++ ++ ++ _ _
Diterpenoids 9 i +++ N.T.? N.T.? —
(Labdane-type) 10 +++ ++ + _ o
Sesquiterpenoids 11 +++ ++ =} _ _
12 +++ ++ ++ + —
Triterpenoids 13 ++ ++ o - _
(Lupane-type) 14 - i g N.T.* N.T.* —
Lignoids 15 + ++ ++ . _
16 +++ T N.T. N.T. —
17 +++ i N.T. N.T. —
18 +++ = ++ .8 _
19 +++ o + - _
Curcumin 20 ++ + r 4 _ _
Niclosamide 21 i Ply ++ ++ + —
Valinomycin 22 i ++ b + —
Glycyrrhizin GL — = — — _
184-glycyrrhetinic — — — _ _
acid

*N.T., not tested.

+++, ++, + represents approximately <25%, 30-50%, and 50-70 % reduction CPE

reduction, repectively.

—: no effect was observed.
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Table 8. Effect of traditional Chinese medicine extracts on cytopathogenic effect (CPE)

of SARS-CoV on Vero E6 cells

Extract Concentration (pg/ml)
Sample

code 200 100 50 25 0
Cibotium barometz CBE +++ ++ + + —
Cibotium barometz CBM +++ + + — _
Gentiana scabra GSH +++ ++ + + —
Dioscorea batatas DBM +++ ++ + + —
Cassia tora CTH ++ ++ + + —
Taxillus chinensis TCH H+ +++ ++ + —
Valinomycin VAL N.T. N.T. N.T. +++ —

®N.T., not tested
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3.1.2. Inhibition of SARS-CoV replication evaluated using ELISA

In order to investigate whether the 22 compounds and the six herbal extracts that
exhibited potent inhibitory activity on cytopathogenic effect of SARS-CoV could also
inhibit viral replication, levels of spike proteins in SARS-CoV infected Vero E6 cells, with
or without treatment with test compounds or extracts, were measured by ELISA. As
examples, the anti-SARS-CoV replication activity of four selected compounds at indicated
concentrations (0.1-10 uM) are shown in Figure 37A. As seen in Figure 38A the six
extracts showed anti-SARS-CoV replication activities at concentrations of 0.1 - 10 pg/ml
as detected by ELISA. The concentration of each test compound or extract which was able
to inhibit 50% of viral replication (ECs() was calculated and summarized in Table 11 and
Table 12. In contrast to compounds 4, 11, 13, 15 and 20 which had ECs, values higher
than 10 uM, the ECsg values of are listed as follows: the four abietane-type diterpenes
(compound 1, 1.39 uM; compound 5, 1.47 uM; compound 6, 1.15 uM; compound 8, 1.57
uM), one triterpene (compound 14, 0.63 puM), one lignan (compound 16, 1.13 puM) and
niclosamide (compound 21, < 0.1 uM). These values are similar to or even lower than that
of the reference compound valinomycin (22) (ECso = 1.63 uM). A number of other tested
compounds (2, 7, 9, 10, 12, 18 and 19) also showed appreciable levels of anti-SARS virus
bioactivity with ECsy values ranging from 3.8 to 7.5 uM. On the other hand, in contrast to
CBM which had ECsj values higher than 10 pg/ml, the ECsy values of CBE, GSH, DBM,
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CTH and TCH were determined at 8.42, 8.70, 8.06, 8.42 and, 5.39 ug/ml, respectively.

Although these values are 2-3 fold higher than that of the reference compound valinomycin

(VAL) (ECsp = 1.87 pg/ml), the considerably low ECsy values (< 10 pg/ml) of these

extracts are very interesting, and may suggest that these test extracts apparently can

significantly inhibit SARS-CoV replication with specificities. Taken together, we suggest

that these specific phytocompounds and herbal extracts can significantly inhibit

SARS-CoV replication.
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Figure 37. The inhibitory effects of test compounds on replication of SARS-CoV and

on proliferation of Vero E6 cells

(A) Inhibition of SARS-CoV replication in response to treatment with specific compounds,

as measured by the level of SARS-CoV spike prote

in (SARS-CoV S) in test Vero E6 cell

cultures using ELISA. % of Control = (OD49, of SARS-CoV infection — OD49, of Mock
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infection [Conc. X])/ (OD49, of SARS-CoV infection — OD49; of Mock infection [Conc. 0]).
(B) Anti-cell proliferation or cytotoxic effects of test compounds on Vero E6 Cells
determined using MTT assay. Each data point represents the mean £ S.D. (n = 3). Cell

viability (%) = (ODs7 of treated cells/ODs7g of vehicle cells) x 100.
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(B) Cytotoxic effect

{A} Inhibition of SARS-CoV replication

120+

L L - o |Qba¢
L L o - ..Q.h.ﬂf
L - - - " %,
L L - o F 9%
= - b= = l«-m
W = T T I
m " 0 i 7 i - [ O [%
o () o %) st
- - - - - o
S % 398 °8 8% %98 °83 8 8 % & °8 3889S -3 88888 °
(%) Aungeia 189 (%) Auingena 180 (%) Rmaeln 199 (%) Amqeln |29 (%) Amqeia 129
i 5 - - -9
- i i i -
I - i i s
- - r - - <
- - r o I.l“"Q
L = - - ko,
w = o T T ¢
i) - m - 7] - = I O e
O ) O [3) et o
i i B - - o
EEEEEEEEEE R E R EE R E E R E R E R AR
(1043u02 jo %) (10nu02 jo %) {(10u092 jo %) (10.3u09 Jo %,) (lonuo9 jo %)
S AOD-SHVS S AOD-SYUVS S ACD-SHVYS S AOD-SHVS S AOD-SUYS

Concentration (pg/ml)

Concentration (ug/ml)

f SARS-CoV and on

ion o

icat

148

tory effect of test extracts on repl

i

i

proliferation of Vero E6 cells

Figure 38. Inh



(A) Inhibition of SARS-CoV replication in response to treatment with specific extracts is

measured by the level of SARS-CoV spike protein (SARS-CoV S) in test Vero E6 cell

cultures using ELISA. % of Control = (OD49; of SARS-CoV infection — OD49; of mock

infection [concn X]) / (ODg4g; of SARS-CoV infection - OD49, of Mock infection [concn

0]). (B) Cytotoxic effects of test compounds on Vero E6 cells were determined using MTT

assay. Each data point represents the mean + SD (n = 3). Cell viability (%) = (ODs7o of

treated cells / ODs7o of vehicle cells) x 100.
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Table 11. Inhibition of Vero E6 cell proliferation and SARS-CoV replication by test

phytocompounds
compound CCso (uM)? ECs0 (uM)? selective mmdex®

Diterpenoids (Abietane-type)

1 80.4 1.39 58.0

2 305.1 4.00 76.3

3 N.T.4 N.T4 N.C*?

4 78.5 >10 <7.9

5 =750 1.47 =510

6 127 1.15 111

7 89.7 5.55 16.2

8 3033 1.57 193
Diterpenoids (Labdane-type)

9 =750 4.71 =159

10 674 7.5 89.8

Sesquiterpenoids

11 =750 >10 N.C*

12 76.8 4.44 17.3
Triterpenoids (Lupane-type)

13 150 >10 <15

14 112 0.63 180

Lignoids

15 =750 >10 N.Ce

16 =750 1.13 =667

17 NTA NTH N.C*

18 88.9 6.50 13.7

19 68.3 3.80 18.0

curcumin, 20 =250 =10 N.C.e

niclosamide. 21 22.1 <(.1 =221

valinomycin, 22 67.5 1.63 414

“ Determined as the cytotoxic concentration (CCsg) of test compounds that reduced cell

viability to 50% of the untreated (control) cell cultures. Each value was calculated with

data obtained from triplicate samples.

b Determined as the effective concentration (ECsp) for the inhibition of viral replication to
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50% of the untreated (control) cell cultures. Each value was calculated with data obtained
from triplicate samples.

¢ Selective index was the ratio of CCsoto ECs (CCs¢/ECsp)

d N.T., not tested

“N.C., not calculable
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Table 12. Effect of test extracts on Vero E6 cell proliferation and

SARS-CoV replication

Sample CCs (ng/ml)? ECso(ng/ml)®  Selective Index®
CBE >500 8.42 >59.4
CBM >500 >10 N.C¢
GSH >500 8.70 >57.5
DBM >500 8.06 >62.0
CTH >500 8.43 >59.3
TCH >500 5.39 >02.8

VAL® 75.01 1.81 41.4

* Determined as the cytotoxic concentration of test compounds that reduced
cell viability to 50% of the control (i.e., cells with a treated equal volume of
vehicle control).

® Determined as the effective concentration at which inhibition of viral
replication was reduced to 50% of the untreated (control) cell cultures.

¢ Selective index was taken to be the ratio of CCsyto ECso (CCso/ECsp)
4N.C., not calculable

® VAL., valinomycin
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3.1.3. Cytotoxic effects of test compounds on Vero E6 cells

Since the anti-SARS-CoV activity observed using test compounds might have
resulted from a direct inhibition on the growth of test cells, MTT assay was conducted to
evaluate potential cytotoxic effect of test compounds at concentrations ranging from 20 to
750 uM and test phytoextracts in concentrations ranging from 10 to 500 pg/ml on Vero E6
cells. The experiment was performed with test compounds prepared in DMEM
supplemented with 2% FBS. Figure 37B showed the results for the cytotoxic effects of
compounds 1, 5, 8 and 14 as examples of this study. As seen in Table 12 and Figure 38B,
the cytotoxic concentrations of individual compounds or extracts that reduced the cell
viability to 50% of the untreated control (CCs) were calculated and compared with each
other. The CCsg values (summarized in Table 11) for most of the test compounds (1, 4, 7,
12, 13, 14, 18 and 19), except 21 (niclosamide, CCsy =22.1 pM), were > 65 uM, indicating
that these compounds might interfere only slightly with the growth of Vero E6 cells. In
addition, compounds 2, 5, 8, 9, 10, 11, 15, 16 and 20 had a CCsy of > 250 uM; these
chemicals can thus be considered biologically safe for the host cells. On the basis of the
results in Table 9, we suggest that it is quite unlikely that the observed inhibitory effects of
compounds 1-22 on viral replication of SARS-CoV were due to the inhibitory effect on the
growth of host cells. Among the test extracts, the CCsy values were detected as higher than
500 pg/ml; interestingly, however, the positive control valinomycin had in fact a relatively
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low CC 5o value (75.01 pg/ml). This result suggests that these extracts had little or no

interference with the growth of Vero E6 cells; they can be considered generally

biologically safe for the host cells. We hence suggest that it is quite unlikely that the

inhibitory effects detected for the compounds or herbal extracts tested on viral replication

of SARS-CoV were due to the inhibitory effect on cell growth or viability of host cells.

The selective index (SI), the ratio of CCsy to ECsy, was also calculated in order to

demonstrate the potency of anti-SARS-CoV activity of test compounds (Table 11 and

Table 12). The SI of the five abietane-type diterpenes (1, 2, 5, 6 and 8), two labdane-type

diterpenes (9 and 10), one triterpene (14) and one lignan (16) were determined to be 58,

76.3, >510, 111, 193, >159, 89.8, 180 and >667, respectively. These SI values are all

remarkably higher than the value of the reference control valinomycin (SI = 41.4),

determined in parallel in this study and previously reported (207). These SI values, with

the exception of CBM, are all higher than the value of the reference control valinomycin

(SI=41.4) as determined in parallel in this study and as we previously reported (207).
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3.1.4. Inhibitory effects of test phytocompounds or extracts on
SARS-CoV 3CL protease activity

The proteolytic cleavage of viral polyproteins at specific sites by 3CL protease plays
an important role in SARS-CoV replication (799, 200). For a better understanding of
possible sites targeted by the specific anti-SARS compounds, all of the 22 compounds and
six herbal extracts were evaluated in a 3CL protease inhibition assay. The principle of this
assay is shown in Figure 39. ICsy values of compounds were measured by a quenched
fluorescence energy transfer (FRET) method (200). None of the diterpenoids tested
inhibited SARS-CoV 3CL protease at concentrations of less than 100 uM. Betulinic acid
(13), savinin (16), curcumin (20), and niclosamide (21) showed inhibitory effects on 3CL
protease activity with ICsy values of 10, 25, 40, and 40 uM, respectively. By contrast,
betulonic acid (14) and hinokinin (15), analogues of compounds 13 and 16, respectively,
inhibited 3CL-protease activity with ICsy values > 100 uM (Table 13). We then further
characterized the inhibitory mechanism of the two most potent compounds, 13 and 16,
against SARS-CoV 3CL protease activity. The K; values of betulinic acid (13) and savinin
(16) were determined at 8.2 + 0.7 and 9.1 + 2.4 uM, with a competitive inhibition mode of
action (Figure 40). Niclosamide (NIC) has been reported to be an inhibitor of SARS-CoV
3CL protease activity and was used as a reference control: NIC had an ICsy value of 13
pg/ml in this study. As seen in Figure 41 and Table 14, among these extracts tested, only
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CBM and DBM conferred a considerable inhibition of SARS-CoV 3CL protease activity,

with ICsy values of 39 pg/ml and 44 pg/ml, respectively. The ICsy values of the other test

extracts were all higher than 50 pg/ml.

H
IOSﬂ ~_—~_-LysThrSerAlaValLeuGIn SerGlyPheArgLysMetGlu N_~NH
oot 1 0 )
SO
"l 3CL Protease Low Fluorescence
N.
Y H
l._...C_’;s-ﬁ.-._...._.LysThrSermavalLeuGln—OH + SerGlyPheArgLysMetGlu "~ "NH
N : .
o~ S0,
] High Fluorescence
N

Figure 39. The principle of the SARS-CoV 3CL protease inhibition assay using

fluorogenic substrate
Enhanced fluorescence caused by 3CL protease-specific cleavage of the fluorogenic

substrate peptide was monitored at 538 nm with excitation at 355 nm.
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Table 13. Kinetic properties of specific compounds that inhibit the enzymatic activity

of SARS-CoV 3CL protease

Compound ICso (uM) Ki“
Betulinic acid (13) 10 8.2+0.7
Betulonic acid (14) >100 N.T.”
Hinokinin (15) >100 N. T,
Savinin (16) 25 9.1+2.4
Curcumin (20) 40 N.T.?
Niclosamide (21) 40 N.T.?

“ The measurement of K; value was performed using two fixed

compound concentrations and varying substrate concentrations containing

50 nM SARS-CoV protease.

b N.T., not tested.

157



Betulinic acid (13) Savinin (16)

2 20, = =
E 150 f g 15
& 100 | 10
50 | - s |
=5 —
005 sp @ 005 0.1 015 o5 sd 0.05 0.1 0.15 02
IS (M) 15 (MY

Figure 40. The inhibitory properties of betulinic acid (13) and savinin (16) on the

enzymatic activity of SARS-CoV 3CL protease

Protease enzyme activity was measured using 8-80uM of fluorogenic substrate in the

absence (®) or presence of 25 uM (o) and 50 uM (A ) compounds. The data were fitted

with Equation 1 using KinetAsyst II program to calculate the Kjvalues of betulinic acid (13)

and savinin (16). The inhibition pattern indicates that compound 13 and 16 are competitive

inhibitors with respect to the substrate.
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Table 14. ICsy values of test extracts on the enzymatic activities of SARS-CoV 3CL

protease
Sample ICs0 (ng/ml)
CBE >50
CBM 390+3
GSH >50
DBM 44 £2
CTH >50
TCH >50
NIC* 13.£0.7
* NIC, niclosamide
{A)CBM (B)DBM
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Figure 41. Inhibition of the enzymatic activity of SARS-CoV 3CL protease by CBM

and DBM

The initial velocities of the inhibitory activities on 50 nM SARS 3CL-protease using 6 uM

fluorogenic substrate were plotted against the different inhibitor concentrations (0 — 0.08

mg/ml) of CBM (A) and DBM (B) to obtain the ICs, values.
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3.1.5. Structural modeling of compounds 13-15 with SARS-CoV 3CL
protease

Structural modeling was employed to examine the differential inhibition of
SARS-CoV 3CL protease by compound analogues. Previous X-ray diffraction study
showed that SARS-CoV 3CL protease has a Cys-His catalytic dyad (Cys145 and His41)
located and formed between the domain I (residues 8-101) and domain II (residues
102-184) of the 3CL protease (209). Computer docking analysis revealed that betulinic
acid (13) can be nicely fitted into the substrate-binding pocket of SARS-CoV 3CL protease.
In addition, the hydroxyl group of C3 of 13 formed a hydrogen bond with the oxygen atom
of the carbonyl group of Thr24 located in the N-terminus of domain I (residues 8-101) of
the 3CL protease to strengthen the binding. In contrast, betulonic acid (14) did not form
additional intermolecular bonds with the enzyme besides the hydrophobic interaction
(Figure 42A). For hinokinin (15) and savinin (16), the computer modeling analyses
(Figure 42B) suggested savinin fits into the active site cavity better by forming hydrogen
bonds with the NHs of Gly143, Ser144 and Cys145 via the O atoms located at C9, and
with the NHs of Glul66 and GInl89 via oxygen atoms attached to C3’ and C4’,
respectively. However, hinokinin only forms a H-bond between the O atom located at C9
and the NH of Ser144. Moreover, only the C4’ O atom on hinokinin forms a H-bond with
GIn189. These differences of intermolecular interaction apparently are reflected by the
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4-fold smaller K; value of savinin compared with that of hinokinin in inhibiting the 3CL

protease (Table 13). In fact, the only difference in the chemical structures of hinokinin and

savinin is the single vs. double bond between C7 and C8. The more rigid structure from the

double bond found in savinin (forming a planar structure in the C7, C8 and the lactone ring)

ensures its proper binding with the 3CL protease.
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Figure 42. Structural modeling of the binding of compounds 13-16 to SARS-CoV 3CL

protease.

(A) Ribbon plots of compounds 13 and 14 complex with SARS-CoV 3CL protease,
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respectively. (B) Ribbon plots of compounds 15 and 16 complex with SARS-CoV 3CL

protease, respectively. The figures depict the predicted intermolecular interactions of

compounds in binding to the SARS-CoV 3CL protease. The oxygen atoms in the

compounds are indicated in red, and hydrogen bonds are shown in dotted-lines.
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3.2. Discussion

Since the outbreak of SARS in 2003, a large number of efforts have been put into

research of the disease; however, to date, there is as yet no laboratory proven or clinically

defined treatment for the significant public health risk posed by severe acute respiratory

syndrome (SARS) (210). To assure adequate public safety and control of infection in the

event of a re-emergence of this illness, effective anti-SARS-CoV agents may still be highly

desirable or even necessary. Plant materials, especially for those that were previously used

in traditional Chinese medicines, we believe are rich resources for development of the

related therapeutic agents or drug candidates. In this study, we have employed a cell-based

cytopathogenic effect (CPE) assay in SARS-CoV-infected Vero E6 cells for screening

more than of 200 herbal extracts and more than 200 phytocompounds for potential

anti-SARS-CoV activity. In the CPE assay, twenty tested phytocompounds exhibited

significant levels (++ to +++) of anti-SARS-CoV activity at 10 uM, and these unique

features of test compounds have not been previously reported (Table 7). The newly

identified bioactive compounds with anti-SARS-CoV activity in the uM range include

abitane-type (1-8) and labdane-type diterpenes (9-10), sesquiterpenes (11-12), lupane-type

triterpenes (13-14), lignoids (15-19), and curcumin (20). Although a-cadinol (12) has

previously been shown to exhibit strong antifungal (2/17), antitermitic (271, 212), and

antitumoral (273) activities, this is the first time it has been shown to possess antiviral
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activity. Six herbal extracts from traditional Chinese medicinal herbs were found to exhibit

significant levels (+ to +++) of anti-SARS-CoV activity at concentrations of 25 and 100

ug/ml (Table 8). As measured and compared by results from the CPE assays, this level of

anti-SARS-CoV activity is better than that reported for glycyrrhizin (/47), a compound

with known anti-SARS-CoV activity, and extracts of other traditional herbs previously

reported to confer anti-SARS-CoV activity (204, 214).

Because CPE of viral infection include complex interactions of several mechanisms

between the SARS-CoV and test Vero E6 cells (/94), we then evaluated the effect of

phytocompounds and extracts specifically on viral replication, by quantification of the

amount of spike proteins present in cultures of SARS-CoV infected Vero E6 cells (ECsy).

In addition, a MTT assay was used to determine the CCs, of the test compounds to

eliminate any possible cytotoxic or anti-cell proliferation effect of the phytocompounds on

the host cells as a cause of a low observed EC50. Once these values were established, the

SI (selective index) value was calculated from the ratio of CC50 to EC50 as an indicator of

the potency of these compounds. In comparison to the positive controls, niclosamide

(21)(213, 215) and valinomycin (22),(207) most of the compounds with potent activity

against CPE also exhibited marked inhibitory effects on SARS-CoV replication. The SI

values (Table 2) for ferruginol (1), dehydroabieta-7-one (2),

8f-hydroxyabieta-9(11),13-dien-12-one)  (5), 7p-hydroxydeoxycrptojaponol  (6),
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3p,12-diacetyoabieta-6,8,11,13-tetraene (8), pinusolidic acid (9), forskolin (10), betulonic

acid (14) and savinin (16) are in fact substantially higher than the SI value of the positive

control valinomycin (22) (SI = 41.4). These compounds with high SI values apparently

inhibit SARS-CoV replication with little or no cytotoxicity against Vero E6 cells, and thus

have good potential as lead compounds in the future development of anti-SARS drugs.

Pinusolidic acid (9) has been reported as a platelet-activating factor inhibitor,30 and

forskolin (10), a well-known labdane-type diterpene, was reported to activate adenylate

cyclase and increase cyclic AMP levels in several cell types.31 In this report, we observed

potent anti-SARS virus activity for these two compounds.

By quantification of the amount of spike protein present in SARS-CoV-infected Vero

E6 cells (ECsy), we showed that the anti-SARS-CoV activity of these extracts may act

specifically on the inhibition of viral replication (Table 11 and Figure 37A). In addition, a

MTT assay was adopted to determine the CCsy of test extracts, and our data led us to

suggest that the anti-viral activities we detected were apparently not due to the effects of

cytotoxicity of test extracts on the host cells, as evidenced by the low ECs, of the extracts.

The selective index (SI) value was calculated as the ratio of CCsy to ECsg as an indicator of

the potency of test phytoextracts. In comparison to the positive control, valinomycin (VAL)

(207), CBE, GSH, DBM, CTH and TCH showed potent activities against CPE, and they

also exhibited marked inhibitory effects on SARS-CoV replication. The SI values (Table
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12) for these five bioactive extracts are significantly higher even than the SI value of the

positive control valinomycin (SI = 41.4). The SI values (all > 55) of these five extracts are

also higher than two other traditional Chinese herbs previously reported to inhibit

SARS-CoV infection; Cinnamomi cortex was shown to inhibit SARS-CoV infection at a

SI value of 23.4, and Toona sinensis extract was shown to inhibit SARS-CoV replication

with an SI value of (12 to 17) (203). Taken together, we hence suggest that the six TCM

phytoextracts reported here can inhibit SARS-CoV replication with little or no cytotoxicity

to Vero E6 cells, and are may thus serve as useful candidates for future development of

anti-SARS therapeutics.

The SARS-CoV main protease, 3CL protease is involved in the viral maturation

process to cleave the virus-encoded polyproteins. Due to its pivotal role in the SARS-CoV

life cycle, the 3CL protease is a key target for discovery of anti-SARS-CoV agents. In this

report, the inhibitory effects of compounds 1-22 on SARS-CoV 3CL protease activity were

investigated. Only betulinic acid (13) (K; = 8.2 = 0.7 uM) and savinin (16) (K; =9.1 + 2.4

uM) exhibited significant inhibition on 3CL protease. On the basis of structural modeling

results (Figure 42), the competitive inhibition of betulinic acid and savinin on 3CL

protease activity was due to the formation of multiple hydrogen bonding between the

compound and specific amino acid residues located at the active site pocket of the enzyme.

So far, a number of efforts have contributed to the identification of inhibitors of
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SARS-CoV 3CL protease (216, 217). However, this is the first report to demonstrate that

natural lupane-type triterpenes (13) and a lignan (16) block 3CL protease activity by

competitive inhibition.

The anti-SARS activity of these two compounds could be the result of a combination

of two antiviral mechanisms. One of these is protease inhibition, as demonstrated in the

present study. Additionally, evidence from several reports (2/8-221) has demonstrated that

in the low micromolar range betulinic acid derivatives could effectively interfere with

HIV-1 virus entry in test cells at a post-bonding, envelope-dependent step apparently

related with the fusion of the incoming virus to the host cell membrane. Because of the

similarity between the gp41 of the retrovirus HIV-1 and the S2 subunit of the spike protein

of SARS-CoV, both of which are responsible for virus-induced membrane fusion, we

speculate that a further anti-SARS-CoV mechanism might be the blocking of SARS-CoV

entry at the post-binding step during the fusion of virus particle to host cell membrane. The

other molecular virological mechanisms apparently affected by these compounds certainly

warrant future study.

Various studies have also reported that abietane-type diterpenes exhibited various

anti-viral activities against Herpes simplex virus (HSV) (222, 223), varicella-zoster virus

(VZV), cytomegalovirus (CMV) (224), influenza virus (225), and human

immunodeficiency virus-1 (HIV-1) (226, 227). In addition, some abietane-type diterpenes
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were also found to inhibit HIV-1 protease (226, 227). We observed that the specific

abietane-type diterpenes (1-8) possessed potent anti-SARS viral activities, but that these

activities apparently did not involve action on 3CL protease because no 3CL protease

inhibition was observed (data not shown). The molecular mechanism(s) by which these

compounds operate needs to be investigated further.

The activity of lignans against HSV-1, measles virus, HIV-1 and other types of viruses

has been studied 43-45. The antiviral mechanisms identified include interference with

tubulin binding, inhibition of reverse transcriptase and inhibition of integrase and

topoisomerase activities (228-230). The five lignoids (15-19) studied here possessed

marked anti-SARS-CoV activity. Among them, savnin (16) (ICsp =25 uM, Ki=9.1 £ 2.4

uM) also showed much greater specific protease inhibition than the other lignans tested.

This may correlate with its better anti-SARS-CoV proliferation activity in the ELISA test

than other compounds (Table 11). Curcumin (20), a known phytocompound from

Curcuma longa, has been reported to exhibit anti-inflammatory, antioxidant,

anti-carcinogenic and anti-HIV activities (237). In this study, mild activity against

SARS-CoV replication and inhibition of 3CL protease were observed.

Regarding the delivery strategy for the identified bioactive phytocompounds in this

study that can or may result in an appropriate bioavailability for the specific type of

compounds against SARS virus, we proposed here that diterpenes compounds (1-10) can
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be considered for oral or intravenous administration in future clinical practice. Although

we have not found researches that directly address the bioavailability of diterpenes with the

structural features identical to compounds 1-10 in animals or humans, a previous

pharmacokinetics study of a diterpene triptolide in male Sprague-Dowley rats after oral

and i.v. administration showed that a high oral absolute bioavailability (72.08%) was

observed at the dose of 0.6 mg/kg (232). Previous pharmacokinetics and plasma and tissue

distribution study results of butulinic acid (13) in mice, rat or dog suggested that

intraperitoneal (i.p.) or dermal administration was efficacious for the compound with no

observed toxic response in test animals at the dose of 500 mg/kg body weight (233).

However, low oral bioavailability (0.7%) for oleanolic acid, an analog of butulinic acid,

was observed, implying a poor absorption and extensive metabolite clearance (234). These

results indicate that butulinic acid can be used i.p. or dermal administration without a

major problem. On the other hand, oral or i.v. route for the lignoids compounds (15-18)

administration can be considered as novel because previous studies showed that

retrojusticidin B, an analog of 15-17, suspended in corn oil was observed with a good oral

bioavailability (33.1%) in rats (235), and i.v. administration of honokiol (18) exhibited a

linear pharmacokinetics in rats (236). Specific enteric-coated or tablet-coated formulations

may be employed in future clinical or pharmacokinetics study to enhance the efficacy of

oral delivery of specific compound. Alternatively, nasal spray or oral mucosal delivery
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may also take advantage of the new approaches in making good use of new drug

formulation materials that are compatible with drug stability and/or bioavailability, and the

use of nanoparticles or slow-released delivery strategies.

The SARS-CoV 3CL protease is involved in the viral maturation process by cleaving

the virus-encoded polyproteins (/99). Because of its pivotal role in the SARS-CoV life

cycle, the 3CL protease is recognized as an important target for discovery of

anti-SARS-CoV agents. Among the extracts tested for inhibition of SARS-CoV 3CL

protease activity, the 1Csy values of CBM (39 pug/ml) and DBM (44 pug/ml) suggest that

these two extracts can exhibit significant inhibitory activity against 3CL protease. A

number of studies have contributed to the identification of inhibitors of SARS-CoV 3CL

protease [15, 28-29]. However, the ICsy values of CBM and DBM for inhibition of

SARS-CoV 3CL protease are also similar or higher than extracts from other

anti-SARS-CoV medicinal herbs reported to date, including Isatis indigotica (ICsp = 53.8

ug/ml) (204), Torreya nucifera (ICsop = 100 pg/ml), tea extract (ICsp = 125 pg/ml) (237)

and Houttuynia cordata (1Csp = 1000 pg/ml) (214). We therefore suggest that these two

herbal extracts may also be useful drug candidates against SARS-CoV 3CL protease and

may have potential for use as alternative herbal therapies against SARS.

Recently, phytochemicals or extracts derived from traditionally used medicinal plants

or herbs have been contemplated or clinically evaluated as alternative or complementary
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treatments for various diseases. Previous reports showed that Cibotium barometz inhibited

osteoclast formation and has antioxidative, tyrosinase inhibiting and antibacterial activities

(150, 238). In this study, Cibotium barometz was found to possess good anti-SAR-CoV

activity and effectively inhibit SARS-3CL protease activity. The bioactive components

responsible for these activities should therefore warrant further investigations. Gentiana

scabra has previously been shown to confer a hepatoprotective effect (239) and contains

triterpenoids of secoiridoid and its glycosides (240-242). Based on our previous study on

anti-SARS-CoV phytocompounds (208), specific triterpenoids have been shown to inhibit

SARS-CoV replication. We therefore suggest here that secoiridoid and its glycosides may

contribute to the anti-SARS activity detected for Gentiana scabraextract, and secoiridoid

and its glycosiedes may have potential for further evaluation as anti-SARS lead

compounds. In our previous study (243, 244), two specific polysaccharide-containing

fractions from Dioscorea batatas tuber extracts significantly increased GM-CSF promoter

activity in normal and inflamed skin, enhanced murine splenocyte proliferation ex vivo and

improved regeneration of bone marrow cells in vivo. Other studies also revealed that the

ethanolic extract from Dioscorea batatas can exert anti-inflammatory effect through the

inhibition of NF-kB-mediated inducible nitric oxide synthase (iNOS) and

cyclooxygenase-2 (COX-2) expressions (245). Inhibition of COX-2 expression is known to

be positively correlated with anti-SARS-CoV and other antiviral activities (202, 246). We
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therefore hypothesize that the anti-SARS-CoV activities we demonstrated here may result

from inhibition of COX-2 activity. Cassia tora has been found to confer anti-hypertensive

(247), anti-hyperlipidemia (248), anti-bacterial (249), and anti-fungal properties (250).

Anthraquinones including emodin, physcion, and rhein may be the active phytocompounds

that confer these activities (250, 2517). Because emodin has already been found to exhibit

anti-SARS-CoV activity via inhibition of the viral entry by binding with the spike

proteins and interfering with the SARS-CoV 3CL protease activity, we hypothesize that

the active phytochemical components responsible for anti-SARS-CoV activity of CTH

may be contributed by emodin or another anthraquinone(s) suggested or known to present

in CTH. Taxillus chinensis was shown to inhibit fatty acid synthase (252, 253). Based on

the previous study (254), which showed luteolin and quercetin can interfere with the entry

of the virus to its host cells, we therefore hypothesize that specific glycosylated flavonoid

and quercetin may play an effective role in this activity. Whether these flavonoids can also

contribute to the detected anti-SARS activity warrants future investigation.
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Chapter 4. Conclusion

In conclusion, in this study, twenty phytocompounds including the abietane-type and
labdane-type diterpenes, lupane-type triterpenes, liganoids and curcumin, were selected
from 221 compounds to undergo a more detailed characterization of their anti-SARS-CoV
activity. Six phytoextracts from Cibotium barometz, Gentiana scabra, Dioscorea batatas,
Cassia tora, and Taxillus chinensis also confer effective anti-SARS-CoV activity via
inhibition of SARS-CoV replication. These phytocompounds and these phytoextracts were
shown for the first time to exhibit significant and specific anti-SARS CoV activity, and

thus provide us with a new direction for development of anti-SARS-CoV agents.
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Chapter S. Materials and Methods
5.1. Sources of compounds tested against SARS-CoV

More than two hundred compounds were selected, tested and grouped based on their
chemical structures and natural sources. Compounds 1 (ferruginol), 2 (dehydroabita-7-one),
3 (suginol), 5 [8f-hydroxyabieta-9(11),13-dien-12-one)], 7 (6,7-dehydroroyleanone), 9
(pinusolidic acid), 12 (a-cadinol), 15 (hinokinin) and 16 (savinin) were purified from the
ethyl acetate extracts of the heartwood of Taiwania cryptomerioides; and compounds 8
(34,12-diacetyoabieta-6,8,11,13-tetraene), 11 (cedrane-3p,12-diol) and 14 (betulonic acid)
were isolated from the ethyl acetate extracts of the heartwood of Juniperus formosana.
Compounds 4 (cryptojaponol) and 6 (7p-hydroxydeoxycrptojaponol) were isolated from
the heartwood of Cryptomeria japonica. Compound 17 (4,4’-O-benzoylisolariciresinol) is
a synthetic liganoid. Compounds 10 (forskolin), 13 (betulinic acid), 20 (curcumin), 21
(niclosamide) and 22 (valinomycin) were purchased from Sigma (St. Louis, MO, USA)
and compounds 18 (honokiol) and 19 (magnolol) came from the Pharmaceutical Industry
Technology Development Center in Taiwan. The remaining test compounds were
laboratory chemical stocks stored as specialty compounds in the five participating research
laboratories of this study.

Test compounds were first dissolved in 100% dimethyl sulphoxide (DMSO,
Hybrix-Max®, SIGMA), and then transferred to 96 well microtiter plates for assay of
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activity against SARS-CoV-induced CPE, cytotoxicity in Vero E6 cells, inhibition of viral
replication activity, and inhibition of 3CL protease activity. The final DMSO concentration
in each assay was kept below 0.4%.
5.2. Preparation of extracts from traditional Chinese medicinal
herbs

More than 50 traditional Chinese medicinal herbs were prepared and used as shown in
Chart 1. Briefly, plant materials were ground into a powder, immersed in 10-fold volume
of water in a sonicator for 1 hour, and filtered. Three-fold volume of 95% ethanol was
further added to the filtrate left for 1 hour and centrifuged at 10000g for 20 minutes, at 4°C
to obtain a supernatant (E) and a precipitate (W). The previous residue was mixed with
5-fold volume of methanol, left for 1 hour, and filtered again to obtain two fractions, the
filtrate (M) and the residue. The residue was then mixed with 5-fold volume of n-hexane in
a sonicator for 1 hour, kept overnight, and filtered to obtain a further filtrate (H). All plant
materials were coded as the first letters of the name of the genus and species followed by
the abbreviation for the preparative method. For example, the W, E, M and H extracts of

Cibotium barometz were abbreviated as CBW, CBE, CBM and CBH, respectively.
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Figure 43. Schematic representation of different preparations of test herbal extracts
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5.3. Cell-based assay utilizing CPE on Vero E6 Cells via

SARS-CoV infection.

For each compound or extract treatment, eight wells were used for a complete set of
assays, with three wells for virus-infection only (as positive control for CPE), three wells
for virus-infection with compound treatment, and two wells with compound treatment only
without viral infection. Briefly, Vero E6 cells (2x10%well) were cultured in 96-well
plates in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (FBS) at 37°C in 5% CO, incubator for one day. Before cells in culture
reached a 80-90% confluence, the cell culture medium was removed and replenished with
100 uL. DMEM supplemented with 2% FBS. Test cell cultures at = 90% confluence were
treated with or without tested compounds in a DMEM + 2% FBS medium. After
incubation for 2 h in a 5%CQO, incubator at 37°C, test cells were inoculated with
SARS-CoV (Hong Kong strain) in 50 pL at a dose of 100 TCIDso (50% tissue culture
infectious doses) per well. The cytopathic morphology of cells was then observed and
evaluated at 72 h post infection by use of inverted phase contrast microscopy.

The inhibition by the tested compounds of SARS-CoV mediated CPE was classified
into three different levels (+++, ++, +) as previously reported by other laboratories (255).
When less than 25% of Vero E6 cells in the culture showed cytopathogenic morphology in
response to SARS-CoV after treatment with compound, the inhibition was scored as level
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+++. The cultures showing 25-50% and 50-70% cells as cytopathogenic are scored as level
++ and +, respectively.
5.4. Cytotoxic effects of test compounds or test extracts on Vero
E6 cells

The assay protocol was as reported previously (208). Vero E6 cells (2 x 10*/well)
were grown in a 96-well plates in DMEM supplemented with nonessential amino acids and
10% FBS in a 5%CO, incubator at 37°C. After one day of incubation where cells in culture
reached 90% confluence, the culture medium was replaced by 100 pL fresh DMEM
medium containing 2% FBS and test compounds or test extracts varying at concentrations
and placed into microwells and incubated for 3 days. The test culture medium was then
replaced with 100 ulL fresh culture medium containing
3-(4,5-dimethylthiozole-2-yl)-2,5-biphenyl tetrazolium bromide (MTT) at a concentration
of 0.5 mg/mL per well for 4 h. Optical density (OD) was then measured with a
spectrophotometer at 570 nm. Survival of Vero E6 cells after treatment was calculated
using the formula: viable cell number (%) = [ODs70 (treated celis)[/OD570 (vehicle control cells)] % 100.

CCs represented the level at which 50% of cell viability was reduced by 50%.
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5.5. Inhibition of Viral Replication in SARS-CoV—infected Vero

E6 Cells

The inhibitory effects of test extracts or test compounds on SARS-CoV replication
were measured as previously described (208). After the Vero E6 cells with test compounds
added had been incubated for 3 days with SARS-CoV, the cells were gently rinsed with
PBS three times and then fixed with 10% formalin for 5 min at room temperature. The
10% formalin was removed and the cells fixed again in methanol/acetone (v/v, 1:1)
solution for 5 min at room temperature. Cells were then blocked with 3% skim milk in
PBS for 2 h at room temperature, rinsed three times with PBS, and then incubated for 1 h
at 37°C with 1:2,000 dilution of monoclonal antibody against the spike protein of
SARS-CoV. All samples were then rinsed with three changes of PBS containing 0.05%
Tween 20 (PBS-T buffer) twice with fresh PBS at room temperature; and finally rinsed
with 3% skim milk in PBS-T buffer. Cells were then incubated with a horseradish
peroxidase-conjugated goat anti-mouse IgG for 30 min at room temperature. After rinsing
three times with PBS-T buffer, a substrate solution containing o-phenylenediamine
dihydrochloride, citrate buffer (pH 5.0), and hydrogen peroxide was added to each well.
Plates were covered and gently shaken at room temperature for 10 min in the dark. The

reaction was stopped by addition of 2N sulfuric acid and absorbance was read immediately
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at 492 nm with an ELISA reader. The ECsy value for each test compound was calculated
from a linear regression plot of compound concentration versus ODyo;.
5.6. SARS-CoV 3CL protease inhibition assay

As previously reported (200, 256), the gene encoding the SARS-CoV main protease
was cloned from the whole viral genome by polymerase chain reaction (PCR) and primer
insertion (forward primer 5’-GGTATTGAGGGTCGCAGTGGTTTTAGG-3" and reverse
primer  5’-AGAGGAGAGTTAGAGCCTTATTGGAAGGTAACACC-3’) into the
pET32Xa/Lic vector. The recombinant 3CL protease plasmid was then transformed into E.
coli JM109 competent cells that were streaked on a Luria—Bertani (LB) agar plate
containing 100 pg/mL ampicillin. The correct construct was subsequently transformed into
E. coli BL21 host cells for expression of the His-tagged protein, which was then digested
with FXa protease to remove the tag. The purified protein was confirmed by N-terminal
sequencing and mass spectrometry analysis. The enzyme concentration used in all
experiments was determined from the absorbance at 280 nm.

All kinetic measurements were performed in a solution containing 20 mM
bis[(2-hydroxyethyl)amino]tris(hydroxymethyl)methane (pH 7.0) at 25°C. Enhanced
fluorescence due to cleavage of the fluorogenic  substrate  peptide
(Dabcyl-KTSAVLQ-SGFRKME-Edans) of SARS 3CL-protease was monitored at 538 nm
with excitation at 355 nm on a fluorescence plate reader. The initial velocities of the
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inhibiting activities on 50 nM SARS 3CL-protease using 6 uM fluorogenic substrate were
plotted against the different inhibitor concentrations to obtain the ICsy values using
Equation 1 (Eq. 1):

A[1] = A[0] x {1 — [[1)/([1] +1Cs0)]} (Eq. 1)

where A[] is the enzyme activity with inhibitor concentration [/]; 4[0] is the enzyme
activity without interference from an inhibitor. K; measurements were performed at two
fixed inhibitor concentrations and various substrate concentrations ranging from 8 to 80
uM in a reaction mixture containing 50 nM SARS protease. Lineweaver—Burk plots of
kinetic data were fitted using the computer program KINETASYST II (IntelliKinetics,
State College, PA, USA) by nonlinear regression to obtain the Kj value for competitive
inhibition from the following Equation 2 (Eq. 2).

1/V=Kyn/Via (1 + [I)VK) 1/[S] + 1/Vn (Eq. 2)

where K., is the Michaelis constant of the substrate, K; is the inhibition constant, Vy, is
maximal velocity, and [/] and [S] represent the inhibitor and substrate concentrations in the
reaction mixture, respectively.
5.7. Computer modeling of SARS-CoV 3CL protease inhibition
Molecular docking was performed with the computer program Discovery Studio Modeling
1.2 SBD, (Accelrys, Inc., San Diego, CA). The core domain in subunit A of the X-ray
structure of the SARS-CoV 3CL protease in complex with a substrate-analog inhibitor
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(coded 1uk4)(209) obtained from the Protein Data Bank (PDB; http://www.rcsb.org/pdb/)

was used for modeling analysis. Docking experiments were performed using an automated
ligand-docking sub-program of the computer program (Discovery Studio Modeling 1.2
SBD) that uses a genetic algorithm to fit ligands into the active site of the SARS protease
in 3-D mode. A number of parameters were chosen to control the precise operation of the
genetic algorithm via defined binding sites, specified ligand conformations, energy grid
parameter, variable numbers of Monte Carlo trials, and selected score type. Docking runs
were carried out using standard default settings (“grid resolute” of 5 A, “site opening” of
12 A, “binding site” selected) of the active site cavity which are similar to those used when
fitting the inhibitors in a previous report (2/6). The interaction energy was calculated from
Dreiding/Gasteiger forcefield, and poses with DockScore below 0 were rejected. 1000
iterations were performed in the “in situ ligand minimization algorithm” of the Smart

Minimization program.
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