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SYNOPSIS

Photodynamic therapy (PDT) is an attractive clihroadality for the treatment of various
types of cancer because compared to radiation lamah@ therapy it produces better tumor
selectivity and fewer side effects [1]. The antmamneffect of PDT is based on the
activation of a photosensitive drug referred astpkensitizer’ using light of appropriate
wavelength to generate cytotoxic reactive oxygeecigs [2]. Currently, clinical approval
exists in USA and Europe for photosensitizers sashPhotofrin (Hematoporphyrin
derivative), 5-aminolevulinic acid (ALA), a porphgr precursor and its methylester
derivative and Methyl-tetrahydroxyphenylchlorin (@eporfin) [1]. Several second
generation photosensitiers that belong to porphyeiriorin and phthalocyanine groups
have been evaluated for PDT and some of these audlisudyne, Lutetium texaphyrin
(Lutrin) palladium bacteriopheophorbide a (Tookadh etiopurpurin (Purlytin), Mono-I-
aspartylchlorin-e6 (Laserphyrin), and Sulfonatedmahum phthalocyanine (Photosens)

are under clinical trials for the treatment of vais types of cancer [3].

Among second generation photosensitizers the demg prepared from plant
pigment ‘chlorophyll-a’ have received considerald#tention because they possess
significantly higher absorption in the longer waargdth region (660-800 nm) which leads
to a higher depth of treatment due to reduced disghsorption and scattering at these
wavelengths [4]. Chlorims (Cps), @ hydrophilic chlorophyll derivative has beerplexed
for PDT application at Raja Ramanna Centre for Adeal Technology (RRCAT) and

detailed studies carried out on its photophysical photochemical properties have shown



that the hydrophobicity of 8 increases at pH lower than physiological [5] whaiko
leads to its higher incorporation in lipid bilayj®]. Since the microenvironment within
solid tumors is often acidic this property ofplCwas considered important for its
preferential accumulation in tumors.pgalso showed good photodynamic activity at
micromolar concentration without having significasirk toxicity in cancer cells [7].
Based on these results the use pf§Was investigated for PDT of tumors in hamster cheek
pouch model of oral carcinoma and it was obsertiat @s accumulated preferentially in
tumors showed rapid clearance from skin and lecbtaplete tumor regression after PDT
for the tumors of the size ~130 M8, 9]. However, for relatively large tumors itptake

was poor which compromised the PDT efficacy.

A promising approach to enhance the tumor uptakel aelectivity of
photosensitizer is to couple it with a suitable @sole which can interact specifically with
receptors on cancer cells. This approach utilibesfact that tumor cells typically have
increased expression of cell surface receptorsddous growth factors or regulatory bio-
molecules [10, 11]. In this context, the use lodtpsensitizers coupled to molecules such
as folic acid, steroids, epidermal growth factoGE, and antibodies against some cell
surface receptors have been investigated [11-Hwever, since the type and level of
receptor expression can differ in different typésnalignancies there is a need to explore

new targets and targeting molecules.

There exist reports in literature which suggesergsting role of histamine, a

biogenic amine in tumor growth and development I5R- It has been reported that



various types of cancer cells produce high levdishistamine to regulate their cell

proliferation via histamine receptors. The over+esgion of histamine receptors in
malignant tissue (almost 2-5 times higher than abtesue) has been reported in several
types of malignancies e.g., breast carcinoma, ameegha and adrenocortical cancer [16-
18].However, the use of histamine or its receptorgargeting the photosensitizer for PDT
of cancer has not yet been investigated. As pathefthesis we have investigated the
uptake, tumor selectivity and PDT efficacy of ciMop6 (Qos) histamine conjugate in

cancer cell lines and animal tumor model.

The thesis is organized as follows:

Chapter 1: It deals with introduction to PDT, provides detdssics components of PDT
(photosensitizer, light and oxygen), as well as tpploysics photochemistry and
photobiological aspects of PDT. Literature on thevelopment of PDT with second
generation photosensitizer including chlorophyltickgives and targeted approach using
third generation photosensitisers has also beegawed. The chapter also provides review
of relevant literature on role of histamine andréseptors in tumor growth in context of

possibility to exploiting over expresion of histaraireceptors for targeted PDT.

Chapter 2: It describes methods used for cell culture, preparaof Cps-histamine
conjugate, monitoring cellular uptake and site afracellular localization of the
photosensitizers, expression of histamine receptohetodynamic treatment of cells,

phototoxicity, cell organelle damage, mode of death, induction of tumors in hamster



cheek pouch, accumulation of photosensitizer inotuend normal tissue, photodynamic
treatment of tumor, assessment of tumor regress$imaing affinity of photosensitizers
with serum and microsomal proteins and their re¢asinglet oxygen yield, photodynamic

damage to protein and lipids etc.

Chapter 3: Here we provide results of studies carried out lo& ¢ellular uptake and
phototoxicity of (s-his in two oral cancer cell lines Nt8e and 445&sits showed that
the uptake of chlorin-p6 histamine conjugate irstheell lines was ~10 times higher than
free Qos and that this led to significant enhancement iotptoxicity of the conjugate. The
presence of histamine receptors and receptor neediaptake of the conjugate was
confirmed in both the cell lines. Results also sadwhat there was no significant
difference in the mode of cell death induced by 1@s and (s-his. Since the expression
of histamine receptors is well documented in hurbeeast carcinoma cell line MCF-7,
studies were also done using this cell line antidnigiptake of Gs-his and enhancement in
phototoxicity has been observed. It is concluded tonjugating @s with histamine can
help to improve the effectiveness of PDT in oradl &meast cancer cells by enhancing its

intracellular delivery.

Chapter 4: Photosensitizer often exhibit selective specificioy different organelles
depending on their physicochemical properties, atie subsequent structural
alteration/damage induced by PDT in these orgamgdlays a very crucial role in cell
death after PDT [1]. To explore this aspect fpg Gistamine conjugate, studies have been

carried out to identify the sites of its intracddiu localization and to characterize the



structural damage in cell organelles using fluceese probes and confocal microscopy.
The results of these studies are presented andsgisg in this chapter. Observations by
wide-field fluorescence microscopy showed tfathis conjugate localizes initially at cell
membrane and then internalized in the endosomecbkepartments beyond 1hr interval.
At longer time interval (3 h) the fluorescence ohjpigate was seen at the periphery of cell
nucleus. These results suggested that the uptékéeoconjugate is mediated by
endocytosis. Results of colocalization studies gisionfocal microscope revealed that the
conjugate localizes mainly in endoplasmic reticuland lysosomes but not in Golgi and
mitochondria. To characterize the PDT-induced damé&g cell organelles, confocal
fluorescence imaging and 3D reconstruction of insagk cellular structures have been
carried out. It was observed that PDT led to fragiagon of ER due to damage in the
tubular regions of ER and PDT-induced structurderations in ER were distinctly
different in apoptotic and necrotic cells. In spiff the fact that thefg-his did not localize

in Golgi apparatus, PDT led to alterations of Gagucture such as displacement and
swelling. The results show that damage to ER siractould be the possible reason for

alteration in the structure.

Chapter 5: Ourin-vitro results motivated us to extend this studynivivo model system.
Studies have been carried out to explore the twsalactivity and photodynamic efficacy
of Cpes-his in Hamster cheek pouch model of oral cancer afstablishing that histamine
receptor is over-expressed in tumors. These resuétspresented and discussed in this
chapter. @s-his (3 mg/kg body weight) was injected intra-pameally and its

accumulation in tumor, surrounding tissue, normalcasa and abdominal skin was



monitored non-invasively by fluorescence spectrpgcoResults show significant
accumulation of @s-his in tumors and rapid clearance from the skiowshg ~ 80%
decreases within 48 h from its peak level at 4térafrug injection. The tumor selectively
of Cps-histamine was significantly higher as comparethofree @s. For PDT, tumors at

4 h after @g-his administration were exposed to red light (689 nm, 100 J/ch).
Histology at 48 h after PDT revealed extensiveutatl damage in the treated tumor.
Further using conjugate complete regression of tarb size< 1000 mniwas observed
one week after PDT while with free cp6 tumors ofmee of only up to 130 mfrcould be
treated. Higher tumor selectivity ofoghis and complete regression of bigger tumors after
PDT suggest that conjugatingpgCto histamine is a promising approach to improvel PD

efficacy.

Chapter 6: The coupling of @ to histamine is expected to lead to change in iphys
properties of @ such as charge and hydrophobicity which could plsg a role in the
pharmacokinetics and clearance. To investigatedspect the interaction opghis with
serum albumin and liver microsomes has been imyedstil and the results are presented
and discussed in this chapter. The quenching ahsit tryptophan fluorescence of BSA
and microsomal proteins bypgand s-his is measured and plotted as Stern—Volmer plot
to determine the binding parameters such as bincbhngtant and number of binding sites.
Results showed that the binding constant pf-kis with BSA was lower by ~ 4 orders as
compared to that of igand the number of binding sites was decreased adynbalf.
These results correlated with the extent of phatadyic damage to BSA induced by the

conjugate and freeg as determined by estimation of protein carbongtenfition. With



microsomal proteins the binding constant gk-@Gis was lower by ~2 orders than that of
Cps and the amount of PDT-induced protein carbonyintion was consistent with their
relative binding affinity. Measurements on the iatt of microsomal enzymes
cytochrome P-450 reductase and NADH cytochromeebiatase showed that botips€
his and @s did not affect the activity of these enzymes. TWwe photosensitizers can also
bind to microsomes due to lipophilic/hydrophobideraction with membrane lipids.
Measurements on PDT induced lipid peroxidation h@weshowed no difference forpg
his and @ indicating that their non-specific binding is alsionilar. These results led to
the understanding that serum albumin is less likelplay a role in the transport opg
conjugate as compared to freps@Qvhereas, its recognition by microsomal proteins fo
further metabolism and clearance is not altereccwvhre desirable features for itsvivo

PDT efficacy.

Chapter 7: Here we provide summary of the various studiesiexdrout as part of this
thesis work and discuss scope of future work toslege the results obtained with hamster

oral cancer model to human oral cancer.
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1.1Basics of Photodynamic Therapy

Cancer remains leading cause of death globally.oatrid.6 million deaths worldwide were
estimated due to cancer with 12.7 million new cgmsyear being reported worldwide as
per the recent report, prepared by the Internatidgancy for Research on Cancer (IARC)
[1]. Cancer is uncontrolled proliferation of cetlsat is manifested by loss of cell cycle
control leading to serious adverse effects on tbset lthrough invasive growth and
metastases [2-4]. Chemotherapy, surgery and raaegly either alone or in combination
are currently the main treatments available forceanin chemotherapy the approach is
based on the use of drug that can either inhibdil@ck the proliferation of rapidly dividing
cancer cells [5]. However, such chemotherapeutiogglr also interfere with the
proliferation of healthy rapidly dividing normal It such as blood forming cells in the
bone marrow, hair follicles, and epithelial cellsaval cavity skin, digestive tract, and
reproductive system. Thus, chemotherapy leads verake severe side effects such as
nausea, vomiting, pain, anemia, hair fall, lostedility etc [5]. Surgery is applicable only
when tumor is confined to limited area in the bodRadiation therapy is more commonly
used therapeutic modality for the treatment of eame which ionizing radiation (X-rays,
gamma rays and charged proton beam) is used toogestancer cells [6-8]. Although,
these therapeutic modalities can improve the |¥peetancy of patients from several
months to years, the repeated use of these theém@apsadalities required for the complete
eradication of cancer also leads to the developiemrgsistance and tumor recurrence.

In past decade, significant advancement in caresgarch led to development of

some new promising strategies for the treatmentcarficer such as gene therapy,
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immunotherapy, hormone therapy, heat therapy (tlgpamia), stem cell transplantation
etc [1]. Photodynamic therapy (PDT) is one of spabmising options for the treatment of
cancer in which visible light in combination withh@oactive compound referred as
photosensitizer (PS) is used. Light alone is atoaic form of electromagnetic radiation,
but in the presence of a photosensitive moleculerned here as photosensitizer can
generate reactive oxygen species (ROS) which caigdkgar destruction. Photodynamic
therapy (PDT) is minimally invasive modality forettireatment of cancer which has been
clinically approved and found effective for theahment of various types of malignancies
[8,10,11]. In PDT the photosensitizer is administeeither topically or systemically and
allowed to accumulate selectively in tumor tisduesecond step, a limited area where the
tumor or cancerous tissue is located is irradiatgth visible light of appropriate
wavelength. The cytotoxic species such as singlggen and free radicals generated via
photochemical reactions leads to destruction gfetatumor tissue (Fig. 1.1). Thus PDT
offers dual selectivity with the use of a tumoresgive photosensitizer and by limiting the
light exposure to the diseased region [11]. Thetrdeon of cancerous tissue with
minimal effect on healthy tissues is one of the naolwvantageous features of PDT over the
other established therapeutic modality of cancembtoporphyrin derivative (HpD) was
the first clinically approved PDT drug. Currentlihe clinical approval for only few
photosensitisers exists, which are Photofrin (poefi sodium) for the treatment of
oesophagus cancer and lung cancer (NSCLC), ALAttier treatment of skin cancer,
Verteporfin (BPD, benzoporphyrin derivative) fortlreatment of macular degeneration
and Foscans (temporfin, meta-tetrahydroxyphenybrahl for the treatment of advanced

squamous cell cancer of the head and neck [12,13].

20



(d)

Tumor Tissue

Apoptosis - Necrosis

Figure 1.1 Photodynamic therapy of cancer. (a) Timtosensitizer is injected
systemically in the body (b) Preferential accumalatof photosensitizer in to the tumor
tissue (c) Irradiation of the tumor area with ligtitappropriate wavelength to activate the

photosensitizer (d) Generation of reactive oxygescees which destroys the tumor.
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1.2 Photophysics and photochemistry of PDT

The reactions after the excitation of the photosierss i.e. Photochemical and
photophysical principles of PDT have been extemgiwtudied and can be depicted
through a Jablonski diagram (Fig. 1.2). Brieflyonpllumination, the photosensitizer is
excited from the ground state oJSto the first excited single state ifSfollowed by
conversion to the triplet statefTvia intersystem crossing. The excited tripletestean
react in two ways, defined as Type | and Type lichamisms [13, 15]. A Type |
mechanism involves hydrogen-atom abstraction artree-transfer reactions between the
excited state of the sensitizer and a neighborinigstsate molecule which result in
generation of free radicals and radical ions. THeseradical species are generally highly
reactive and can readily interact with moleculaygen to either generate reactive oxygen
species such as superoxide anions or hydroxyl aldar can cause irreparable biological
damage. These reactions produce oxidative damagke ish eventually expressed as
biological lesions. In contrast, a Type Il mechamisesults from an energy transfer
between the excited triplet state of the sensitaed the ground-state molecular oxygen,
generating the singlet oxygen, which is extremelgctive and can interact with a large
number of biological substrates, inducing oxidatiaanage and ultimately cell death [13,

15].

22



Free radicais

Necrosis

(Lype D) cell
: . i death
i Singlet oxygen Apoptosis
v (Type ID)
T,

Energy

W———" (Cancer treatment

I———="> Diagnostic application

So i
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Figure 1.2 Jablonski energy level diagram for photodynamic herapy: The
photosensitizer in its ground stat¢) absorbsa photon, which gives rise to the sl-lived
excited singlet stat€S;), At this state it can either lose energy by fluoess®, or by
intersystem crossing to the Ic-lived triplet state(T), . This triplet state of photosensitiz
either irteract with neighboring b-molecule or with molecular oxygen and produces 1

I (hydroxyl radical) and Type Il (singlet oxygermactive oxygen specit
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1.3  Basic components of PDT

The three essential components of PDT i.e. phositszgr (PS), light, and oxygen [16, 17]

are described in details in the following paragsaph

1.3.1 Photosensitizers

The majority of PDT photosensitizers comprise atoatyclic ring structure similar to that
of chlorophyll or heme in hemoglobin. Photosensitsz can be categorized by their
chemical structures and can be divided into thremad families: the porphyrin-based
photosensitizere(g., Photofrin, ALA/PpIX, BPD-MA), Chlorophyll based ptasensitizer
(e.g., chlorins, purpurins, bacteriochlorins), and the dyeg., phtalocyanine,
napthalocyanine). Most of the current photoseresiizave porphyrin related structures,
including hematoporphyrin derivatives, phthalocyesi, chlorines, and bacteriochlorins
[18]. Photosensitizers are further classified basedheir chemical characteristics such as
charge and solubility in to three major groups: repdhobic, hydrophilic and amphiphilic.
Photosensitizers bearing no charged peripheraltisudrsts generally have negligible
solubility in water or alcohols are come under thess of hydrophobic photosensitizers.
However, the photosensitizer having three or mdrarged substituents and are freely
soluble in water at physiological pH are termedhydrophilic photosensitizers. Moreover,
the amphiphilic photosensitizers have two or mdrarged substituent and are soluble in
alcohol or water at physiological pH [19]. A largember of photosensitizers have been

investigated for PDT of cancer both vitro andin vivo and it is recognized that the
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photosensitizer should have some important chaisitts for use in PDT of cancer. The

characteristics of ideal photosensitizer are desdrin detail in following section.

Properties of Ideal Photosensitizer

0] Good Absorption coefficient in the longer wavelendt region (600-800 nm) In
PDT, light irradiation in the wavelength range fr&80 nm to 800 nm is defined as
therapeutic window (Fig. 1.3) since light in this wavelength regioenptrates deeper in
tissue. This is due to the fact that tissue costabme endogenous chromophores, mainly
hemoglobin and melanin which absorb significantiythe wavelengths region from 400
nm to 600 nm and thus reduce the penetration bf lig tissue. At wavelengths >1200
nm, light absorption by water molecules becomestsuitial. For wavelengths >850-900
nm, the photons do not have sufficient energy tigpate in a photochemical reaction.
Therefore, the ideal photosensitizer should exHsibificient absorption in the therapeutic
window to achieve therapeutic effectiveness atdatigsue depth [11, 18, 19, 21, 22, 25].
Further, with phtotosensitizer having higher abtorpcoefficient (1 > 20,000-M'cm™)

the therapeutic effect can be obtained at loweg dinse as compared to photosensitizer

with low absorption coefficient [25].

(i)  Triplet and singlet oxygen quantum yields The photosensitizer should be able
to generate triplet state of appropriate energy>®.0 kcal mof~0.95 eV) which is the
minimum energy necessary to excite the triplet gebstate of molecular oxygef(b) to

its excited singlet staté@,). A value greater than 0.95 eV (22 kcal/mol) andh#er than
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1.63 eV (37.5 kcal/mol) is requd to be a good photosensitiz2]. The photosensitizer
is considered as good PDT at if the quantum yield of the triplet ste¢ is high enough
(o1 > 0.4) forgeneration c sufficient singlet oxygen and/other reactive oxygen spec
[22]. In addition, ke longer lifetime of the triplet sta(tt > 1 us),enables the better
interaction of the excited photosensitizer with gugrounding molecules, resulted in

generation of more cytotoxic speci
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Figure 1.3 Optical absorption spectra of various tissue camepts in the ultraviolet t

infrared wavelength rancg

(i) Solubility: The photosensitizer shld exhibit good solubility in aqueot

medium or if not itshould besoluble in biocompatible drugetivery systems such
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liposomes, nanoparticles or polymeric micelles ébc. ease of administration though
various routes [24].

(iv) Photosensitizer should be tumor selectiveThis property of photosensitizer is
essential to ensures efficient destruction of #ugcer tissue and minimize the damage to
the healthy tissue. Generally, in the absence @f targeted delivery the preferential
accumulation of photosensitizer in tumor is maidBtermined by its physicochemical
property such as hydrophobicity or hydrophylicitgeveral mechanisms have been
suggested which govern the preferential accumuiatb PS in to tumor tissue. An
important mechanism is based on interaction of ghetosensitizer with low-density
lipoprotein (LDL). Cancer cells, due to high ratecell proliferation require increased
supply of cholesterol for membrane biosynthesis. mieet this requirement, cancer cells
overexpress LDL receptors [19,24,25,26]. Since tpdobic photosensitizer binds
preferentially with serum lipoproteins, it can imtalize via LDL receptor mediated
endocytosis into the cancer cells and due to highgression of these receptors the
cancer cells can accumulate more photosensitizecoagared to the normal cells.
However, with increase in the hydrophobicity of thhotosensitizer its tendency to
aggregate in physiological solution also increasbigh can result in poor accumulation
in cancer cells. In contrast, hydrophilic photosgzey interacts mostly with serum
albumin and can accumulate in tumor tissue onlgpugh leaky tumor vasculature and
poor lymphatic drainage. Thus if the photosensgitizemore hydrophilic it will remain
more in tumor vasculature and accumulate less motucells. Further, hydrophilic
photosensitizers clear from the body at faster rase compared to hydrophobic

photosensitizers.
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The second important mechanism for preferential umedation of the
photosensitizer in tumor is based on pH dependeange in hydrophobicity of the
amphiphilic photosensitizer. It is known that irstiital pH in solid tumors can be slightly
acidic (6.5-5.00). The amphiphilic sensitizerstigatarly with one or more ionizable
carboxylic group in the molecules tend to accuneulbstter in tumor tissue because at low
pH the hydrophobicity of such photosensitizer iases due to protonation of carboxylic
groups in the molecule. Therefore, photosensititr amphiphilic nature is considered to

be ideal for PDT [19].

(v) Low/negligible dark toxicity and rapid clearance from body. To prevent any
severe side effect or skin photosensitivity, theTRIDug itself should be non-toxic in the

absence of light and its clearance from the skthlzody tissue should be rapid [26].

(vi) Chemically purity: Photosensitizer should be chmicaly pure comppsadhat its

therapeutic effects and side effects can be weltadterized [22].

The photosensitizer can be considered suitablePidi based on properties
described above. There are currently only a few PBotosensitizers that have received
official approval around the world. The first FDA@oved photosensitizer for PDT is
Photofrir® (Porfimer sodium; Axcan Pharma, Inc.). Photofrieats only few of the
criteria for ideal photosensitizers and thus saffeom several drawbacks. For example, it
is a complex mixture of porphyrins with various mameric and oligomeric forms, its

absorption band in red wavelength region at 630iamiell below the wavelength region
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of therapeutic interest, it induces cutaneous geatsitivity due to the prolonged retention
in skin, (at least for a month or so) after thatmeent. Due to these drawbacks a variety of
new photosensitizers have been investigated torfioce suitable PDT agent and these
photosensitizers are generally recognized as dasgcond generation photosensitizers
Some photosensitizers that belong to second gémerate clinically approved for PDT.
For example: Fosc&n(temoporfin, meta-tetrahydroxyphenylichlorin, mTHPBiolitec
AG), Visudyn& (verteporfin, benzoporphyrin derivative monoacidgr A, BPD-MA;
Novartis Pharmaceuticals), Levufan (5-aminolevulinic acid, ALA; DUSA
Pharmaceuticals, Inc.), and most recently M&h(methyl aminolevulinate, MLA or M-
ALA; PhotoCure ASA.). Several other promising plsaositizers are currently under
clinical trials. These include HPPH (2-[1- hexyletlyyl]-2-devinyl pyropheophorbide-a,
Photochlor; Rosewell Park Cancer Institute), mdiexéutetium (MLu, lutetium (l11)
texaphyrin, Lu-Tex, Antrin; Pharmacyclics Inc.), &8 (mono-L-aspartyl chlorin e6,
taporfin sodium, talaporfin, LS11; Light Science r@aration), SnET2 (tin ethyl

etiopurpurin, Sn etiopurpurin, rostaporfin, Photrighravant Medical Technologies) [18].

1.3.2 Light sources

Light sources suitable for PDT should provide 1v&langths of emission matching with
the absorption spectrum of the photosensitizesu#jcient power at these wavelengths 3)
mode of delivery to the target tissue. The lighivpr required can vary from 1 to 5 W so

that light dose of up to several hundred mW Toan be delivered in time period of tens of
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minutes. It is also required that the light souraes portable, low cost and easy to operate
in the clinical set up [27]. High power densityresjuired to reach high photon density at
deep tissue layers to achieve maximum activatiothefphotosensitizer molecules. The
depth, at which the power of radiation is reduced37%, is known as the effective
penetration depth of light. The effective penetmatdepth of light with at 630 nm into
soft tissues is typically 1-2 mm, and that of ligtith A in the range of 700-850 nm is
about twice that. The fluence rate also affects RE3ponse [11]. Using higher power
density the therapeutic effect of PDT can reach ttepth that is 3-5 times the effective
penetration depth. For HpD the therapeutic effé®T is obtainable at the tissue depth
of 5-10 mm. For deeper therapeutic effect, the ggetsitizers that absorb light in the

wavelength region > 630 nm are considered moralslei{8, 21, 81].

Lasers are preferred light sources for PDT bec#iusee sources produce highly intense
monochromatic light which depending on type of tasgn be matched with absorption
band of a particular photosensitizer. The lasentlican be tightly focused to allow its
efficient delivery to the target site through optidiber. Argon dye, potassium-titanyl-
phosphate (KTP) dye, metal vapor lasers, and nezeintly diode lasers have been used

for clinical PDT around the world [28].

Compared to Lasers, the noncoherent light souegs ¢onventional arc lamps) are safer,
easy to use, and less expensive and the emisgiobecmatched with the absorption band

of various photosensitizers in conjunction withicgit filters of selective wavelength(s).
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The disadvantages of conventional lamps includaifsegnt thermal effect, low light
intensity, and difficulty in controlling light doseNowadays, several noncoherent light
sources are available for example, the BLU-U liglotminator (DUSA Pharmaceuticals,
Inc.), is an illumination system for PDT of actinkeratosis (AK) using ALA. The
LumaCareTM lamp (MBG Technologies) is a compactaiwe fiber optic delivery system
provides interchangeable fiber optic probes comtgia series of lenses and optical filters.
It can generate light of specific bandwidth betw8&0-800 nm in a variable power for a
broad range of photosensitizers. Light emittingddi¢LED) is another emerging PDT light
applicator. LED can generate high energy light ekiced wavelengths and can be

assembled in a range of geometries and sizes @8Q 31, 32, 33].

1.4 Mechanism of tumor destruction by PDT

There are three main inter-related mechanisms bghwPDT mediates tumor destruction:
direct cytotoxic effects on tumor cells, damagéhetumor vasculature, and induction of a
robust inflammatory reaction that can lead to tlwetbpment of systemic immunity
[11].The relative contribution of these mechanisiepends to a large extent on the type
and dose of PS used, the time between PS admiimatrand light exposure, total light

dose and its fluence rate, tumor oxygen conceaotrati

1.4.1 Direct killing of tumor cells

It is generally accepted that the intracellularalaation of the photosensitizer coincides

with the primary site of photodamage. This is beeathe singlet oxygen generated in
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photochemical reaction has a very short life andy Memited diffusion in biological
systems (half-life: 0.04s, radius of action: 0.02m) [34, 35]. Generally, photosensitizers
localizing to the mitochondria or the ER promoteogtpsis, while PDT with
photosensitizers targeting either the plasma memebo lysosomes, can either delay or
block the apoptotic program predisposing the ctlsecrosis [34, 36]. Apoptosis is
programmed cell death which can be identified bgrabteristics morphological changes
in cells such as nuclear condensation, cleavage cluiomosomal DNA into
internucleosomal fragments, cell shrinkage, menwralebbing, formation of apoptotic
bodies without plasma membrane breakdown, expasupbosphatidylserine in the outer
leaflet of the plasma membrane, and phagocytosirseighboring cells [34,36,38]. In vivo,
these apoptotic bodies are scavenged by phagoagteshus inflammation is prevented,
and cells die in an immunologically controlled waypoptosis requires transcriptional
activation of specific genes, including the actimatof endonucleases, consequent DNA

degradation into oligonucleosomal fragments, aridatton of caspases [38].

Necrosis is generally believed to be an un-prograthaccidental cell death [34].
Necrosis is a spontaneous form of cellular damdgeacterized by cytoplasm swelling,
fragmentation of cell organelles and disruptiontlté plasma membrane, leading to the
release of intracellular contents and in vivo inftaation [34, 39-44]. Moreover, evidence
indicates that autophagy may also be induced by, RID&n | subcellular organelle such as
ER and mitochondria are damaged by PDT and surwiechanism are initiated to

remove damaged organelle from cells [45-47].
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1.4.2 Tumor Vasculature damage

PDT can also induce vascular shutdown, limitingdkggen and nutrient supply to the
tumor. The limitation of oxygen and nutrients glypleads to severe tissue hypoxia and
death of tumor cells. There have been a numbeemdrts suggesting that PDT induces
microvascular collapse [48-54] and vascular effestse associated with a delay in tumor
growth. Photosensitizers, such as a pyropheophert&tivative [50], benzoporphyrin
derivative (BPD) [51], HPD [52] and Photofrin [5@have been shown to induce tumor

vasculature damage.

1.4.3 Immune response

It is known since long time that PDT leads to tnfition of immune cells such as
lymphocytes, leukocytes and macrophages into #edd tissue, indicating activation of
the immune response [55,56]. The inflammatory ayte& interleukin (IL)-6 and IL-1, but
not tumor necrosis factor: (TNF-a), have been shown to be up-regulated in respanse t
PDT [57, 58]. It has also been reported that CO8cell activation and/or tumor
infiltration of immune cells is an important facor PDT efficacy [59-62]. PDT-induced
acute local and systemic inflammation is beliveghly significant role in the maturation
and activation of dendritic cells (DCs) which imrtus required for the activation of tumor-
specific CD8 T cells and the induction of antitumor immunity2{66]. It has also been

suggested that since activation of DCs by deaddymty tumor cells is associated with
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enhancement of antitumor immunity, tihe vitro PDT-treated tumor cells may act as

effective antitumor vaccines [67, 68, 69, 70].

1.5 Brief history of Photodynamic Therapy

Light has been used as therapy for more than tthregsand years. Ancient Egyptian,
Indian and Chinese civilization used light to trearious diseases including psoriasis,
rickets, and vitiligo and skin cancer [71]. In ookIndia’s sacred booksétharva-veda
(1400 BC) the use of seeds of the plastralea corylifolia for the treatment of vitiligo is
described. Psoralens are the photoactive componéthese seeds. However, around 100
years ago, O. Raab showed the cytotoxic effecthefcombination of acridine and light
on infusoria Paramecium caudatum) [72]. But, actually N. Finsen during 1900s uskd t
term ‘Phototherapy’ or the use of light to treageadise like small pox and tuberculosis. He
was awarded with Nobel Prize in 1903 for his warkphototherapy [73, 74]. Moreover,
the term ‘photodynamic action’ was coined by A.idesk and H.v.Tappeiner (Professor

of O.Raab). They had treated the skin tumors wotireand white light in 1903 [75].

The class of compounds most often used today axphyrins was investigated by
F. Meyer-Betz in 1913. He studied the PDT effedtshematoporphyrin (HP) and its
derivatives in rat tumors following systemic admstréition of the photosensitizers [76].

Modern photodynamic therapy (PDT) was initiatedRay. Lipson and E.J. Blades, who
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showed that an impurity in HP was the tumor-loéafjizagent, and not the parent
compound. This led to the “synthesis” of hematopgrim derivative (HPD), a mixture of
porphyrins produced by the acid treatment of HH.[The exact chemical composition
and structure of this mixture remains unclear. .TDdugherty and colleagues developed
HPD further for laboratory and clinical investigatis in 1970s and 1980s [78]. The history

of photodynamic therapy can be depicted as show#ginl.4.

1900
Acridine orange & light
kills paramecia (Raab)

Phototherapy origins 1913
In Egypt, India and HP sensitiser used
Greece on himself (Meyer-
Betz) Approved
PDT PSs
| == Photofrin®
A Foscan®
3000 BC....1800 200 Visudyne®
Levulan®
I I _ Metvix®
Hexvix®
1903 1907
Topical eosin as a “Photodynamic”
photosensitiser term introduced
(Von Tappeiner) (Von Tappeiner)

1924
Localisation and
fluerescence of

porphyrins seen in
tumours (Policard)

Figure 1.4. Historical development of PDTAdopted from Celli et al, 2010]
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1.6  Status of Photosensitizer in the development &DT

Most of the currently approved clinical photoseamsits belong to the porphyrin family.
Conventionally, the photosensitizers that develdpetdveen the 1970s and early 1980s are
called first generation photosensitizers (e.g., Photofri’). While the Porphyrin
derivatives or other synthetic photosensitizer msidee the late 1980s are callsetcond
generation photosensitizers (e.g., ALA). The third generation photosensitizers
generally refer to the modifications such as coajag of photosensitizer with biological
molecules fore.g., antibody conjugate, liposome conjugate for whichoea cells shows

higher affinity [18,78].

1.6.1 First Generation Photosensitizers

Hematoporhyrin and its derivatives comprise thst fgeneration of photosensitizers. The
first generation photosensitizers starts in the0$9&vhen R. Lipsoret al initiated the
modern era of PDT at the Mayo Clinic [80]. HPD han partially purified to remove the
less-active porphyrin monomers, to form Phot&frfalso called porphymer sodium) [19],
a widely used photosensitizer in clinical PDT. Rifion® was first approved for
prophylaxis of bladder cancer in Canada on April 1893 [78].Since then, it has been
approved in several countries for the treatmenatfonly bladder but also oesophageal,
gastric, cervical, and lung cancers [78,81]. Photofits some of the criteria for ideal

photosensitizers but suffers from several drawhackgst, it is a complex mixture of
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porphyrins with various monomeric and oligomerianfis, so poorly characterized
chemically. Secondly, its long wavelength falls6®0 nm, which lies well below the
wavelength necessary for maximum tissue penetratiomally, it induces prolonged
cutaneous photosensitivity, and patients are adviskeep away from direct sunlight (at

least for a month or so) after treatment [82, 83].

1.6.2 Second Generation Photosensitizers

To overcome the drawbacks recognized with Photo&rimariety of other photosensitizers
that exhibit a stronger absorption band in the weavelength region have been
investigated. These, photosensitizers are purehsyat compounds, composed of an
aromatic macrocycle such as porphyrins benzoponpyychlorins, bacteriochlorins and
phtalocyanins. Some of the important second gemerahotosensitizers that are clinically

approved or are under clinical investigations eted in Table 1.1.

Tetra (m-hydroxyphenyl) chlorin (mTHPC or Fos&anmarketed by Scotia
Pharmaceuticals, Kentville, Nova Scotia, Canaddimcally approved for recurrent head
and neck cancers in Europe and undergoing clinesting in US [11]. The only other
photosensitizer that has been clinically approve@&enzoporphyrin derivative monoacid
ring A (BPD-MA or Verteporfiff) marketed by QLT Phototherapeutics Inc. Although,
BPD-MA is mainly used for PDT of age-related mac@ganeration, it appears to be useful
for the treatment of pancreatic and skin cancer @3]. BPD-PDT also has been tested for
treatment of atherosclerotic plagues [84] and jpswi[86, 87]. Tin ethyl etiopurpurin
(SnET2 or Purlytirf) marketed by Miravant, Santa Barbara, CA, USArndar phase /1l

clinical trials for advanced breast cancer, Kagosarcoma in patients with AIDS, and
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prostate cancer [88]. The silicon phthalocyanine 4 is developed at Case Western
Reserve University and University Hospitals of @kewnd [89]. Pc 4 has high extinction
coefficient ¢ >2 x 10) at 672 nm and has been found effective in prisalirstudies in
human tumor cell$n vitro and in animal tumor models [90, 91]. Currentlysitunder
clinical trials in US for the treatment of cutansod’ cell lymphoma. Lutetium
texaphyrin/Lutex (Lutrin*) marketed by Pharmacyclics, Sunnyvale, CA, USA ieng
wavelength absorbing\{ps is 732 nm) water-soluble photosensitizer that nslargoing

clinical trials in US for the PDT of breast cangkt].

Table 1.1: Current status of Clinically Applied PhotosensitszeAdopted from [Patrizia

Agostiniset al, Photodynamic Therapy of Cancer: An Update, CA Cadc€lin. 2011;

61:250-281]
Photosensitizer Structure Wavelength Approved Trials Cancer types
(nm)
ALA esters Porphyrin- 635 Europe Skin, bladder
precursor
Temoporfin (Foscan) Chlorine 652 Europe United Head and neck,
(mTHPC) States lung, brain, skin,
bile duct
Verteporfin Chlorine 690 Worldwide- United- Ophthalmic,
(AMD) Kingdom | pancreatic, skin
SnEt2 (Purlytin) Chilorin 665 United Skin, breast
States
Silicon phthalocyanine | Phthalo- 675 United Cutaneous T-cell
(Pc4) cyanine States lymphoma
Motexafin lutetium Texaphyrin 732 United- Breast
(Lutex) States
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1.6.2.1Chlorophyll derivatives as potential photodynamic gents:

However, most of the second generation photoseasstiare prepared by total synthesis
where the yield remains often low, resulting iroadf chemical waste and a high price for
the final product. These drawbacks can be minimitdtle photosensitizer is a natural
compound or can be prepared from a natural precbrssimplistic synthetic procedures
[81]. Among second generation photosensitizers déevatives prepared from plant
pigment ‘chlorophyll-a’ have received consideraldéention because they possess
significantly higher absorption in the longer waargith region (660-800 nm) which is a
desirable feature for achieving adequate yieldrajlst oxygen using lower concentrations
and higher depth of treatment due to use of lomgarelengths (> 650 nm) [81,92]. The
chlorophyll-a (Chl-a), itself is a hydrophobic pbsensitizer due to the presence of
lipophilic phytyl group and tends to aggregatesagueous solvents and in nonpolar
organic solvents, which hinders significantly itsildy to generate'O,. Also, it is very
unstable, undergoing oxidative degradation in thesgnce of light, acid, bases and
alcohols. Although its photophysical properties sugable for PDT, Chl a has only rarely
been used as a photosensitizer in biological systbetause of its high aggregation
tendency and low solubility in physiological ligsi§81,93, 93, 95]. However, Chl-a is not
suitable for pharmaceutical application but mayte a suitable source for the synthesis
of new stable derivatives. Also, various Chl-detives have been synthesized and
evaluated for their PDT efficacy. On the basis lnémical nature Chl-a derivative can be
categorized in two classes: the hydrophobic sugbhasphorbide and its derivatives and
the hydrophilic one such as chlorin e6 and chlopyand their derivatives.
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1.6.2.2 Pheophorbide and its derivatives

Pheophorbidex (Pheid a) is a me-free chlorophyll (Chl) derivatives prepared frone
directly Chl mixture, by partitioning the mixturetween 30% (w/w) aqueous hychloric
acid and diethyl ethe[81]. However, Pheid a €(~ 43980 at 660 nm)) contains
hydrophilic propionic acid residue, which makesuit amphiphilic photosensitizer, but
aqueous solutiondPheid a forms aggregates. The singlet oxygentqoayield (®,) of
Pheid a in organic solvents such as in ethanolcanidon tetrachloric is 0.51 and 0.80
respectively [81, 96]Pheic-a and its derivatives have been widely investigatedPDT of
uterine, colon, hepatic and pancreatic cancersemetudies usir Zn-pheophorbide has
been shown that it exe strong photodynamic effect, leading to 100% cellrtaday at
very low concentrations~1 x 10° M) and at low light doses J/cnf) [97]. Another
pheophorbidea derivative HPPH ([1-hexyloxyethyl]-2devinyl pyropheophorbic-a)
with trade name Photoch® is under clinical trials for lung, skin, head aneck, anc
esophageal cancers [98The clinical results with HPPRDT in patients were reported
be quite promising without any significant skin pdtoxicity after -5 days post-treatment
[98, 99]. Recentlythe conjugates of the pheophorl-a with antcancer drugs doxorubic
(DOX, 2) and paclitaxel (PTX, 3) indicated that twnjugate is found to more effective
various cell lines including MCF7 (breast adenoicemma), KB (mouth carcinoma), Hel
(cervical cancer), B7/MG (glioblastoma), A549 (lunadenocarcinoma), A-84 (oral

cancer), and Y:0B (oral cancer) cel[99-102].
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1.6.2.3 Chlorin e6 and its derivatives:

Chlorin- e; (Ces;) because of three carboxylic acid groups in théemde is a hydrophilic
photosensitizer, which is synthesized by alkaligéralysis of Pheiea. Although, G has
good photodynamic properties~25000 at 654 nm) with good singlet oxygen yied, [
103] to utilize it for PDT it has been convertedoi various derivatives, including mono-
L-aspartyl chlorine e6 (MACE), diaspartyle§, monoseryl @ and other amino acid
derivatives which had improved efficacy and decedaside effects compared to the first
generation photosensitizers. MACE, also termed aaporfin sodium is currently
undergoing clinical trials in various countries endvarious trade names such as
Laserphyrin, Litx, LS-11, ME-2906, NE&, by the Nippon Petrochemicals (Japan), Meiji
Seika Kaisha Ltd. (Japan), Light Sciences Oncol@$$A) [104]. MACE is synthesized
by joining L-aspartic acid with an amide bond te firopionic acid residue ofegz. MACE

is more hydrophilic than & because of presence of extra ionizable carboxyligrof
aspartic acid. It exhibit very strong absorptioralpg&~38000 M* cm* at 664 nm) and
high singlet oxygen yield of 0.77 in phosphate-btgti BO solution. It has been reported
that the skin photosensitivity caused by MACE ds=gred faster than the existing
photosensitizer, which leads to limited durationskin sensitivity [81]. Clinically, in the
patients with early lung cancer the complete respamas obtained in 85.7% of the lesions
(36/42 lesions) by the administration of 40 mg/followed by laser irradiation at 100
Jlcnt 4-6 hours later [104, 105]. The clinical trialsngs MACE has been first started in
Japan under the supervision of Nippon PetrochemiCslaka, Japan) for superficial

malignancies of the skin and nasopharynx. Goodoresp rates were seen for light
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fluences of 50-200 J/dmapplied at 4-8 h after drug, and skin photoskifitsitwas
limited to the first 2—4 days [105]. In USA, MACHSF is currently undergoing phase Il

trials for glioma and phase lll trials for metastatolorectal cancer and hepatoma.

Some other & derivatives such as Radachlorin (RADA-PHARMA LtRussia)
and Photodithazine (Veta Grand Co., Russia) ardimical trials or approved for some
diseases in Russia [105, 107, 108]es Gs the common component in Photolon,
Radachlorin and Photodithazine. Radachlorin costaadium @ (90-95%), sodium
chlorin ps (5-7%) and an unidentified chlorin (1-5%) [108hdeodithazine is a mixture of
Ceb6 (60%), chlorimps, and purpurins 7 and 18 [108]. PVP is additionaked in Photolon
to increase its stability by preventinggCaggregation and to improve solubility of more
hydrophobic mono- and diethyl ethers ok;CGn aqueous media [110]. Photolon,
Radachlorin and Photodithazine have absorption maat around 400-410nm and 650-
670 nm [111, 112]. Clinical trials with Photolona&achlorin and Photodithazine have
demonstrated very low dark toxicity, high seledyiviwithin 0.5-5 h), high phototoxicity
and rapid clearance (around 2 days) [112-115]. Hewethese & derivatives are
mixtures of many compounds and due to this unstablthe longer time periods, had low
therapeutic efficiency, required high doses and load selectivity. Additionally, @ in
Photolon contain process and degradation relategunties chlorin e4, 151-
hydroxyphyllochlorin, rhodochlorin, etc. [105,1008]. Moreover, due to these drawbacks
additional clinical studies are needed to evaltia@ clinical potential for eventual use in

other countries [103] [100].
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1.6.2.4 Chlorinps and its derivative:

Chlorin ps is another chlorophyll-a derivatives can be pregafrom pheophorbide-a.
Pheophorbide-a first converted in to Purpurin-18-{8), which upon alkaline hydrolysis
converted in to chlorips. The schematic diagram for synthesis of chlgsnfrom
chlorophyll-a is shown in Fig. 1.1. While, Pp-18ashydrophobic photosensitizer having
good photophysical and photochemical properties chigh absorption coefficient (~
41,800 M* cnmi) at 700 nm and good singlet oxygen yield (~ 6.diethyl ether), but gets
aggregated more often in aqueous medium [116]. ,Thusuitable delivery vehicle is
required for its administration in to the body. fdover, the anhydride ring of P18 is very
sensitive to the presence of nucleophiles. TheeefBd8 may not be very stable in the
body, because of the presence of biomolecules, ssclproteins, which can act as
nucleophiles and causes opening of the anhydndge[ti17]. However, this can ultimately
lead to the formation of a photoactive compoundoighlps, which is a amphiphillic
photosensitizer having three ionizable carboxylugso in the lower periphery of the
molecule and a absorption band at 656 nm with gtisor coefficient ~24,300 M cmi’
and good singlet oxygen generation capaciiy~0.60 in ethanol) [81].Chlorips (Cps) is
structurally similar to Chlorire; except the absence of a methyl group at mesoiqosit
carboxylic group. The synthesis and phototoxic propof chlorinps was first reported in
1986 by Hoober et al [117]. Studies have beenrtegmn the use of some derivatives of
chlorin ps for PDT of bothin-vivo as well agn-vitro studies such as lysyl chlorjm for

glioma tumors in rats, lysyl chlorips diester and triester analog for murine leukemia
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L1210 cells, 13, 15-N-(3’-hydroxypropylcycloimidehlorin ps and its methyl ester for

A549 human adenocarcinoma cells [118-121].

Detailed studies carried out at RRCAT on photoptatsiphotochemical and photo
biological characterization offg revealed that it is a promising photosensitizefDT of
cancer. @ is a water soluble photosensitizer due to presehtd&ee ionizable carboxylic
groups; it is therefore easier to prepare its tajele physiological solution for systemic
delivery [122]. Studies have been carried out @photophysical properties of chlopg,
its uptake in cell lines and photodynamic treatrmesft tumors in hamster cheek pouch
model. These studies have shown that chlpginvhich exists predominantly as anionic
species at physiological pH, undergoes changedrsthate of ionization upon decrease in

the pH to form an anionic species with smaller geaand higher hydrophobicity [123].

44



Chlorophyll-A Pheophytin-A Pheophorbide-A Intermediate
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Schemel.l. Synthesis of Chlopggfrom Chlorophyll-A.
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The increase in hydrophobicity at lower pH is bedié to be the main reason for
higher uptake of hydrophilic chlorin-type moleculestumor where intercellular pH is
known to be slightly acidic than physiological pStudies with model membrane system
(liposomes) showed that change in pH from physickdgo slightly acidic lead to deeper
penetration of @ in lipid regions [123]. Measurements on fluoressseamission lifetimes
as well as quenching of fluorescence with Kl suggfest at pH 5.0 the drug localizes in
the central region of lipid bilayer and for pH @@d higher the drug binds closer to the
liposome interface [123].These results suggedtat increase in hydrophobicity at low
pH would have significant influence on the cellulgotake of @s. Indeed, results of our
studies on colon cancer cell line show that thekgptas well as the phototoxicity opg£
increases with decrease in pH of extracellular omadirom 7.4 to 6.0 [124]. This effect
was however cell line dependent since no significhange in uptake and photosensitivity
was observed at different extracellular pH in breaarcinoma cell lines [124].
Measurements on intracellular site of photodamadg®eved that in Colon cancer cells
photosensitivity to lysosomes increases with desmeim pH whereas in MCF-7 cells
damage to mitochondria predominates at all pH sstgugthat the mechanism for uptake
is different for the two cell lines. While the dragcumulation in Colo-205 cells appeared
to occur mainly through endocytosis, its uptakevi@F-7 is primarily through diffusion

rather than endocytosis [124].

In-vivo studies carried out in hamster cheek pouch modetficacy of Qs for
photodynamic treatment of tumors led to promisieguft. @ showed preferential
accumulation in small size tumors (dia < 5 mm),idagearance from skin and complete
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tumor regression after PDT [125]. However, for tigkely large tumors its uptake was poor
which compromised the PDT efficacy. Although, irasimg drug dose (4 mg/kg body
weight) led to complete tumor regression for largemor of size ~130 min tumors

beyond this size regressed only partially [126].holdgh (s was found effective it

required higher dose for larger tumors increashmey risk of systemic toxicity therefore
further studies are necessary to improve its tusebectivity and PDT efficacy, which is
the main motive of the present research work, aitidoe discussed in detail in the later

part of this chapter.

In fact, various innovative attempts have been eyega by researchers to enhance
the selectivity of photosensitizers and improvetiesrapeutic efficacy by utilizing several
drug delivery strategies, which was develop by eiiplg unique characteristics of tumor
biology [127]. This concept has led to the origihtbird generation photosensitizers,

which was devised for targeted photodynamic therapy

1.6.3 Third Generation Photosensitizers or Targete@hotodynamic therapy

Most of second generation photosensitizers accumutatumor tissue through passive
targeting mechanism, which is regulated mainly Imysicochemical properties of the
photosensitizer. Moreover, due to this PS may ibiste in normal tissue and thus can lead
to systemic phototoxicity. The selectivity of PD&nc best be increased employing a
photosensitizer that is enriched more in the tatigtue. The targeted delivery of

photosensitizer to defined cancer cells is ondefrhain challenges and a very active field
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of research in the development of treatment stiagetp minimize side-effects of PS.
Therefore one goal in the field of targeted thezaps to develop chemically derivatized
drugs or drug vectors able to target cancer ca@lspecific recognition mechanisms [128].
The more precise targeting would enhance photasesrsefficiency and reduce harmful
side effects of the treatment. There are sevéralegies, which devised to enhance PS
selectivity based on either use of suitable dejivezhicles or exploitation of level of
difference in expression of specific cellular aatig and cellular surface receptor by cancer
cells compared to normal cells [127]. Photoseresgidiave been shown to target tumors
when incorporated into delivery vehicles such a®dome preparations [129,130] and

nanoparticle$l35] .

The most promising approach is to targeted delivefyphotosensitizer via
receptors present on cancer cells. This approtlcres the fact that tumor cells typically
have increased expression of cell surface recefiiorsarious growth factors or regulatory
bio-molecules. For this purpose, photosensitizejugated to monoclonal antibodies or
small antibody fragmenteave been investigatdd32,133,134]. Monoclonal antibodies
(mAb) have been used in a variety of ways in thenagament of cancer, including
diagnosis, monitoring, and treatment of diseasealme of their inherent abilities to
recognize and bind to tumour-associated antigesisaite either exclusively expressed on
tumour cells - a rarity - or over-expressed as aneqh to normal tissue [133,134,135]. The
first time in 1983 Mew et al was conjugated the tpkensitizer hematoporphyrin
derivative (HpD) with a monoclonal antibody anti B2J myosarcoma M-1, [136, 137]
since then several conjugates of various photosesrs with MAbs have been prepared
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and investigated for their tumor selectivity and TPBfficacy. For example anti-EGFR
MAb-BPD PIC directed against squamous cell carcadi38,139,140], Chlorin e6-
dextran-anti-Leu-1 or anti BSA MADbs [141,142,1431],4yropheophorbida (Ppa) with
anti-HER2 mAbs for ovarian and breast cancer cel5[146], also Ppa coupled to various
MAbs C6.5 anti-HER2, MFE-23 anti-CEA, HUBC-1 anDBE fibronectin used against for
ovarian, colorectal and fibroblast cancer cells6]1%-(4-isothiocyanatophenyl)-10,15,20-
tris-(4-N-methylpyridiniumyl)porphyrin trichloridéPS2)- 35A7MAb conjugates for colon
carcinomas [147,148], AlPc(S0l)4 to an antibody (E7) for human bladder carciaom
[149], photosensitizer (tin(IV) chlorin e6) couple® phage-derived antibody fragment
(anti-fiborogen antibody L19) directed against emhedial cells [150,151], meso-
5,10,15,20-tetraki®{-methyl-4-pyridyl)porphine (TMPyP4) conjugated withonoclonal
antibody 425, recognizing epidermal growth fact@ceptors towards vulvar cells
[152,153]. However, the feasibility of this druglidery strategy is highly dependent on
PS-to-mADb ratio, which makes the syntheses contplitaespecially since the mAb and
photoactive drug need to retain their biochemicald aphotophysical functions,
respectively, after conjugation [154, 155, 156]ddad, the majorities of reports in the
literature describing the synthesis of such cowstrinighlight the significant problems
with systemic delivery and reduced singlet oxygeatdg, both of which will substantially
decrease the efficacy of PDT for these stratedWereover, this class of selective PS
targeting strategy has been widely investigated that concept still needs the clinical
successes due to some of the reasons, such asoificspptake by the liver, kidney, and
spleen [157]; shared antigen cross-reactivity [158]; significant losses in biological

activity of the antibody, probably due to interfiece in the antigen-binding region by PS
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molecules [154]; and poor penetration into solicheurs [160,161]. Thus, research has
focused on the targeting of receptors rather thigens that are preferentially expressed

in tumor tissues.

Photosensitizers conjugated diretly to lignd or esales specific to receptors on
cancer cells is another way for improving the tursefectivity and PDT efficacy of
photosensitizers [162]. This approach has beemsigated in various studies by
conjugating PSs with the ligands or molecules sashow-density lipoprotein (LDL),
epidermal growth factor (EGF), carbohydrate, fo#icid, insulin and transferrin etc

[162,163]. These studies are described below.

1.6.3.1 LDL Receptor targeting:

The expression of LDL receptors is higher in mdsheoplastic cells and proliferating
endothelia because of the more demand for exogestmiesterol for membrane synthesis
[164,165]. Consequently, lipophilic PSs provide amted tumour localization by virtue of
binding to LDL and exhibit greater retention thagdtophilic drugs [166,167,168].

Therefore, the role of LDL receptors as carrier @sales to improve phototoxicity has
been investigated using various photosensitizexduding hematoporphyrin derivative,
zinc phthalocyanine, and chlorin e6 (Ce6). Polaldtave shown that both an amphiphilic
hematoporphyrin IX (Hp) and a hydrophobic Zn (Ihtpalocyanine (ZnPc)

photosensitizers bind to human LDL with molar ratiof 5-6:1 and 10-12:1 by human
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HT1080 fibroblasts cells respectively. While, thentatoporphyrin-LDL complex is

accumulated mainly through the high affinity LDLceptors, the changes in the apoB LDL
structure induced by phthalocyanine associationtdexdon specific endocytosis mediated
internalization of Zn-phthalocyanine-LDL complex. okdover the uptake of LDL-

delivered hematoporphyrin, but not Zn-phthalocyanis about 4-fold higher in HT1080.
However, human LDL-bound hematoporphyrin and Zripldcyanine are up taken by 4R
rat fibroblasts with similar efficiency [169]. Sifarly, it has been reported that chlorin e6
(Ce6), covalently conjugated to LDL had signifidgritigher uptake of Ce6 (4-5 times)
and phototoxicity (8 folds) in fibroblast and retbiastoma cell line (Y79) [170] [170].

However, the use of LDL as carriers for photosé&resitdelivery to target tumor tissues
imposes certain limitations, connected with retstion in the blood, depending on
dynamics of interactions between photosensitizats ldood components, which are not

yet fully understood [162,171].

1.6.3.2 EGF receptor targeting:

The most established cell proliferation targetsduiee actively targeting photosensitizers
include human epidermal growth factor receptor (REFRwvhich is widely expressed in
many human tumors, particularly in glioblastoma tifrim and in many epithelial tumors,
such as head and neck, breast, renal cell or egephaancers [172,173]. This makes
EGFR an important target for treatment of the tgpeancers given above and epidermal

growth factor (EGF) — a potent mitogenic and angrmgis-stimulating factor — a potential
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drug carrier. To date, this strategy has not beerotighly investigated; only few research
groups have used photosensitizer-EGF model [1741T85L77]. Lutsenko and colleagues
showed that conjugate of disulfochloride aluminiphthalocyanine with mouse EGF were
seven times more phototoxic against human breasincma cell line MCF-7 than free
disulfochloride aluminium phthalocyanine [17#s human EGF, in contrast to that of
mice, may lose its biological activity due to prese of two amino groups in the lysyl
residue after direct conjugation to photosensitieerefore Gijsenst al. conjugated tin
(IV) chlorin e6 monoethylene diamine (SnCe6(ED)XhwWEGF through human serum
albumin (HSA) as a linkefThis conjugate showed a potent phototoxicity (IG563 nM)
towards MDA-MB-468 human breast adenocarcinomas addipendent on EGF, because
free SnCe6(ED) and SnCe6(ED) conjugated only to H&Aaled no phototoxic effect
against these cells [175]. Animal studies (C57Bti6ée) on the murine melanoma cell line
B16 using the CoPC-EGF model exhibited promisinguits the mean life spans and
survival times of the tumour bearing mice were @ased [176]. Similarly, in-vivo studies
carried out by Slastnikova et al in A431 human epibid carcinoma-bearing mice have
shown that chlorin e(6)-modular nanotransportersfE@onjugate led to 94% tumor
growth inhibition with 75% of animals surviving f& months as compared with free
chlorin e(6), which resulted only 20 % growth inkidn [177]. Further work needs to be
undertaken on EGF conjugates to fully evaluaterthetential as PDT targeting agents

[178].
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1.6.3.3 Carbohydrate receptor based targeting:

Coupling of sugars to photosensitisers has alsashpomise in the selective targeting of
tumour cells [179,180,181,182]. Tumour cells hawghhenergy requirements and their
proliferation is often dependent on glucose uptalsevated glycolysis rates are observed
in cancer cells in comparison to healthy cells.@he traverses the cell membramna
receptor mediated endocytosis [180,181,182]. Pampisaccharide bioconjugates have
demonstrated greater binding affinities for canceils, which overexpress glucose
transporter receptors [182]. Similarly, many comjiey have been synthesized to
specifically target the lectin family of receptovghich are overexpressed in certain
malignant cells since they are involved in cellvgiio [183], cell adhesion [184], immune
response and angiogenesis [185]. These recept@ses® a carbohydrate recognition

domain and exhibit a high affinity for b-galactosiglycoprotein [186, 188].

1.6.3.4 Folic acid receptor targeting:

Furthermore, the conjugates of PSs with folic awtlich target the folate receptor (FR)
seems to hold better promise in targeted PDT [189,191]. This approach of using folic
acid as a potential tumour-targeting ligand hagsdwnique advantages including: lack of
immunogenicity; small size; chemical and functiosgbility; and simple and defined
conjugation chemistry [190]. Folic acid has a hajfinity for folate receptors which are
up-regulated in numerous cancer cell types, suabvasy, kidney, lung, breast and brain

carcinomas, and at the same time are absent in moostal tissues. Moreover, folic acid
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can be easily conjugated with PDT sensitizers [1@8dhneideret al. synthesized
conjugates of monocarboxylic acid tetraphenylporhwith folic acid, which were taken
up by KB nasopharyngeal cells 7-fold as much as frleotosensitizer. These conjugates
showed also significant photodynamic effects adai6éB cells while free
tetraphenylporphyrin showed no photodynamic actainthe same conditions [192].
Stevenset al. synthesized folate receptor-targeted SLN (a meamelier<200 nm) as a
carrier for lipophilic derivative of hematoporphyrin folate receptor overexpressing tumor
cells. The results ofin vitro study showed that introduction of folic acid into
hematoporphyrin-stearylamine SLN greatly incregdestotoxicity and cellular uptake in
FR-positive KB cells when compared with non-funoibzed nanoparticles [193].
Furthermore, Stefflova et al observed an enhaacedmulation of Pyropheophorbide a-
peptide-Folate conjugate in KB cancer cells (FRamhpared to HT 1080 cancer cells (FR-
), resulting in a more effective post-PDT killingkB cells over HT 1080 or normal CHO
cells. In vivo studies showed that the conjugat® accumulate preferentially in KB
tumors (KB vs. HT 1080 tumors 2.5:1) [194]. Recen8yu et al have shown that a single
dose of folate-conjugated m-THPC-loaded micelles tte 92% tumor growth inhibition
and reduction of vessel density [195]. Garcia-Datal reported that incorporation of a
model photosensitizer (ZnTPP) into a folate-targdiposomal formulation led to 2-fold
higher uptake and also improved photocytotoxicigyHelLa cells (folate receptor positive
cells) than the non-targeted formulation [196]. Hoer, additional pharmacokinetic and

photodynamic effect studies are necessary to fuvthiedate this.
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1.6.3.5 Insulin and other receptor based targeting

Studies have also been carried out to target msatieptors in human hepatoma cell line.
For this purpose a conjugate of BSA insulin-chloe® has been prepared and it was
demonstrated that the conjugate was internalizedebgptor-mediated endocytosis and
required much lower concentration as compared @e @hlorin e6 and also lower light
doses was needed to activate the conjugate comparéde Ce6 [197]. However, no
further studies have been carried out to exploi® ¢bnjugate. In addition to the tumor
surface receptors, nuclear receptors are targasedell and also limited number of studies
have been performed to actively target tumor eral@th markers (ED-B domain of

fibronectin, VEGF receptor-2, and neuropilin-1) 31.6

1.6.3.6 Transferin receptor based targeting:

Several types of cancer cells exhibit increasedresgion of transferin receptors and
therefore conjugate of transferin and various pbensitizers have also been studied
extensively [162]. Transferrin is a blood plasmscgprotein for delivery of ionic iron.
Bioconjugates composed of transferrin and hemapdpomn were found to induce
phototoxicity in erythroleukemic cells and the suimg cells did not reveal resistance to
subsequent treatment with these conjugates [182e aluminium phthalocyanine

tetrasulfonate encapsulated in distearoyl phosgylathanolamine-PEG liposomes
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conjugated to transferrin exhibits 10-fold highehofdynamic effect than free
photosensitizer, while the same photosensitizenontargeted liposomes revealed no
photodynamic activity [198]. Derycke et al (2004ave reported that photodynamic
therapy of Hela cells incubated with 1 uM Tf-LigP&S4 or AIPcS4 resulted in cell
viabilities of 0.19% (95% CI = 0.02% to 0.36%) ah@2% (95% CIl = 0.46% to 2.19%),
respectively. Higher concentrations of either AR08 Tf-Lip-AlPcS4 resulted in cell
kills of more than 3 logs [198]. Also, same growga hreported that transferrin-conjugated
liposomes (Tf-Lip-AlPcS4) had much higher intragkdlr accumulation in AY-27 cells
(384.1 versus 3.7 microM; difference = 380.4 micrd®5% CIl = 219.4 to 541.3; P =
.0095) compared to unconjugated liposomes (Lip-8Hd199]. Also, rats bearing AY-27
cell-derived bladder tumors exhibit higher tumontwrmal tissue accumulation of Tf-Lip-
AlPcS4, whereas free AIPcS4 resulted in nonsele@oscumulation throughout the whole
bladder wall, and Lip-AlPcS4 led to no tissue acalation [199]. In contrast with these
studies Derycke et al have shown that targetindnygfericin by transferrin-conjugated
PEG-liposomes did not significantly favour the ptotoxicity and the intracellular
accumulation of hypericin, in comparison with nangeted PEG-liposomes or free
hypericin [200]. Recently, Paszko et al [201] hayethesized polyethylene glycol (PEG)-
grafted, transferrin (Tf)-conjugated liposome fotations of 5,10,15,20-tetra(m-
hydroxyphenyl)chlorin (Foscan) in order to incre#ise efficiency of PDT in oesophageal
cancer therapy. They had confirmed the expressidransferrin receptors (CD71) in the
oesophageal cancer cell line, OE21 by immunoblotl @onfocal laser scanning
microscopy. But, surprisingly delivering Foscanttansferrin-conjugated PEG-liposomes

to oesophageal cancer cells did not improve theqgglytotoxicity or the intracellular
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accumulation of Foscan when compared to unmodifipdsomes or indeed free
photosensitizer. Although, Tf-targeted drugs andigddelivery systems have shown
improved the therapy of many cancers, howevernoidcorroborate with these findings.
This may be due to the tumour type, the choicenofiro model or the delivery systems.
Moreover, since the type and level of receptor esgion can differ in different types of
malignancies [201]. Therefore, there is a need xploee new targets and targeting
molecules. Currently, there is considerable interesdentifying biomolecules and cell
surface receptors that play significant role in eurgrowth and development so that they

can be used for selective targeting of tumor ¢&b2,163].

1.6.3.7 Histamine receptors can be exploited astpatial therapeutic target:

Histamine is one of such bio-molecule that hasiveckelot of attention due to increasing
evidence on its involvement in tumor growth andelegment. Histamine is a biogenic
amine which apart from its classical role in ga&stdcid secretion, inflammation,
immunomodulation and in nervous regulation [204s lalso been suggested to play an
important role in tumor growth and development [20&]. There are four types of
histamine receptors H1, H2, H3, and H4 classifiadle basis of their pharmacological
properties, play different important role in vasophysiological process of body (Table
1.2). These receptors belong to the G protein eaupceptor family and are expressed in
endothelial, mesodermal and epithelial cells. HH &P receptors were the first two
histamine receptor subtypes described and thusntds frequently investigated in tumor

cells and tissues. Typically, H1 receptors havenlsscribed as functionally coupled to
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PLC activation and mediate many of its effects thia products of inositol phospholipid
hydrolysis. However, many other signaling pathwagse been shown to be activated
after the stimulation of H1 receptors such as cGHiRchidonic acid metabolites and
CAMP [205, 206]. The H1 subtype, cellular responsexiiated by the H2 receptor are
probably due to the activation of various signalyrahways [205, 207]. The most common
coupling described for the H2 receptor is the skaton of CAMP production through a
direct activation of adenylyl cyclase via a GTP hdsm, [205,208] which is present in a
number of systems including brain slices, stomacitasal cells and glands, canine fat
cells, heart myocites, vascular smooth muscle, géaks and neutrophils [208,209].
Selective activation of the H1 or H2 receptor hasrbshown to produce inhibition or
stimulation of tumor growth respectively, in a daspendent manner [205, 210, 211].
Although the four histamine receptors share a degfsequence similarity, a considerable
variation exists in their binding affinities witkespect to histamine as well as towards other
ligands. Relative abundance and differences in dffimity of the histamine receptor
subtypes may explain these diverse effects of misi For example, iMN-nitroso- N-
methylurea (NMU)-induced mammary adenocarcinomaaitttivation of the receptor with
histamine concentrations up to 50 nM increases tured proliferation whereas higher
histamine levels inhibit cell growth via receptatigation [212]. Similarly, in the human
pancreatic carcinoma PANC-1 cells, histamine at émmcentration (0.0L4M) increases
tumor cell proliferation whereas at high concemvra{10 M) decreases cell proliferation
via receptor activation thereby inducing a GO/GIl cgcle arrest associated with partial
stimulation of cell differentiation [213]. The rd®ireported by Medina et al. well

illustrate this bivalent behaviour of histaminer@gulating tumor cell growth [214]. They
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investigated, for the first time, the expressionthef H3 and H4 receptors in human benign
and malignant mammary lesions. Although previougkwdemonstrated that the H3
receptor is expressed primarily in the central aasvsystem, Medina and colleagues have
demonstrated the upregulation of H3 in breast namas and its significant association
with proliferating cell nuclear antigen expressiand elevated HDC expression and
histamine levels in the same samples. Moreovery floeind that histamine at low
concentration (0.01 nM) can increase breast caoekrproliferation and this effect is
mediated by receptor activation. On the other hdwistamine at 1uM decreases cell
growth through activation of the H1, H2 and H4 pgoes. H4 receptor activation can also
induce apoptosis and decrease migration of the MMIBA231 cells. Taken together, these
results clearly demonstrate that histamine can\®l@ a pro- or an anti-proliferative
factor within the same tumor type cells, dependingits concentration and the receptor

subtype to which it binds [214].
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Table 1.2: Different types of histamine receptdh®ir location and functions [Adopted

fromref.]
Type Location Function
H1 Found on smooth Causes vasodilation, bronchoconstriction, bronchial
histamine | muscle, endothelium,| smooth muscle contraction, separation of endothelia
receptor | and central nervous | cells (responsible for hives), and pain and itchdog
system tissue to insect stings; the primary receptors involved in
allergic rhinitis symptoms and motion sickness
H2 Located on parietal | Primarily stimulate gastric acid secretion
histamine | cells
receptor
H3 Found on central Decreased neurotransmitter release: histamine,
histamine | nervous system and toacetylcholine, norepinephrine, serotonin
receptor a lesser extent
peripheral nervous
system tissue
H4 Found primarily in Plays a role in chemotaxis
histamine | the basophils and in
receptor | the bone marrow. It is

also found on thymus
small intestine,
spleen, and colon.
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Table 1.3: Expression of histamine receptor, irglatar histamine content and effect of

histamine on cell proliferation in various typescafcinoma [Rivera ES, Cricco GP, Engel

NI, Fitzsimons CP, Martin GA, Bergoc RM. Histamiag an autocrine growth factor: an

unusual role for a widespread mediator. Semin QaBicd 2000; 10:15-23.]

Cell line references Histamine HDC and histamine | Effects on cell proliferation
receptors content
Pancreatic carcinoma: Panc-1 H1 and HZ Hi releaske r8vl Hi | Inhibition by Hi or H2 agonists
content 4-9
pmol1Cfcells
Melanoma :A375-P, A875, H1 and H2 Hi content 3-6 Different effects dependent gn
WM35, WM983, HT168, pmol1C°cells, Hi | histamine concentration and
M1/15 release 3—4 nM cell line
Epidermoid carcinoma :A43[LH1 Increase in DNA synthesis and
Uterine carcinoma ,Hela. cell division
Gliomas:U-87MG, UT-98G| H1 Hi release 50-120 nM Hi  increases  3H-timidjne
A-172,U-251MG, KALS-1, uptake in the six cell lines
KINGS-1
Other glioma cell lines Colon H2 Inhibition by cimetidine|
carcinoma:59 C-170 Cimetidine inhibits, Hi-
stimulated cell proliferation
Breast cancer :MCF-7,SKBR3,H1 and H2
MDA-453
Ovarian carcinoma: SKOV-3 Hi stimulates cell gtbw
Mielocytic leukemia :HL-60 H1 and H2 Differentiah induced byHi
via H2 receptors
Histiocytic linfoma:U937 H1 and H2
Gastric  carcinoma:MKN-45| H2 Hi content< 1pmol10° | Inhibition by cimetidine

MKN-45G,HGT-1

cells

Basophilic leukemia KU-812t

F

Hi content 9 pmadimg
prot.
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Although the hypothesis that histamine might beoined in carcinogenesis was proposed
in the 1960s [215], it still remains under discosstoday. Clarification of the molecular

structure of histidine decarboxylase (HDC), i.de tonly enzyme responsible for the
generation of histamine from L-histidine, has ¢lad up to certain extent the connections
between histamine and cancer. The endogenoustaafHDC in tumor cells and tumor-

infiltrating mast cells is likely to establish antacrine loop in which histamine acts as a
growth factor. Paradoxically, the exogenous adrrizi®n of histamine at higher

concentration seems to exert anti-tumoral propertieough both direct and indirect
effects on tumor cells. However, accumulated ewdepoints to a direct relationship
between upregulation of HDC activity and growth sefveral types of human tumors.
Overexpression of HDC at both the mRNA and proteirels and increased levels of
histamine compared to the content of normal sudmgtissues have been shown in
melanoma [216], small cell lung carcinoma [217]edst carcinoma [218], endometrial
cancer [219] and colorectal carcinoma [220]. Neéhwaddss, evidences for the direct

involvement of histamine in cancer progression iest be elucidated. [221]

Histamine receptors are expressed in multiple mahg cell types (Table 1.3), and they
can activate multiple signaling pathways [212]hdis been demonstrated in experimental
mammary carcinomas, histamine becomes an autogmaveh factor capable of regulating
cell proliferation via H1 and H2 receptors, as ohthe first steps responsible for the onset
of malignant transformation and remarkably, thatireent of animals with H2 antagonists
produces the complete remission of 70% of tumansthErmore, the histamine antagonist

led to tumor regression and also enhances patigwival after postoperative treatment.
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For instance diverse clinical reports suggest Hatantagonists have potential beneficial
effects in the treatment of advanced malignantadisesuch as colorectal cancer, gastric
cancer, liver metastasis, multiple myeloma, chrdyimephocytic leukemia and melanoma
[222,223,224,225]. For instance, cimetidine (CI)H2 antagonists which is known to
inhibit the growth of several types of tumors, udihg gastrointestinal cancers, bath
vitro andin vivo in animal models [226,227]. Studies of the anti-tureffects of CIM
indicate multiple potential mechanisms of actioharacterized by three overall
characteristics: a) a direct inhibitory effect ambr growth by blocking the cell growth-
promoting activity of histamine [227,228] (Fig. 1.&nd an indirect effect by inhibiting
tumor associated angiogenesis [229]; b) a cell-atediimmunomodulation by enhancing
the host's immune response to tumor cells (Fig) [280,231,232]; c) an inhibition of

cancer cell migration [233] and adhesion to endi@heells [234].
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UOIJE[NPOUIOUN LI | I

Histamine

@® Tumoral Cell; M :12 Receptor; (@ :T Lymphoeyte; (@) :Monocyte; @ Mast cell; JBS : Dendritic

Cell; TIL: Tumor Infiltrating Lymphocyte; | Leuko: Infiltrated Leukocyte; NKc: Natural Killer cell

Figure 1.5. CIM inhibitory effect on tumor growtGIM blocks the cell growth-promoting
activity of histamine. The mechanisms proposedtiercell-mediated immunomodulation
of CIM include the inhibition of suppressor T lynmgayte activity, the stimulation of
natural killer cell (NKc) activity, an increaseimterleukin-2 (IL-2) and interleukin-12 (IL-
12) production in helper T lymphocytes, an increastimor inhibitory cytokines and the
enhancement of the host's anti-tumor cell-mediateasiunity [Adopted from reference

no.233].

64



However, Studies in melanoma cells have shown &iy®sorrelation between
histamine production and histamine receptor exmpessuggesting up-regulation of
histamine receptors and existence of autocrineraomf melanoma progression by
histamine [235].The schematic in Fig. 1.7 showst thew histamine established an

autocrine loop for tumor growth and development.

Histamine 0 ’ ° Extracellular
HR - Histamine
Recydling . ’ .
0OCT

o VMATZ
.0 | 'f.'aﬂ?'?i["l_(__ e, @ criopiasm
_ Histidine ——> Intracellular
Histamine
Lysosome
mediated
degradation

Schemel.2. The schematic shows autocrine loop sfahiine. It binds on histamine
receptor or with other site such as OCT (orgaaion transporter) and gets internalized.
In addition to this it can also be generated imacellular compartment by oxidative
decarboxylation of histidine by HDC (histidine ddmaxylas) [Adopted and remodified

from reference no. 259].
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Elevated levels of histamine receptors in maligrisssue almost 2-5 times higher
than normal tissue has been reported in severastgpmalignancies e.g. breast carcinoma
[236], melanoma [236] and adrenocortical cancer7[23he expression of histamine

receptor H1 and H2 has been found in several huraacer cell lines (Table 1.3) [212].

It has been suggested by various studies that itanfine receptors can be
exploited as novel approach to treat cancer [238,ZIhe use of Histamine for targeting

photosensitizer in PDT of cancer has not been eaglso far.

1.7 Aims of the present study:

In the present work, we have examined the possititi exploit histamine receptors for
improving delivery and photodynamic efficacy op«Gn oral cancer cell lines and hamster
cheek pouch model of oral squamous cell carcindrha. use of Histamine for targeting
photosensitizer in PDT of cancer has not been egglso far. The main objectives of this

study are as follows:

1. To study cellular uptake and phototoxicity gighistamine conjugate in oral
cancer cells
2. To explore the intracellular site ofpg&histamine conjugate localization and PDT-

induced cell organelle damage
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. To evaluate efficacy of gg-histamine conjugate for Photodynamic treatment of
tumor in Hamster cheek pouch model
. To study interaction of fg-histamine conjugate andpgwith BSA and liver

microsomes
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CHAPTER 2

MATERIAL AND METHODS
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2.1. Materials

DMEM ( Dulbecco’s modified essential media ), N-gdhoxyethylpiperazine-N’-2-

ethanesulphonic acid (HEPES) phosphate bufferedeséBS), trypsin, nystatin, 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium brote (MTT), and fetal bovine serum
(FBS) were obtained from Himedia, Mumbai, Indibl-2-hydroxyethylpiperzainé-2-

ethanesulfonic acid (HEPES), streptomycin and piénievere obtained from Sigma, St.
Louis, MO, USA. Cell culture wares i.e. culturesha petri plates, multiwell plates etc.,
were obtained from Tarsons, India. Bovine serunmumib (BSA) fraction V and 2-
thiobarbituric acid (TBA) were purchased from Sigm&, 4-Dinitrophenyl hydrazine
(DNPH) was from Hi-Media, India and N, N-dimethyrérosoaniline (RNO) was from

Fluka. Other chemicals were of the highest gradélable and procured locally.

Human oral squamous cell carcinoma (OSCC) cellslingr8e, derived from tumor

specimen of the upper aerodigestive tract (pyriféioasa) and cell line 4451, derived from
a recurrent tumor in the lower jaw were obtainesirfrCancer research Institute, Tata
Memorial Hospital, Mumbai, India and Institute ofi®lear Medicine and Allied Sciences,
Delhi, India, respectively. Human breast carcingiCF-7) cells were purchased from

the National Centre for Cell Sciences (NCCS), Pumdia.
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2.2 Procedures and methods

2.2.1Cdll culture

Human oral squamous cell carcinoma (OSCC) cellN8e and 4451 were maintained in
DMEM containing essential amino acids, 25 mM N-2hwoxyethylpiperazine-N’-2-
ethanesulphonic acid (HEPES), 10% fetal bovinerseand antibiotics. The cells were
grown in monolayer at 3%C in humidified incubator (Nuaire, USA) under 5% £O95%
air atmosphere. The cells were harvested by trigeion, re-suspended in culture media
and plated either in plastic Petri dishes or im8érowell plate. After ~ 18 h of growth, the
cells in log phase were used for all further expents. Human breast carcinoma (MCF-7)

cells were maintained in MEM supplemented with 1f@%al bovine serum and antibiotics.

2.2.2 Animal model

Male Syrian Golden hamstengl¢socricetus auratus, retired breeders 150-200 g, 20 animals) were

used for the experimentdhe animals were housed in plastic cages underraitau
environmental conditions with a 12 h light/dark leycand had free access to both water
and standard food. A 0.5% solution of 7, 12-dimketignz(a)anthracene (DMBA, Sigma)
in mineral oil was applied topically in left chepkuch mucosa three times a week for 14
weeks to induce tumors. All procedures involvingnaals were approved by Institutional

ethical committee in accordance with institutiogaidelines on animal care.
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2. 2.3 Preparation of Cpg and Cpg-histamine (Cps-his) conjugate

Chlorophyll-a was extracted from dry spinach leaaed converted into Purpurin-18 (Pp-
18) following the procedure described by Hoobieal. [240]. The Pp-18 was conjugated
to histamine by standard carbodimide coupling reactn brief, Pp-18 (2 mg, 1.5 mM)
was dissolved in dry DCM (2.5 mL) and mixed with @M 1-Ethyl-3-(3-
dimethylaminopropyl)-carbodiimide (EDC) under cowkbus stirring. After 10 min, a
solution of Histamine hydrochloride (0.9 mM) in abol (5 ml) was added drop wise
and the solution was stirred at room temperatur@4oh. The crude reaction mixture was
loaded directly onto a silica gel column and elutisthg a mixture of DCM/MeOH 95:5
with 1% of triethylamine (TEA). The dark red sotut eluted from the column was
washed with water to remove the triethylammoniurtt sapurity. The organic phase
containing Ppl8-histamine conjugate was evaporttettyness and converted int@&
his by hydrolytic cleavage of the anhydride ringRy-18 using alkaline methanol. The
schematic of chemical reaction is shown in the s&h@.1. The resultant green solution
was loaded onto silica gel column and eluted wigtN4/DCM (90:10). The faster eluting
fraction containing @s-his was collected and dried under vacuum. Thetywf the
conjugate was checked by thin layer chromatogrdph{) on preparative silica gel plate
using 90% aqueous methanol as mobile phase. Mesdtrem was obtained from IIT,

Mumbai India.
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Scheme2.1. The schematic of chemical reaction sigpweiynthesis of &-his from

purpurin 18.
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2. 2.4 Absorption and fluorescence spectra

Cps and (s-his were dissolved in Ethanol: PEG(400):HEPES dauf20:30:50) to obtain
the absorption and fluorescence emission spectra.absorption spectra were recorded
from 250-750 nm using 1 nm band-pass on a Cintras@éctrophotometer (GBC,
Australia). Fluorescence measurements were domg askFluorolog-2 spectrofluorometer
(Spex, USA). The samples were illuminated with 4@ light and fluorescence emission
was scanned from 600-750 nm keeping both excitatiod emission slits at 1 mm

corresponding to a band-pass of 3.6 nm and1.8espectively.

2. 2.5 Photosensitizer treatment

Cpe-his is hydrophilic and can be dissolved in aquemadutions, but storage at
physiological pH (7.4) results in its partial aggméon. Solubilization in alkaline buffer
(pH 9.0,) containing PEG-400 maintains it in thenmmeric state because the molecule
remains in anionic form at this pH. Thereforgs@is was first dissolved in ethanol and
then reconstituted in HEPES buffer (10 mM, pH %Optaining 30% PEG-400. For

comparison, stock solution ofpgwas also made in the same system.

The cells grown in microplate wells or culture Pdishes were treated withpg

his or (os by adding their specified concentrations in growtadium (DMEM with 10 %
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serum) followed by incubation at 3T in a 5% CGQ, 95% air atmosphere for different
time periods varying from 1/2 h to 7 h. The caluuptake of @ or Gos-his was also
measured in the presence of histamine (ImM and 5nRAnitidine (100 uM) and
Pheniramine (100 pM) and the incubation time usethis case was 3 h. For studies on
cellular uptake of photosensitizer at lower temperg the microplates were placed on a
refrigerant gel pack pre-cooled to ~32 in a thermocol box and the box was transferred
to 5% CQ, 95% air atmosphere inside the £@cubator. The temperature and the pH of

the culture media measured before and after 3ubaten remained nearly constant.

2. 2.6 Extraction and estimation of photosensitizer content in cells

At the end of each incubation time point, the a@tsupernatant was aspirated and the cell
monolayer was washed twice with cold PBS. To extilae photosensitizer from the cells,
250 pl detergent solution (0.1 M NaOH containing%.SDS) was added in each well and
the cell monolayer was scrapped with plastic pgeipp. The detergent solution was
pipetted several times to make a homogenous cgflesision. After 60 min incubation at
room temperature to allow complete solubilizatitime solution was mixed with 750 pl
PBS and centrifuged at 6,900 g for 10 min. The swdant from each sample was
collected and used for fluorescence measuremehisrelScence spectra were recorded
from 610 nm to 750 nm keeping excitation wavelength 400 nm. The relative
fluorescence intensity at 674 nm was measured aed to estimate the concentration of

the photosensitizer from a standard curve. Theaunation of the photosensitizer was
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normalized with respect to the total protein conhtestimated by the Lowery’s method
[241]. The cell number was kept approximately ¢guaach experiment for comparison

purpose.

2. 2.7 Photodynamic treatment

The cells were incubated withpghis or free @ as described above. After incubation
for 3 h, the cell monolayer was washed twice witiEM medium (no serum), followed
by addition of fresh growth medium. The cells weradiated with red light (660+25 nm)
using light source LC-122A (Ci tek, USA) coupleddptical fiber probe (Dia. 1.2 cm,
length 1 m) with an in-built narrow band-pass filt€he distal end of fiber optic probe was
placed at a height of ~ 14 cm to expand the beara &or illumination of the entire
microplate or three culture dishes simultaneouBhe light intensity measured by a power
meter model AN/ 2 (Ophir) at the sample positiorsw&9 W/m. The light dose was
varied by changing the irradiation time from 0-8ngbrresponding to irradiation dose of

0-38 KJ/nA.

2. 2.8 Measurements on phototoxicity

For determination of phototoxicity, cell viabilitwas measured by MTT assay [242].

Nearly 18 h after irradiation, the growth mediumswamoved and 100 pul DMEM medium
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(w/o serum) containing MTT (5.0 mg /ml) was addeceach well. After 4 h incubation,
the medium was removed and the formazan crystaisef within cells were solubilized
by addition of 0.4 N hydrochloric acid in isoprophnThe optical density of the blue
solution was measured at 570 nm and 690 nm usinigr@plate reader (Power Wave 340,
Bio-tek Instruments Inc., USA). Phototoxicity waalaulated as the percent decrease in
MTT reduction with respect to a control sample, eithieceived no photosensitizer and no

light.

2. 2.9 WesterrBlot for detection of histamine H2 receptor

The cells were solubilised by incubation in a samplffer (50 mM Tris-HCI, 2% SDS,
100 mM 2-mercaptoethanol, 10% glycerol, and 0.0%8fnphenol blue, pH 6.8) at 10C

for 5 min. The aliquots of cell extract were eleptioresed in 12% SDS-PAGE gel and
transferred to nitrocellulose membranes using ddvgrelectroblotting apparatus (Hoefer).
The residual binding sites were blocked with 5% fabrpowdered milk in PBST
(phosphate-buffered saline containing 0.05% Twe@n &d membranes were incubated
with (Dilution, 1:400) polyclonal rabbit anti-H2eceptor antibody (Santa Cruz
Biotechnology, Santa Cruz, CA) in PBST. All subsamfuwashes were performed with the
same buffer. Reactivity was developed using anufioih, 1:5000) Goat Anti-Rabbit IgG
linked to horseradish peroxidase (Millipore) viahanced chemiluminescence reagents

(Amersham Biosciences).
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2. 2.10 Intracellular localization of photosensitizer

The cells were grown on gelatin coated glass ctipersand incubated with the
photosensitizers for 3h. After washing with DMEMedium the coverslips were mounted
on to the stage of an inverted microscope (Olympapan) and the cells were observed at
1000X magnification using an epifluorescence illoation set up (excitation 530-560 nm,
barrier filter 580 nm). The images were recordedgi®a CCD Camera Model ‘ProgRes

CFscan’ and a ProgRes Capture Pro software (Jéngermany).

2. 2.11 Monitoring cellular and nuclear morphology

The cells were grown in plastic culture dishesateed with the photosensitizers for 3 h and
then exposed to red light at ~ 38 k3/mfter ~18 h, each of the culture dishes from omint
and treatment groups were mounted on to the stige mverted microscope (Olympus,
Japan) and the cells were observed at 400X magtdit under phase contrast
illumination. The morphology of the cells was reded using a CCD camera and analyzed.
To visualize the nuclear morphology, the cells wetained with DNA specific
fluorescence probe Bis-benzimidazole Hoechst 33B#&) (Sigma, USA) by adding a 10
ul of its stock solution (1ug M) directly into the culture dishes. After 5 mingtkells
were observed under epi-fluorescent microscope njplys, Japan) using a fluorescent

filter cube (excitation 340-380 nm, barrier fil&80 nm) and images were recorded.
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2. 2.12 DNA fragmentation by gel electrophoresis

The cells were grown in plastic culture dishes anbjected to photodynamic treatment.
After ~ 18 h, the cells attached to the culturendigere released by trypsinization and
mixed with the culture supernatant that contairadeed cells if any. After centrifuged at
600 g, the cell pellet was washed once with PB®wad by addition of 200 pul lysis
buffer (0.1% Triton X-100, 20 mM EDTA in 5 mM Tris€l, pH 8.0). The cells in lysis
buffer were kept in an ice bath for 10 min to allogll lysis. The bulk DNA present in the
cell lysate was precipitated by addition of 1 M NiaGlution containing 2.5% PEG-1800
and after centrifugation at 160@0for 10 min at room temperature the supernatant was
used for electrophoresis on 1.5 % agarose gel.OMA in gel was stained with Syber
Green Gold dye (Invitrogen, USA) and its fluoresmemwas visualized and recorded using

a Gel-doc system (Syngene, USA).

2. 2.13 Assessment of apoptosis and necrosis

Percentage of cells undergoing apoptosis and neda®wing photodynamic treatment
was determined by fluorescence microscopy. Infbfi@8 h after PDT the cells were
incubated with Hoechst (final concentration 10 ply/end propidium iodide (final

concentration 20 pg/ml) in the medium. After 5 ntime cells were observed under epi-

fluorescent microscope (Olympus, Japan) using ardcent filter cube (excitation 340—
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380 nm, barrier filter 430 nm). Cell stained wiHbechst showing characteristic chromatin
condensation and fragmentation were identified pep®otic cells. Cells showing red
fluorescence of Pl indicated loss of plasma mendmategrity and therefore identified as
necrotic cells (A representative picture is showrehin Fig. 2.1). A minimum of 500 cells
were counted in both control as well as each treatrgroup. Percentage of apoptotic and

necrotic cells was calculated from the total nundferells counted.

Figure 2.1: Representative microphotographs of 4@bfh), Nt8e (c-d) and MCF-7 (e-f)

cells showing nuclear morphology.
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2.2.14 Mitochondrial membrane potential in cells

To visualize the changes in mitochondrial membraoential, the cells grown on glass
coverslips were incubated in serum free cultureiomedcontaining 2 uM JC-1 (8,6,6-
tetrachloro-1,13,3-tetraethylbenzimidazolylcarbocyanine iodide) f& tin at 37C in
dark. Then the coverslips were washed twice witls RBd mounted on a larger coverslip
in PBS. The cells were visualize under an Invkertécroscope IX70 (Olympus) at 100 X
magnification using brightfield and fluorescenc&cdjeation 450-480 nm, long-pass filter
515 nm) imaging modes to observe changes in celiphodogy and mitochondrial
membrane potential, respectively. The images wecerded using CCD Camera Model

‘ProgRes CFscan’ and a ProgRes Capture Pro sofdaneptik, Germany).

2.2.15 Confocal fluorescence imaging of Cps-hislocalization in cells

For the determination of the subcellular localiaatof Gps-his, Nt8e cells were grown on
coverslips fixed at the bottom of 35 mm petri distd incubated with [G-his (10 puM) for

3 hr. The organelle probes were added at a comatiemt of 2 uM at 30 min before the
completion of incubation with (G-his. Organelle probes used were Mito Tracker for
mitochondria, LysoTracker for lysosomes, ER Tractar endoplasmic reticulum, and
Bodipy TR-C for Golgi apparatus (Molecular Probksjitrogen). After incubation, the
cells were washed twice with PBS, immersed in santethe petri dish was mounted onto

the stage of an inverted microscope. Fluorescemeges of cells were recorded with a
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Zeiss LS510 laser scanning confocal microscopegusin63x NA 1.4 oil-immersion
objective (Gottingen, Germany). The fluorescenceorgfanelle probes was activated by
488 nm Ar/Vis laser line and visualized using 5B45m band pass filter. Forpghis,

excitation with 543 nm He/Ne laser line and 650lanyg pass filter were used.

2.2.16 3D fluorescence imaging of cells

For assessing the PDT induced damage to subceluanelle, the cells grown on
coverslips were pre-labeled with specific organphiebes followed by the 3 hr incubation
with Cpg-his and irradiated with red light as describedpievious section. After the

treatment, the control and treated cells were fixed% paraformaldehyde, washed with
PBS and mounted on a glass slide in PBS solutibraréscence imaging of the labeled
cells was done using a Nearfield Optical Microsc@psstem using 60x oil emersion
objective. Fluorescence of organelle probes wésaded by 488 nm argon ion laser line
and the emitted fluorescence was collected throadtDO micron optical fiber. Image
acquisition in XY direction was done through thenpée depth of 10 uM with Z stack of
size 15-20. Images were acquired at 150x150 piredge resolution. Images were
processes using ImageJ software to reduce backdjraonprove contrast and convolve
enhance the images. For 3D reconstruction softWlarage surfer” (Developed by UNC

Centre for Computer-Integrated System, USA and labia freely at web site

(www.imagesurfer.org) was used.
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2. 2.17 Photosensitizer administration in hamsters

Cps and (e-his conjugate were dissolved in ethanol: PEG (4B&PES buffer (2:3:5) pH
8.0 and administered in animals through intra-pagtl injection at dose of 3.0 mg/kg
body weight. The animals were kept in diffuse liglhting the experiments to avoid any

unwanted phototoxicity.

2. 2.18 In vivo fluorescence measur ements

Photosensitizer accumulation in tumor, surroundiisgue, normal cheek pouch and
abdominal skin of abdomen was monitored using at&pi&uorometer (fluorolog-2, Spex,
USA) equipped with a fiber optic probe. The animelere anesthetized by injecting
ketaminium hydrochloride intramuscularly both dgriluorescence measurements and
photodynamic treatment. The fluorescence emissias wcorded from 610 to 750 nm
(excitation 400 nm). The measurements on photasssrsiaccumulation in tumor and
normal mucosa were done in 8 animals, which wendamly divided in two groups each
for Cpe-his and @s. To determine the level of gg-his and @ in tumor the auto
fluorescence of endogenous Pp was mathematicatigved by subtracting each spectrum
with a reference spectrum that was obtained from tinmor before photosensitizer
injection. From the resultant spectra, the intynsi fluorescence band fehis and @g)

was obtained by subtracting the baseline value5at im from the peak fluorescence
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intensity (674 nm) value. In case of spectra frammmal mucosa, the value of fluorescence

intensity obtained in similar manner (F674-F650mm)sed for comparison.

For monitoring clearance of gghis and @, fluorescence spectra from the
abdominal skin were recorded at 4, 24, 48 and &2dr photosensitizer administration
and the percent change in fluorescence intensipet time point with respect to intensity

at 4 h was calculated.

2. 2.19 Photodynamic treatment of tumors

At 4-5 h after photosensitizer administration, lluecal cheek pouch of the animal under
anesthesia was everted with the help of index finggach tumor was exposed to red light
(660 = 25 nm) through a fiber optic probe (diameter cm) using Lumacare LC122-A
light source (Ci-Tec, USA). The power density meadwith a power meter (Ophir) at the

fiber optic tip was ~ 0.2 W/cfrand the total light dose delivered was ~100 3/cm

2.2.20 Tumor volume measur ements

Tumor volume was measured before and one weekR&r For this, Tumor length (L),
height (H), and width (W) was measured using a ajic vernier calipers (Mitutoyo,

Japan) with measurement accuracy of 0.025 mm tantbr volume (D) was calculated in
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cubic millimeters (L x H x W) [16]. Tumor regressivalues (Tr) was obtained from the
formula, Tr (%) = 100 - (DT x 100/ DC), where DCdadT are tumor volume before, and

1 weeks after PDT treatment, respectively.

2. 2.21 Tissue Histology

The animals were sacrificed by excessive ethedatiba; tissues were excised and placed
in 10% buffered formalin for routine histologicateparation. The tissues sections were
stained with hematoxylin and eosin (HE) and exanhinmder inverted microscope
(Olympus, Japan). The images were recorded usi@CB Camera Model ‘ProgRes

CFscan’ and ProgRes Capture Pro software (Jen@pdikmany).

2.2.22 |mmunohistochemistry

The presence of histamine H2 receptors in tissuecisgns was determined by
immunohistochemistry. The animal tissue were fixed0% buffered-formalin solution,
dehydrated, and then embedded in paraffin. Thaosecof thickness ~4m were cut,
allowed to adhere on a glass slide, deparaffinaad than treated for 10 min with citrate
buffer (10 mM citric acid; pH 6.0) on boiling watbath. Endogenous peroxidase activity
was quenched by incubation in 3% hydrogen peroxid@0 % methanol for 7 min. The

non-specific binding sites were blocked with 10%aGeerum for 1hr and the tissue
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sections were incubated with polyclonal rabbit -#i2i receptor antibody (Santa Cruz
Biotechnology, Santa Cruz, CA) overnight at 4°CeTissue sections were washed with
PBS, incubated with goat anti-rabbit IgG-horseragisroxidase conjugate (Millipore) for
1 hr at room temperature, rinse with PBS and thaoubated with substrate
diaminobenzidine for 20-30 min. The tissue sectiowsre counterstained with
hematoxylin, covered with glass coverslips in a mig medium and viewed under an
inverted microscope (Olympus) using 40X brightfietdbjective. The specificity of
immunoreactivity was confirmed by negative contrimiswvhich non immune 10 % goat

serum was used instead of the primary antibodies.

2.2.23 Western Blot for detection of histamine H2 receptor in tissues

The presence of histamine H2 receptor protein oty surrounding mucosa and normal
mucosa of the hamster was also detected by wdsigrn For this, the tissue samples were
homogenized in phosphate buffer saline containnegepse inhibitor cocktail (Sigma) and
centrifuged at 10000 rpm for 10 min. The superratees mixed with equal volume of
sample buffer (50 mM Tris—HCI, 2% SDS, 100 mM 2-oca@toethanol, 10% glycerol and
0.05% bromophenol blue, pH 6.8) and kept at 10@Csfmin. The samples were loaded
on 12% SDS-PAGE gel for electrophoresis and thengd#l was processed for western

blot and detection of H2 receptor as decribed atice 2.2.9.
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2. 2.24 | solation of microsomes

Mice livers were homogenized (1: 2 w/v) in ice-c8ld mM-potassium phosphate buffer,
pH 7.4, containing 0.9% NaCl. After centrifugatiam 12000 g (20 min, 4 °C), the
supernatant was centrifuged at 100000 g for 60 @ifiC). The microsomal pellet was
resuspended and again centrifuged at 100000 gdomi®d (4 °C). The pellet was re-
suspended in 100 mM-potassium phosphate, pH 7Maicing 0.1 mM-EDTA and 20 %
(w/v) glycerol. Microsomes (25 mg/ml) were stored-80 °C. Protein was determined

according to Lowry et al. using BSA as a standard.

2. 2.25 Measurement of binding parameters

Interactions of chlorinps and chlorinps- histamine (@s-his) conjugate with BSA and
microsomes were studied spectrofluorometricallypgdtiurolog 2, (SPEX, USA) at room
temperature (28C). Three milliliters solution of BSA (1 uM ~ 67 jugr microsomes (100
1Q), in 25 mM phosphate buffer pH 7.4, was titratpdctrofluorometrically by addingeg

and (s-his conjugate from a concentrated stock. Protatninsic fluorescence was

monitored at 338 nm with excitation wavelength @b am.
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2.2.26 Spectroscopic measurements

Cps and (s-his were dissolved in 25mM phosphate buffer pHt @nd a concentrated
stock (~ 1mM) was prepared. The absorption anddlsmence spectra ofpgand (s-his
were recorded either alone or in presence of noenes (100 pg) or BSA (1 pM ~ 67
K1g).The absorption spectra were recorded from 8560 nm using 1nm band-pass on a
Cintra-20 spectrophotometer (GBC, Australia). Fasmence measurements were done
using a Fluorolog-2 spectrofluorometer (Spex, USK)e samples were excited with 400
nm light, and fluorescence emission was scanneoh 800 to 750 nm keeping both
excitation and emission slits at 1 mm correspondm@ band-pass of 3.6 and 1.8 nm,

respectively.

2.2.27 Irradiation procedure

Suitable aliquots of samples (either BSA, microspméfer alone or with @/ Cps-his)
was taken in cuvett of path length 1 cm. The cueetitaining the liquid covered with lid
under constant stirring was then directly irradied¢ the front face with 660 nm light using
a LED source. The beam dia was 1 cm and the ligbhsity measured by a power meter
model AN/ 2 (Ophir) at the sample position was ¥80n2. The light dose was varied

from 0-30 kJ/m2 by changing the irradiation timenfr0-10 min.
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2.2.28 Assay of singlet oxygen yield

The singlet oxygen generation on photoactivationCpf and (s-his conjugate was
measured by the method described by Kraljic and&hsni [243]. Briefly, a solution
containing RNO (A440 ~ 0.8), 10 mM imidazole andpiM of either (s or Qos-his in 25
mM NaHPO, buffer of pH 7.4 was irradiated with red ligh6@®+ 25 nm) for different
time period and at the end of each irradiation dizste of irradiated and un-irradiated

samples was measured at 440 nm.

2.2.29 Octanol/ water partition coefficient

Partition coefficients of @ and (s-his were evaluated in a system of 1-octanol-sodium
phosphate buffer of pH 7.4. The 50 uM of each pbentgitizer was dissolved in buffer and
then this was mixed with equal volume of l-octamold the mixture was shaken
vigorously and kept for 1 hr with constant shakawgry after 10 min and then centrifuged
at 150@ for 10 min to separate buffer and 1-octanol phaBks.concentration of | and

Cps his present in both the phases was determinedobgtrephotometer. The partition

coefficients(Poct/buffer) were calculated according to

Log Poctufier = LOG [Coct / Chutter]

Where,Cy and Cpytier are absolute concentrations of the drug in thetarwl and buffer

phase, respectively. All the measurements weréecaout at room temperature.
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2.2.30 Protein carbonyl estimation

Protein carbonyls were measured as reported byehesi al. [244]. Briefly, 1 ml sample
was mixed with 400 pl of ice-cold 40% trichlorodcatid (TCA) and centrifuged at%
for 10 min at 12,000g.The Protein pellet was digsolin 200 pl of 100 mM PBS pH 7.4.
To this solution 200 pl water and 400 pul 20 mM DNRPH4 N HCl was added and the
tubes was incubated at room temperature (RT) fomB0at 37°C with vortexing every
10-15 min, followed by addition of 350 ul of 40% ACThe tubes were centrifuged at
12,000 rpm for 10 min. The pellets obtained wersivea thrice with a mixture of ethanol
and ethyl acetate (1:1 v/v) to wash off the exddd#H. Finally, protein pellet was
dissolved in 6 M guanidine hydrochloride and abaode was measured at 360 nm using
microplate reader (Power Wave 340, Bio-tek Instmitsiénc., USA). The actual amount of
protein carbonyl was calculated with the help oftiretion coefficient of

dinitrophenylhydrazine at 370 nm 22,000" }ni*.

2.2.31 Assay for Lipid peroxidation

Lipid peroxidation was assayed by measuring makdddhyde (MDA) and lipid
hydroperoxide. Malondialdenyde was measured by tthiebarbituric acid reaction
following the method of Placer et gR45] with suitable modification. Usually 1.0 ml

microsomal suspension (~0.5 mg protein/ml) was thixdth 1.0 ml TBA reagent

89



containing 20% TCA, 0.5% TBA, 2.5 N HCIl and 6 mM EB and heated for 20 min. in
boiling water bath. After cooling, the solution wantrifuged at 2,000 rpm for 10 min and
the precipitate obtained was removed. The absoebahthe supernatant was determined
at 532 nm against a blank that contained all thgeasts except the biological samter
correction of endogenous TBARS, fresh samples Wweiled without light exposure, and
values were subtracted. Absorbance reading at BB%vere converted to TBARS values

(n mol/mg protein), using an extinction coefficiaritl.57 x 16 M™* cm™.

2. 2.32 Fluorescence quenching by iodide ions

The fluorescence of g or Qoe-his (10 uM) in 50 mM-sodium phosphate buffer, pH,7.
was determined in the presence and absence of hi@osomes (10 pug of protein/ml)
(excitation 400 nm; emission 667 nm). Kl was used dluorescence quencher (0-0.24 M).
The ionic strength of the system was kept condigraddition of suitable amounts of KCI.

The fluorescence quenching data were analyzedeéb$térn-Volmer equation:

FolF = | + Ko[X]

Where I and F represent the fluorescence intensitieseratisence and presence of the
quencher respectively, [X] is the molar concentratof the quencher andKis the

guenching constant.
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2. 2.33 Effect of Cpg and Cpe-his on activity of microsomal enzymes

For the measurement of P-450 reductase activityer limicrosomes (0.125 mg of
protein/ml) were incubated with cytochrome ¢ (75)uvid NADPH (0.25 mM) at 3%C.
Similarly, to measure the activity of NADH cytoclme b5 reductase, liver microsomes
(0.016 mg of protein/ml) were incubated with cytawrhe ¢ (75uM) and NADH (0.2 mM)
at room temperature. The reduction of cytochrom&as monitored spectrophotometrically
at 550 nm (molar absorption coefficient: 21000 ') [246]. For the assessment of
effect of photosensitizers on the activity of thesgcrosomal enzymes, the liver
microsomes are either pre-incubated with PS fofetfit time period or the PS was

directly added in to reaction mixture.

2.2.34 Satistics

All the experiments were repeated at least threegiand data are presented as average +
standard deviation (n=3). Studentstest was applied to test the significance of the
difference between control and the treatment. Aelled P < 0.01 andP < 0.05 was

considered to be statistically significant.
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The measurements on photosensitizer accumulatidanior and normal mucosa
were done in 8 animals, which were randomly dividetivo groups each for fg-his and
Cps. The values of peak fluorescence intensity (674 abtained from the fluorescence
measurements from tumors and normal mucosa ohalbhimals were used to calculate
mean = standard deviation. To find significancehef differences between values fqsC
his and @s student’'st-test was applied. For skin clearance, the vallepercent
fluorescence intensity obtained from measuremeoit® dn four animals are presented as

mean * standard deviation.

Photodynamic treatment was performed in 8 aninmaispf which the tumors from
three of the treated animals were excised for luigtoand in remaining five animals
measurements on tumor volume were done to assess tlamage and percent tumors
regression, respectively. Four untreated animal® wsed as control and tissues excised
from two of these were used for histology as welimmuno-histochemistry and other two
for Western blot. The results of immuno-histauistry, western blot and histology

shown in Fig. 3, 4, and 5 were qualitatively reprcitle.
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CHAPTER 3
UPTAKE AND PHOTOTOXICITY OF
Cpe-HISTAMINE CONJUGATE IN

CANCER CELLS
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Oral squamous cell carcinoma (OSCC) is the mostnoomtype of cancer in India and
other south East Asian countries [247]. CurrentRDT using Foscan (meta-
tetra(hydroxyphenyl)chlorin or m-THPC) has beemicklly approved for the treatment of
head and neck squamous cell carcinoma (HNSCC) modean countries [11]. Several
clinical studies on OSCC have demonstrated that BB help retain normal tissue
function such as speech, swallowing and voice wadhscarring [248]. So far, there exist
no report on use of conjugated PS for PDT of oascer except studies by Soukos et al
where Chlorin e6 (&), conjugated to epidermal growth factor receptasnational
antibody (EGFR-MAB) has been investigated for PDoral pre-cancer in hamster [249].
In this chapter, the cellular uptake and phototibxiof Cps-his and free @¢ has been
studied in two human oral cancer cell lines 4454 [dtBe. Among the two cell lines, 4451
which is derived from a recurrent tumor in the lovjew is a p-53 mutant cell line for
which resistant to radiotherapy has been reportediqusly [250]. The other cell line
NT8e is derived from tumor specimen of the uppepdigestive tract (pyriform Fossa)
and has wild type p-53 [251]. Since the statubl®freceptor is not known in oral cancer,
we have first confirmed the presence of histameeeptors in the both cell lines by
western blot. Similar studies on the cellular uptakd phototoxicity of @-hisand free
Cps has also been investigated in human breast careairaath line MCF-7, in which the
expression of histamine receptors is well docunteri86, 238]. Also, the receptor
mediated uptake of the conjugate in these celklimas explored by studying the effects of
low temperature, agonist and antagonist on cellytaake of @e-his or Goe. In addition to

this, mode of cell death induced bypghis or (s was assessed by estimation of
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percentage of necrotic and apoptotic cells aftefl RI3ing Hoechst 33342-propidium

iodide staining.

3.1 Results

3.1.1 Characterization of the conjugate:

The purity of (s-his was checked by thin layer chromatography (To@)preparative
silica gel plate using 95% methanol as mobile phalee results of TLC show thatpg
his separated as a single spot on silica gel plaitbsretardation factor (Rf) of ~0.9 and in
comparison the Rf for &g was ~0.1 (Fig.3.1a). The mass spectrum of theugat¢ gave
anticipated molecular ion peak at 719.8 (calculatedss 719.76 for disodium salt
C38H39N7Na205) (Fig. 3.1b). The chemical struduoé Qos and its conjugate are

shown in Fig. 3.1c.

Fig. 3.2 shows the absorption spectra of frpe &d (e-his dissolved in Ethanol:
PEG(400):buffer system. Attachment of histamin€pg did not cause any major change
in its absorption peak positions in visible regiexcept that the g band position was
slightly red shifted to 666 nm from 663 nm. The archbsorption coefficient of fg-his
was estimated to be 42,314'Mm™* and 12,750 M cm* at soret and q band position
which is ~1/2 of the molar absorption coefficiehOps at the same wavelengths. The 400

nm excited fluorescence opgand @s-his are shown in inset.
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Figure3.1. Photograph of TLC plate showing mobility Cps and Qe-his after
chromatography using 90% methanol as mobile phageMass spectrum of gg-his

showing heaviest molecular ion peak at 719.8 (lmgr@ical structure of & and (s-his

(©).
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Figure 3.2 Absorption spectra ofpgand (e-his in Ethanol: PEG: Water system.

Respective fluorescence emission spectra are shewnset.
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3.1.2 Intracellular uptake of Cps and Cpg-his:

The kinetics of intracellular uptake ofpg(5 uM) and @g-his (5 pM) in 4451 and Nt8e

cells is shown in Fig. 3.3(a). In both the cellenthe uptake of g was seen to increase
up to 1 hr and saturated thereafter. In casepeis cellular uptake showed an initial rise
till 1 hr followed by a slower phase of increasetof h. The intracellular concentration of
Cpe-his was noticeably higher as compared g By a factor of 5 and 10 at 1 h and 3 h
incubation, respectively. The cellular uptake gs-@is in MCF-7 cells also followed

similar trend with the increase in intracellulantent of (-his by a factor of 2 and 3 at 1

h and 3 h incubation, respectively when compardde® G (Fig. 3.3b).

The effects of histamine (1 mM and 5 mM), ranit&lig100 uM) and pheniramine
(100 uM) on the cellular uptake opghis and @g are shown in Fig. 3.4 and table 1. Cells
were incubated with each photosensitizer (5 pMp@land in combination with above test
compounds for 3 h. While, in the presence of higtanin case of both oral cancer cell
lines, a significant increase (p < 0.01) in cellulgptake of @s-his was observed (Fig.
3.4a). In contrast with this slight but not sigo#nt (p < 0.01) decrease in cellular uptake
of Cpe-his was found in MCF-7 cells (Table 1). Howeveddiéion of histamine H2
receptor antagonist ranitidine led to ~30% redunc{jo value < 0.01) in the cellular uptake
of Cps-his whereas pheniramine, a histamine H1 receptiaganist showed less inhibition

(15-20%, p value < 0.05) (Fig. 3.4b and table l)ihthree cell lines. For (i, no
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significant change in the cellular uptake was oles@rin the presence of any of these

compounds (Fig. 3.4a-b and table 1).

Figure 3.5 shows the effect of lower temperaturgéhencellular uptake of [6-his
and s in the presence or absence of 10% serum in thtereumedium. The cellular
uptake of both @s-his and @s was found to decrease due to incubation of célleveer
temperature and in the presence of serum in theumeig. 3.5a). The percent inhibition
was slightly higher for @s-his (50-60%) as compared tqd(30-40%). When serum is
omitted from the culture medium, the inhibition wellular uptake due to lower
temperature was found to almost diminish in cas€mf(7-10%) whereas for fig-his, it
remained nearly same (40%) (Fig.3.5b). Similar ltesuere found in case of MCF-7 cells

(Table 1).
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Table 3.1. The effect of histamine receptor anteéjoranitidine, pheniramine , low
temperature and histamine on the cellular uptdk@ps and (s-his conjugate. MCF-7
Cells were incubated with pM Cps and (s-his alone or with ranitidine (100 pM),
pheniramine (100 M), histamine (1 mM), and low pemature (15C) for 3 hr. Each data
point represents the average + SD values obtanoed three independent experiments. [**

p value < 0.01]

Effect of agonist Photosensitizer uptake (nm/ug protein)
antagonist and low
temperature on cellular Control Treatment

uptake of PS

Cps-his Qos Cps-his Qs

Ranitidine (100 pM) 1.18+0.17| 0.59+0.19 | 0.87+0.11 0.52+0.19

p value < 0.01

Pheniramine (100 uM) 1.18+0.17 0.59+#0.19  1.31+0.12 | 0.59+0.21

Low temperature 4.68+0.29 | 5.94+0.331 3.27+0.58 4.38+0.057

(15°C)(without serum)
p value < 0.01

Histamine (1 mM) 4.68+0.29| 5.94+0.33  3.48+0.26 | 5.43+0.53

p value < 0.05
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3.1.3 Detection of histamine receptor in cells:

In order to find out the presence of histamine pemein two oral and in a breast cancer
cell lines western blot was performed. Immunobhgftwith H2 receptor antibody revealed
four bands with molecular masses of approximat@lkBa, 60 kDa, 80 kDa and 100 kDa
(Fig. 3.6). The presence of four bands for H2 remes in agreement with the previous
studies and suggests presence of oligomeric forid2ofeceptors with actual molecular

masses of 31.5 kDa, [252].

100 kDa
80 kDa

60 kDa

30 kDa

-
-

4451 Nt8e MCF-7

Figure 3.6. Image of nitrocellulose membrane shgwiresence of H2 receptor in 4451,
Nt8e and MCF-7 cells after Western blot of the udaH protein using polyclonal rabbit
anti-H2 receptor antibody and HRP conjugated GaditRabbit IgG and detection by use

of enhanced chemiluminescence reagents.
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3.1.4 Intracellular Localization:

In Fig. 3.7 the bright field (left panel) and flesicence images (right panel) of 4451, Nt8e
and MCF-7 cells showing cell morphology and inttatar localization of @ and (-

his are displayed. In all three cell lines the festence of & was observed in punctuated
granular structures indicating its localizatiomatltiple sites inside the cells Fig. 3.7b, f &
J. The intracellular localization of fig-his was noticeably different frompg (Fig. 3.7 d, h

& I). The fluorescence of g-his in 4451 and MCF-7 cells is observed in diseratsicle
type structures around the perinuclear region efdjtoplasm (Fig. 3.7 d & ).  While
Nt8e cells displayed the fluorescence gds@is within granular structures as diffused
patch near the nucleus (Fig. 3.7 h). In all thé¢ logds, the fluorescence labeling of the cell
membrane by @s-his is also clearly visible (Fig. 3.7 d, h & IMoreover, the fluorescence
of Cps-conjuagte was much more intense as compared tutescence of & due to
higher uptake. The brightness and contrast of tfeges shown in Fig. 3.7 were adjusted

for proper visualization of the intracellular lozation of Gy and (-his.
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Figure.3.7. Microphotographs of 4451 (a-d), Nt8én\eMCF-7 (i-I) cells incubated with
5.0 uM s or Qoug-his in growth medium. Left panel — Bright filed ages of the cells,
Right panel — corresponding fluorescence imagewisigolocalization of @s (b & f) and

Cpe-his (d, h). Magnification 100X, Bar -20 uM.
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3.1.5 Phototoxicity

The phototoxicity of @s-his was determined by subjecting the cells to pdhghamic
treatment using different concentrations of thejugate and a fixed red light irradiation
dose at 28 kJ/fn Percent phototoxicity was measured with resfeatcontrol sample that
received no drug and no light exposure and thesaltseare presented in Fig. 3.8. The
percent phototoxicity can be seen to increases @orecentration dependent manner in
4451, Nt8e and MCF-7 cell lines. The concentratbrCps-his required to obtain 95%
phototoxicity at the light dose of 28 kfmvas found to be 5 pM (Fig. 3.8a & c). To
compare the effectiveness ofpdchis with Qog, all three cell lines were subjected to
photodynamic treatment using same concentrationM$ and variable light dose (0-38
kd/nf). The results presented in Fig. 3.8b & d show tlata given light dose the
phototoxicity was much higher withpgghis than @e. The light dose required to achieve
50-60% cell killing was ~12 kJ/frand 32 kJ/rhfor Cps-his and @ respectively. At 28
kd/nf light dose, the phototoxicity induced bygchis was ~95% and in comparisorpsC
led to ~50% phototoxicity. These data clearly shtbat Gos conjugate is more effective

than s. No dark toxicity was noticed for eithepghis or Gps at the concentration used.
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Figure. 3.8. Percent phototoxicity induced bypghis at varying concentration from 1-5
UM and fixed light dose at 28 kJrf a-c) and both fis and Qye-his conjugate at fixed
concentration 5 pM with varying light dose from &8 kJ/nf (b-d) in 4451, Nt8e and
MCF-7 cells. Cells were incubated for 3 h with pie®nsitizer in growth medium and
irradiated with respective light dose. Phototoyiaas calculated as percent decrease in
MTT reduction with respect to a control sample, ahhieceived no photosensitizer and no
light. The zero dose point shows phototoxicity irllcsample incubated with
photosensitizer but not exposed to light. Each getimt represents the average = SD

values obtained from three independent experiments.
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3.1.6 Mode of cell death induced by Cpe-his

To identify the mode of cell death in the cells jsgted to photodynamic treatment with
Cps-conjugate, parameters such as cellular and nuchlearphology, and DNA

fragmentation were studied. The cellular morphylag the untreated cell and cells
subjected to photodynamic treatment is shown in & Photodynamic treatment of 4451
cells led to rupture of cell membrane and reledseytoplasm indicating necrotic cell

death (Fig. 3.9b). In contrast, the cell morpholog\t8e and MCF-7 cells (Fig. 3.9 ¢ &
e) after photodynamic treatment (Fig. 3.9d & f) whoformation of plasma membrane
blebs and cellular shrinkage, hallmark of apoptasisearly 50% cells. In 20-30% cells
formation of membrane bubbles and release of coofahe cytoplasm typical of necrotic

death was observed in case of Nt8e and MCF-7 cells.

To further confirm the apoptotic DNA fragmentatjdDNA isolated from cells
was subjected to gel electrophoresis and the seatdtshown in Fig.10. It can be seen that
the DNA of 4451 cells after PDT show smeared pa#teDNA fragmentation whereas, in
Nt8e and MCF-7 cells laddered DNA fragmentationdgpof apoptosis is clearly visible
(Fig. 3.10). Together, these results suggest that4b1 cells PDT with f-histamine
conjugate led to cell death via necrosis while apsip was predominant in Nt8e and

MCF-7 cells.
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A comparison of the relative magnitude of necrasispoptotic cell death in both
oral cell lines treated with fg or Qpe-his is shown in fig.3.11. There was no major
difference between the PDT treatment lpg @nd (s-his with respect to the percentage of
apoptotic or necrotic cells in both the cell linddéso in both the cases, the cell line 4451
showed higher percentage of necrotic cells as coedp#o Nt8e cells for which the
percentage of apoptotic cells in turn was more.il&ityg, in case of MCF-7 cells both

apoptosis and necrosis contributes equally follgW®D T with (e-his (table 2).
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Figure3.9: Microphotographs of 4451 (a, b), Nt8edcand MCF-7 cells (e, f) showing
changes in the cellular morphology after PDT wifhs-@Gis. Untreated cells (a, c, e) cells
18 hr after PDT (b, d, f). Cells were incubatediws.0 M @s-his for 3 h in growth

medium and then irradiated with red light at ~ 28. Magnification 40X, Bar -50 pM.
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Figure3.10: DNA gel electrophoresis. Lane 1- un@dad451 cells, 2- 4451 cells
subjected to PDT, 3- untreated Nt8e cells, 4- Ni8és subjected to PDT, 5- untreated
MCEF-7 cells, 6- MCF-7 cells subjected to PDT. Cellre incubated with 5.0 pMgghis
for 3 h in growth medium and then irradiated widd fight at ~ 22 kJ/f DNA was

isolated 18 h after PDT.
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Figure3 11. Percentage of apoptotic and necrotic celBipil and Nt8e cells after 18 hr
photodynamic treatment withps or Cps-his. Qos was used at 10.0M with light dose 3¢
kJ/n? and for @e-his, 5.0uM concentration and ~28 kJ* was used to obtain ~95
phototoxicity in both the caseFluorescence microscopy after staining the cellth

Hoechst and propidium iodide was used to rnize the apoptotic, necrotic and live cel
Each data point represents the average + SD valbtsned from three independe

experiments.
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Table 3.2. Percentage of apoptotic and necrotits aal MCF-7 cells after 18 hr of
photodynamic treatment withpghis. Qos-his was used at 100M with light dose 38
kd/nf and for @s-his, 5.0uM concentration and ~28 kJfmwas used to obtain ~95%
phototoxicity in both the cases. Each data poamresents the average = SD values

obtained from three independent experiments.

Mode of cell death Number of cells (%)

average + SD

Apoptosis 40.246.3
Necrosis 55.3+8.8
Live 4.2+5.6
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3.2 Discussion

The motivation for the present study was to ingegé the use of histamine, a biogenic
amine to enhance the uptake and tumor selecti¥i§pg by exploiting histamine receptors
for delivery of photosensitizer in cancer cells.heTresults of cellular uptake studies
presented in fig. 3.3a-b show that thgsQis is taken up more efficiently by the cells than
free os. To check if the uptake occurred via histamineeptors we also measured the
cellular uptake of @s-his in the presence of histamine. Instead of ttpeeted inhibition,
histamine led to slight increase in the uptake p§-Kis in case of both oral cancer cell
lines(fig 3.4 a). The reason for this effect isgently not clear. Based on the fact that the
receptor affinity of some agonist/antagonist ishieigthan histamine [253] one can assume
Cpe-his to have stronger receptor affinity which pretegl histamine to compete efficiently
for the binding site. Moreover since exogenousanigte has been shown to up-regulate
expression of histamine receptors [212,236,2548,wlould also be considered as possible
reason for observed increase in uptake p§-ids. However, in MCF-7 an expected
decrease in uptake ofpghis was observed. Furthermore to confirm the iwewient of
histamine receptors, cellular uptake of the conigaas measured in presence of
pheneramine and ranitidine which are known antagofor H1 and H2 histamine
receptors, respectively. In Nt8e, 4451 and MCF#€ll Imes these antagonists at 100 uM
led to significant inhibition in the cellular up&lof Gos-his and the inhibition was more
pronounced in the presence of ranitidine, a pdtghteceptor antagonists suggesting that
at least a part of cellular uptake or binding of ttonjugate occurred via H2 receptors.

Using western blot we found that H2R receptor ipregsed in all three cell lines.
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However, since higher concentration of the antagjaid not lead to further inhibition in
the uptake of the g-his, the possibility that receptor independent ma@ism also
contribute to its intracellular uptake cannot bkeduout. Indeed some histamine agonist,
antagonist and BODIPY FL histamine, a fluorophosedito label histamine receptors,
have also been shown to be internalized and sexyadsn cells by a receptor-independent
mechanism [255]. Therefore to further confirm tha uptake is receptor-mediated, the
effect of low temperature on cellular uptake of hhd@ps-his and @ was studied
Interestingly, incubation at 18C led to inhibition of cellular uptake of both the
photosensitizers (figure3.5a). Although the magitetwf inhibition for @ was slightly
lower than @s-his, it was not unexpected due to the fact thadrdghilic Gos via
interaction with serum LDLs can also be taken updneptor mediated endocytosis [256].
To check this possibility, we omitted serum frone ttulture media during the incubation
period. Results show that the inhibition of celluliptake due to lower temperature is
persistent for @s-his but in case of G it is almost diminished (figure 3.5b and table 1).
These results confirmed that the uptake p4-kis is indeed receptor mediated. Apart from
histamine receptors, there also exists membraseciated organic cation transporters
(OCTs) which function to remove excess amount stamine from the extra-cellular
space by its re-uptake and transport into the ¢gsop to a yet unidentified site where it is
metabolized into inactive metabolite'-Nethylhistamine [254]. However, studies in
murine hematotopoeitc progenitor cells and basephilave shown that the uptake of
histamine by OCT is not affected by the presenceHdf or H2 receptor antagonist
[258,259]. Since we found significant inhibition imptake of @s-his by histamine

antagonist the possibility of role of OCTs in itsllalar uptake is less likely. Since
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attachment of @s to histamine can lead to alterations in its physicemical properties
such as relative hydrophobicity, molecular chargd amphiphilicity, one would expect
this also to contribute to the improved cellulatake of (ys-his in a manner similar to
reported for N-aspartyl ce6 (MACE, LS11) a conjegaf chlorin e6 with aspartic acid

[260].

Our results on intracellular localization show thmaall three cell lines @-his localizes on
the cell membrane and also inside the cells infohen of vesicles near the perinuclear
region. This is similar to the intracellular lozaltion of histamine reported earlier in rat
immune cells [261]. In contrast, the intracelldlacalization of @s was distinctly different
and occurred in the form of punctuated granularcstires inside cytoplasm indicating its
localization at multiple sites such as endoplasmeticulum, Golgi apparatus and
lysosomes. This is consistent with our previouslist [262]. The uptake offg-his via
histamine H2 receptor would lead to its accumutatiroendosome/lysosome pool. This is
due to the fact that histamine H2 receptor is Gqdnecoupled receptor (GPCRS) which
when binds to agonist or antagonist undergoes naligation through the process of
endocytosis resulting in its accumulation in thameclear endosomal pool and subsequent
trafficking to the lysosomes [263]. The receptoreigher recycled back to the plasma
membrane or undergoes proteolytic degradation dovndregulation [264]. For GPCRs
which utilize endocytosis machinery for receptogulation, it is generally believed that
the receptor and ligand are internalized togett2d2]. It is therefore likely that the
vesicles in the perinuclear region whereps@is is localized represents the
endosome/lysosome compartments. Intracellular bqgite of histamine to microsomal
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cytochrome P450 and nucleus have also been idmhtitirough which histamine is
believed to regulate cell growth and homeosta$i§][2These binding sites designated as
Hic are not specific because it can interact with svether compounds also such as
imidazoles (including HA, I-histidine, histidinol)polyamines (putrescine, spermidine,
spermine) and hormones (androgens, estrogens,stireggand, to a lesser extent, adrenal
steroids) etc [266]. However, we did not find lozation of (ps-his in the cell nucleus.

The identification of the exact site opghis localization needs further investigations.

The results presented in fig. 3.8 show that thetqtbxicity induced by @s-his was ~4
times higher as compared t@dvhereas, the magnitude of increase in the uptéitee
conjugate was ~ 10 times higher than frge. GOne important factor that can contribute to
this observation is that the absorption coefficanihe conjugate was ~1/2 thapsat 660
nm. Since the mode of PDT-induced cell death iserda@hed by the intracellular
localization of the photosensitizer [267] and siigant differences were observed in the
intercellular localization of @ and s-his, we also investigated the cell death response
induced by the two photosensitizers. The resultsah morphology(fig 3.9) and DNA
electrophoresis (fig 3.10) suggest that while deith in 4451 is mostly by necrosis, for
NT8e and MCF-7 cells both apoptotic and necrotitdmath is induced by photodynamic
treatment with @s-his. Measurements on the percentage of apoptaticnecrotic cells
after PDT with @s and @s-his (fig 3.11) showed no difference except thatase of @e-

his slight increase in necrotic cells was obsemvbich can be attributed to the observed
localization of s-his on the cell membrane. The reasons for themdiffces in the PDT-

induced cell death response observed between thedl lines may be because of their

118



p53 status. While the 4451 cells are reportedeta Ip53 mutant [250], the cell line Nt8e
contains wild type p53 [254]. The tumor suppreggeme p53 is known for its ability to
induce apoptosis by activating downstream cell ldedfiectors including bax, Puma, and
Noxa [268,269]. In a study on PDT with haematopgrph derivative (HpD) similar

results have been reported in 4451 cells and ihlioel BMG-1 having wild type p53

[248]. Moreover, in case of MCF-7 cells, percentafji@poptotic and necrotic cells was
found to be same, showing that both the mechandamtributes equally to the cell death

following PDT with Qos-his (table 2).

3.3 Conclusion

To conclude, the results of our study show thajugating Gy to histamine improves its
cellular uptake and hence the PDT efficacy in bwthl and breast cancer cell lines. The
observations that the cellular uptake gh-Qis is significantly inhibited by ranitidine and
lower temperature, suggest that part of its uptakeurred via histamine receptors.
Similarly, in human breast carcinoma cell line MZFHn which the expression of
histamine receptors is well documented, higher keptaf (os-his and the expected
enhancement in phototoxicity was observed. It incteded that conjugating gg with
histamine can help to improve the effectivenesBDT in oral and breast cancer cells by

enhancing its intracellular delivery.
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CHAPTER 4
INTRACELLULAR SITE OF Cpes-HIS
LOCALIZATION AND PDT-INDUCED

CELL ORGANELLE DAMAGE
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Photosensitizer depending on its physicochemicalpgrties and cellular uptake
mechanism can localize in different cell organebegh as mitochondria, endoplasmic
reticulum, Golgi or lysosomes and since the diffusiof singlet oxygen in cellular
environments is limited (half-life: <0.0ds, radius of action: <0.02m), the primary sites
of intracellular damage is determined by the distion of a photosensitizer in various
organelles [34]. Studies have shown that damageatious subcellular structures could
determine the cell death mechanism and PDT effici®4y, 273]. Generally, the
localization of photosensitizer in the cell memtzram lysosomes contributes to cell death
via necrosis e.g. as reported for photofrin anéboat cycloimide derivatives of chlorips,
respectively [274,275,276]. In contrast, cell dedthapoptosis is determined by the PDT-
induced alterations in mitochondrial structure aioghction either if photosensitizer
localizes directly in mitochondria [277], or also case of photosensitizer localizing in
other organelles such as endoplasmic reticulumgiGgparatus and lysosomes involving

cross-talk between damaged organelle and mitocho[##8,279,280,281,282].

Our studies in chapter 3 in oral cancer cells have shihat the cellular uptake of
chlorin ps-histamine conjugate was higher than for fregs @hich led to significant
enhancement in phototoxicity and the mode of ceditd induced by g-his was found to
be mediated by both apoptosis and necrosis [283hi$ chapter, we report studies on the
subcellular localization and identification of iatellular target sites ofgg-his in human
oral cancer cells. So far, the structural alteretim the cell organelles following PDT have
been investigated only in some studies where thase been generally characterized as
generalized damage or swelling of cell organel&31[285,286,287]. However, since the

cell organelle are organized in the three dimeradioallular space and in close association
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with one another, the structural damage to onenalgg can result in disturbance in
organization of other organelle which can also kbuate to PDT-induced cell death. Here
we have identified site of localization opg&his by colocalization studies using organelle
specific fluorescent probes and have analyzed BE-iRduced alterations in the structure
of cell organelles in more details using confodabfescence microscopy combined with
three-dimensional image reconstruction techniquehis technique provides valuable
information regarding the detailed structure of oeyjanelles as well as their interaction or
association with one another. For example, thisirtepie has allowed visualization of
distribution of microtubules in tumor cells in reta to cell shape and position of other
cellular organelles [288], organization of cell faidn rat hippocampal neurons [289],
fragmentation of the mitochondrial network followitschemia and reperfusion injury in
cardiac myocytes [290] and internalization and rextéon of chrysotile fibers with the

chromatin during mitosis [291].

4.1 Results

4.1.1 Intracellular localization of Cpe-his

In figure 4.1, confocal images of Nt8e cells shayvintracellular fluorescence ofpghis
in red color (a-d), fluorescence of organelle sipeg@robes in green color (e-h), overlay
image of @e-his fluorescence and organelle probes (i-I) ardréspective 2D histogram

of the red Vs. green pixel intensities (m-p) witle tvalue of correlation coefficient (inset)
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are shown. Images a-d shows thpg-@is accumulated in the regions of cytoplasm which
corresponds to site of ER (e) and lysosomal compants (h) as indicated by overlap of
red-green fluorescence (i & I). The value of etation coefficient obtained from 2D
histogram for ER and lysosomes (m & p) was 0.78F @793 respectively. In case of
Golgi (f) and mitochondria (g), the fluorescerafeCps-his (b & c) showed very little
overlap (] & k) as also indicated by low correlati@oefficient of 0.335 and 0.262,
respectively. With @sthe value of correlation coefficient obtained fr@m histogram for
ER (m) and mitochondria (g) was 0.805 and 0.61Qeesvely. The fluorescence opg

(b & d) showed very little overlap with Golgi (fhd lysosomes (p) (j & i) as indicated by

low correlation coefficient of 0.435 and 0.423 pestively (fig 4.2).

4.1.2 Phototoxicity

In fig 4.3, we show changes in the cellular morplggl and mitochondrial membrane
potential (MMP) of Nt8e cells at 1 h after PDT. Selvere treated with 6g-his for 3 h

followed by irradiation with red light at 38 kJ?nCompared to intact cell morphology and
the presence of active polarized mitochondria fearescence) in control cell (fig 4.3a-b),
the cells after PDT show extensive cell damageytoptasmic region and loss of MMP
(green fluorescence) in most of the cells (fig 43¢ MTT Assay performed after 24 hr

shows that the phototoxcity was ~80% as comparéiet dark control.
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Figure 4.1. Microphotographs of Nt8e cells showsudpcellular localization of |G-his.

The cells were treated with 10 pMéhis (first panel from left) and specific fluoresce
probes for endoplasmic reticulum, Golgi, mitocheadmd lysosomes (second panel). The
overlay of (e-his fluorescence with respective organelle probard panel) and
histogram with value of correlation coefficientgiit panel) is also shown.
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Figure 4.2. Microphotographs of Nt8e cells showsubcellular localization of ps. The cells
were treated with 10 pM g (first panel from left) and specific fluorescenceolpes for
endoplasmic reticulum (e), Golgi (f), mitochond(@ and lysosomes (h) (second panel).

overlay of (s fluorescence with respective organelle probe (tipatiel) and histogram wi

value of correlation coefficient (right panel) isashown.
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Figure 4.3. Brightfield and fluorescence imagedNt8e cells 1 h after PDT with 10 puM
Cps-his showing changes in morphology (right panely anitochondrial membrane

potential (left panel), respectively. Control g, PDT (c, d). Magnification - 100 X.
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4.1.3 Alterationsin ER morphology dueto PDT

For a control cell stained with ER tracker dye, tltdume rendered image constructed
from the Z stack fluorescence images is shown m &#a. In this image, the typical

morphology of ER can be seen as forming a denseonletaround the nucleus and a less
dense peripheral network evenly distributed in éhére cytoplasm. We constructed 3D
model of ER by isosurface rendering of the Z stmsiges (Fig 4.4b) and the resultant
model is zoomed to show the detailed architectiEeRo(Fig 4.4c). Since the fluorescence
signal of ER tracker dye was more intense in ttgtore around the nucleus then the
peripheral region, the 3 D model constructed bgusiace rendering using fixed threshold
revealed only the dense perinuclear region of tRefEg 4.4b). A zoomed portion of this

region presented in Fig 3c clearly shows structdegthils of ER comprising sheets or
cisternae (thin arrow) and small tubular connedibetween these (thick arrow). These
structures appeared intact and evenly distributedral the nuclear region. The middle
panel in Fig 4.4 shows images representing a bell ainderwent necrosis due to PDT-
induced damage. In the volume rendered image (#g)4the formation of membrane

bubbles (arrow) typical of necrotic death is clgasikible and one can also note that ER is
highly fragmented. The 3D reconstruction by istste rendering provided better

visualization of the fragmentation of ER (fig 4.4ellere, the ER network in perinuclear
region is discontinuous and surrounded by sevargkland small ER fragments. A closer
view of this region shown revealed that the ER ritagts comprised of cisternae but no
tubular connection between these (fig. 4.4f). hages in the left panel of fig. 4.4 show
ER structural alterations in a damaged cell hawiogobvious morphology typical of
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necrosis. In the volume rendered image (fig 4.4b¢ ER network appears highly
condensed surrounded by several large fragmertte. isbsurface rendered image clearly
displays the presence of ER fragments as largepdumthe perinuclear region (Fig 4.4
h). A portion of 3D model zoomed in this region ealed that the clumps are swelled ER

cisternae with some portion of connecting tubutadted to it (fig4.4i).
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Figure 4.4. 3D reconstructions of z-stacked imagfedt8e cells stained with ER-tracker
green. Volume rendered images (left panel) in doptilted view showing regions of
pronounced staining (green) and week staining (@a)esponding to ER and other
cellular regions, respectively. The top view of adler regions of images (dashed
rectangle) is shown as lIsosurface rendered imageddie and left panel). A cell
representing control show intact cell morphologyg &R network (a) comprising a dense
perinuclear region of ER (b) having cisternadlfi) arrow) connected by tubules (c, thick
arrow) (c). A damaged cell with typical morphology necrotic death (d) having
formation of membrane bubbles (arrows) and fragatemt of ER (e), the fragments

appear to be part of ER cisternae with no tubutamections (f). A damaged cell with
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shrinkage in morphology and condensation of ER asgtwg), ER clumps in perinuclear

region (h) and a close view of ER clump (i).

4.1.4 Alterations in the morphology of Golgi dueto PDT

In Fig 4.5 we show images of cells stained withippaeramide that particularly label the
trans Golgi network. In the 3D volume renderedgmaf a control cell, the intact Golgi
can be seen as floret like bodies around the nucemion (fig 4.5a). A close view of
smaller region shown from the top in isourface s¥ad image provided better clarity
showing interconnected trans-Golgi cisternae (figb# which in the side view of 3D
model appear to from a tower like structure and cere also note several small vesicles
budding out from the trans Golgi cisternae (figcd.5At 1h after PDT, the architecture of
Golgi showed two types of alterations. For a cefiresenting necrotic morphology, the
3D volume rendered image is shown in fig 4.5d. Guodgi structure in the center (dashed
square) appeared broken and a large fragment a@fi Gbick arrow) in the cytoplasm can
be observed (fig 4.5d). The smaller fragments afBehich are located at cell periphery
are associated with membrane bubbles (thin arrgv4.6d). In a close view shown as
isosurface rendered image (fig 4.5e), the main Gelgion in the center portion clearly
shows leftover portion of Golgi surrounded by sommains which seem to demark the
location of a large Golgi fragment (shown in figd.by thick arrow). In the side view of
the 3 D model, the Golgi fragments appear detaftoed its base and swelling of Golgi is

also clearly discernible (fig 4.5f).
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Figure 4.5. 3D reconstructions of z-stacked imagkedt8e cells stained with Golgi
specific bodipy ceramide green. Volume rendereabies (left panel) in top on tilted view
showing regions of pronounced staining (green) am@k nonspecific staining (red)
corresponding to Golgi and other cellular regiaespectively. The top view of smaller
region of images (dashed rectangle) is shown asuitace rendered images (middle and
left panel). A cell representing control show itta&golgi structures (a), comprising
interconnected trans cisternae (b) to form a tdikerstructure (c, thin arrow) with several
vesicle budding out from these (thin arrow, c). Artged cell (d) with formation of

membrane bubbles (arrows) typical of necrotic deatth fragmentation of Golgi (dashed
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square), the leftover portion of Golgi surroundgdsbme remains (e) and same in side
view (f). Another damaged cell with condensed Goighe centre (g), a close view of this

region from the top (dashed square) (h) and siel af the same (i).

Apart from fragmented morphology of Golgi observedcecrotic cells, we could
identify another type of morphological alteratioms Golgi after PDT. The images
representing one such cells are shown in Fig 4.5Te volume rendered image and 3 D
isosurface model shows a single centrally locatethiGstructure surrounded by several
irregularly shaped Golgi fragments in the perinacleegion (fig 4.5 g & h). The close
view of 3 D model from top shows a condensed t@akyi structure in the center of the

cell (fig 4.5i).

4.1.5 PDT-induced damage to lysosomes

Images of a healthy cell stained with lysotrackexeg are shown in Fig 4.6 a-c. In the
volume rendered image lysosomes in the region tdptgsm can be seen as discrete
vesicles (fig 4.6a). The side view of isosurfacedered 3D model shows that the vesicles
(thick arrow) originate from a densely packed redithin arrow) in the centre (fig 4.6b). It

is important to mention here that lysotracker atsns the acidic compartments of Golgi.
Consistent with this, in the closer view of the Biddel from the side, one can note the
presence of tubular structures of Golgi cistermamfwhich these vesicles are budding off

(fig 4.6¢).
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In cells subjected PDT the fluorescence of lysiteagreen is observed to localize mainly
around the perinuclear region. The images repregpat such cell are shown in fig 4.6d-
f. In volume rendered image no structures sintitalysosomes could be visualized and
instead the fluorescence of lysotracker was obsearva larger area around the perinucelar
region (fig 4.6d) as compared to control cell (f#igga). The side view of 3D model
obtained by isosurface rendering clearly showsraiesef lysosomes and the structures at
perinuclear region resembled with Golgi/ER cysterifiig 4.6 €). In a closer view, a

swelled Golgi (thick arrow) along with ER cisternzsn be seen clearly (fig 4.6f).
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Figure 4.6. 3D reconstructions of z-stacked imageNt8e cells stained with lysotracker
green. Volume rendered images (top panel) in itipdt view showing regions of
pronounced staining (green) and week nonspecidimisig (red) corresponding to acidic
compartments and nearby cellular regions, respagtivihe side view of a smaller region
of image (dashed rectangle) is shown as isosurmgered images (middle and bottom
panel). A cell representing control show intacobg@mes in the cytoplasm (a), and a dense
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perinuclear region (thin arrow) from which theseigkes (thick arrow) appear to originate
(b), a much closer side view of the dense regioowstig many lysososmes (c). A
damaged necrotic cell (d) show the spread of Igsktr dye in a larger volume (dashed
square) and same in side view (e). A closer vienfiside shows structures similar to a

swelled Golgi (thick arrow) and portion ER in theripuclear region (f).

4.2 Discussion:

4.2.1 Intracellular localization of Cps-his

Results of our study show that chlopghistamine conjugate localizes mainly in ER and
lysosomes. In comparison, fre@{vas observed to localize mainly in ER and to ades
extent in lysosomes. Forpghis, localization in lysosomes was expected bexafighe
involvement of receptor mediated mechanism in @lutar uptake as reported in our
studies in chapter 3 [283]. In comparison, the absef significant uptake of freepgis

in conformity with similar observations reported Bipjzisova et al in human fibroblast
cells for chlorin e6 [292] which is chemically siar to (ps except one additional
methylene (CH2) present at meso carboxylic grouphénmolecule. They have observed
that Ce6 at physiological pH (7.4) localized in tplkasma membrane and vesicular
structures but not in lysosomes and suggested thatcellular uptake of Ce6 is governed

by passive diffusion or absorptive endocytosis [292
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4.2.2 PDT-induced ER damage

Although the study of sub-cellular distribution tie photosensitizer could provide
knowledge of the possible intracellular target sitef the photosensitizer, it is also
necessary to correlate the PDT—induced cytotoxieith damage to various sub-cellular
structures particularly for photosensitizers whimtalize in ER. This is due to the fact that
ER is distributed in cytoplasm as a complex netwafriubules and sheets comprising two
distinct domains one at perinuclear regions anceroih peripheral region which is
physically connected to various sub-cellular cortipants such as Golgi, mitochondria
and plasma membrane [293]. We have applied 3D dbgance microscopy technique to
visualize and analyze the changes in the structarghnization of ER, Golgi and
lysosomes in human oral cancer cells following REiih Cps-histamine conjugate. The
3D model of ER constructed from the image stacksouwitrol cell shows close similarity
with the ER structure reported in mammalian cel$iQ-K1 cell line)[294]. The model
shows distinct perinuclear region comprising of 8haeets surrounding the nucleus which
forms smaller cisternea joined by tubules at thieroend (Fig 4.4b & C). The peripheral
ER which is mostly tubular is visible in volume demed image (Fig 4.4a) but not in iso-
surface rendered 3d model. This is because tharggavith ER tracker dye does not label

peripheral ER as intensely as the perinuclear ER.

In PDT treated cells 3D modeling of ER gives clei@w of structural alterations

induced by PDT and revealed remarkable differemcéhe damage pattern of ER in
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necrotic and apoptotic cells. In necrotic cells nitfeable by the presence of large
membrane bubbles extensive fragmentation of ER abttuclear and peripheral region is
detected (Fig 4.4d & e). In closer view, the logstubular region connecting the ER
cisternea is clearly seen which suggest that tulitRais more sensitive to PDT (fig 4.4 f).
We have previously shown that both necrosis angtages contributes equally to the
percent cell death in Nt8e cells after PDT withs-@is at 90% phototoxcity level [283].
Consistent with these results, cells with completdifferent type of ER structural
alterations than described above could also beifah In these cells ER fragmentation
was less obvious and instead, formation of clumpsnmall aggregates of ER was noticed
(Fig 4.4 g, h & i). The aggregates of ER appeaoelatve originated from both peripheral
ER and ER at nuclear region. Similar structuradralions in ER due to PDT have not been
reported earlier. In a recent study, using fluoeese microscopy Ferrari et al have shown
that treatment of HelLa cells with C2-ceramide, @dlisecond messenger of intrinsic
apoptotic pathway lead to formation of ‘large rouadgregates’ of ER which also
accompany release €afrom ER and subsequent loss of mitochondrial memdr
potential (MMP) [295]. The ER structural alternatiomduced by PDT with @-his are
consistent with this report and in addition we haiso found that PDT with [§g-his led to
loss of MMP (Fig 4.3). These results therefore gstyghat induction of apoptosis in Nt8e
cells after PDT with @s-his could be similar to intrinsic apoptotic pathywaediated by

C2-ceramide.
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4.2.3 PDT induced Indirect Damage to Golgi apparatus

The 3D model of Golgi in control cell appeared @igiiconnected tubular structure with
spherical ending surrounded by secretary vesiate 415). The Golgi tracker ‘Bodipy
ceramide’ is known to accumulate in the trans-Gplgtion [296]. The modeled structure
shows close similarity with the structure of trabslgi reported in epithelial cells [297].
The 3D image reconstruction of Golgi allowed a clesualization of PDT induced
structural changes which can be seen as fragmemtatiGolgi and the fragment appeared
displaced from its main location at the perinuclemion (fig 4.5). In lateral view, the loss
of connecting regions of the Golgi from its base t® seen clearly and the damaged
portion of Golgi appear dilated and floating as paned to the structure of Golgi in
control cell which appear intact and adhered tolthse (fig 4.5¢ & f). Since fg-his did
not localize in Golgi the direct damage to GolgeafPDT is less likely. It is known that
ER form close association with Golgi around domaihgs trans-cisternae [298]. Thus we
believed that the structural damage to Golgi agparabserved after PDT involve loss of
its contact sites with ER due to the fragmentatibfater. Since the cell under observation
showed presence of membrane bubbles the fragnantatiGolgi structure appeared to be
associated with necrosis. Studies have showrthibattructure of Golgi complex is altered
differently during necrotic and apoptotic cell deanhduced by staurosporine (STS)
treatment in HEP-2 cells [299]. These authors regpbiragmentation of Golgi in necrosis
and swelling of Golgi followed by condensation areskicle formation during early and
late stages of apoptosis [299]. We also observatapart from fragmented morphology,

138



the cells treated with PDT also displayed alteretion Golgi structures as formation of
single condensed body around the nuclear regiorsaneral small vesicular structures at
perinuclear region. Since fluorescence imaging wadormed 1 h after PDT, these
structural changes in Golgi could be associateti wdrly stage apoptosis as reported by

Nozawa et al [299].

4.2.4 PDT induced damage to lysosomes

Cpe-his conjugate showed significant localization ysdsomes also. 3D imaging of cells
stained with lysotracker dye revealed several intasicles in the cytoplasm and a part of
Golgi region from where these vesicles appear igirate (fig 4.6a-c). In cells subjected
to PDT, presence of less number of intact vesiates some distorted or swelled vesicles
suggested disruption of lysosmes after PDT (fig d®. In a previous study on PDT of
murin hepatoma cells with N-aspartyl chlorin e6s thisruption of lysosomes has been
judged by rapid disappearance of acridine orangadiscence in cells [300]. In 3D model,
we show that 3 D fluorescence imaging providedaflirgsualization of the damage to
lysosomes represented by less number of intacsdyses in treated cells. Further, as
compared to the control the fluorescence of lys&adye in treated cells was observed to
re-distributed and localize in larger portions arduthe perinuclear region. These
structures were clearly identifiable based on 3Ddehavhich revealed dilated or swelled

structures resembling part of Golgi apparatus arml ¢sternae (fig 4.6f). These
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observations suggest that PDT-induced lysosomalaganteads to re-localization of the

lysotracker dye in parts of Golgi and ER network.

4.3 Conclusion

In conclusion, our results show that ER and lysesoare the major intracellular sites of
Cpe-his localization in oral cancer cells and 3D flesecence imaging not only allowed

direct visualization of structural damage to thesganelles but could also differentiate
changes related to necrotic and apoptotic cellhdedthe observations suggest that ER
fermentation leads to indirect damage to Golgi agpa due to loss of its contact site
which could also play a role in necrotic death.cAspared to alterations in ER and Golgi
structure in necrotic cells, the distinctly diffatepattern of damage in ER network and
Golgi appeared to be associated with apoptotic delth. Further, the damage to
lysosomes was observed to lead to relocalizatiotysiftracker dye in Golgi and ER.

Recent study showed that diverse cell death pathwesading to apoptosis are induced in
PDT depending on the sub-cellular targets [301].r&yealing structural damage to cell
organelles by 3D fluorescence imaging we suggesdtttie close association of organelles
and indirect damage apart from site of localizatminphotosensitizer could play an

important role in induction of diverse cell deatithpwvays.
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CHAPTER 5
EVALUATION OF PDT EFFICACY OF
Cpe-HISTAMINE CONJUGATE IN

HAMSTER CHEEK POUCH MODEL.
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Based on encouraging results iof vitro studies presented in previous chapter, we
monitored the expression of histamine H2 recepiortumors and normal mucosa of
hamster cheek pouch model using immuno-histochemisthe results showed that the
expression of Histamine H2 receptor is higher imdts as compared to normal mucosa.
This was consistant with the overexpression of Bl&ptors reported for other types of
malignancies [212]. Motivated by these results,evaluated the photodynamic efficacy
of Cpe-his for the treatment of oral tumors in this aninmodel by monitoring
accumulation of @s-his in tumors, normal tissue and skin to determitse tumor
selectivity and clearance. PDT-induced tumor damhge been assessed by tissue
histology and tumor volume measurements. Thesdtseare presented and discussed

below.

5.1 Results:

5.1.1 Tumor selectivity of Cpg-his

The fluorescence spectra collected from tumors, andnal mucosa at 4 h after
intraperitoneal injection (3mg/kg body weight) opghis and @s are shown in Fig.5.1 a
& b. The fluorescence spectra collected from tmears and normal pouch of each animal
are shown as superimposed curves (dotted linepalatih a representative spectrum. The
fluorescence spectrum from tumor tissue shows dsmence band ofgg-his and @s at
~674 nm whereas the bands at 635 nm and 705 nduart the presence of endogenous
porphyrin (Pp). The level of endogenous Pp varieddifferent tumors, therefore to

determine the level of fgg-his and @s the fluorescence of endogenous Pp was
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mathematically removed by subtracting each spectsitin a reference spectrum that was
obtained from the tumor before photosensitizercinpm. The resultant spectra are shown
in fig 5.1 a& b inset and the values of peak flsoence intensity (674 nm) thus obtained
for Cpe-his and @g in tumors and normal pouch of each animal aregmtesl in table 1.
Since the fluorescence vyield ofpg&his is nearly half than that ofgg the value of
fluorescence intensity of g is divided by a factor of 2 to compare its levethwthat of
Cpe-his. It can be seen that the fluorescence intgns$iCps-his in tumor is much higher
as compared to that for normal mucosa indicatiagieferential accumulation in tumor.
While Cps also showed similar higher accumulation in tuntiog, accumulation of gg-his

in normal mucosa was much less as compareggq £< 0.001) (Table 1). The tumor to
normal tissue ratio of fluorescence intensity a4 6 was significantly higher forgg-his
(9.2,p <0.001) as compared tqg(2.3) These results suggest that the tumor selectivity of

Cpe-his is better than that forge.

5.1.2 Pharmacokinetics of Cps-hisin Hamster cheek pouch model

The clearance of fig-his from abdominal skin was observed to be ragidndicated by
~50% decreases in its fluorescence within 24 hrfartier decrease by ~ 90% at 72 hr
after its intraperitoneal injection (circles, Figeh For (s similar trend was observed
(square, Fig. 5.2). The respective fluorescencetspeof (ps-his collected from the
abdominal skin at different time intervals are shown Figure 5.2 inset The
pharmacokinetics of g-his and @ in tumor and normal mucosa was observed to follow

a similar trend (Fig. 5.3).
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Figure 5.1: Fluorescence emission spectra colleicbaa a tumor (solid curve) and normal
pouch (dashed curve) and superimposed spectradhoather tumors and normal pouch
(dotted curves) of four different hamsters are ghouvpe-his (a) and @ (b).
Measurements were done at 4 h after administratiadhe photosensitizer (3 mg/kg body
weight). Pp — fluorescence band of endogenous pdrphDashed circle shows the
position of fluorescence band opg&his orCps. Inset- Representative Spectrum obtained

from tumor and normal pouch after subtraction oflagenous Pp auto-fluorescence.
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Table5.1. Fluorescence intensity opsthis and @ in tumor and normal mucosa at 4hr

after the administration of photosensitizer at dofs8.0 mg/kg body weight. * - In order to

compare the level of ig with Cpe-his, the fluorescence intensity @dJs divided by a

factor of 2 considering its higher fluorescencddyi&* - In normal mucosa, the level of

Cps is significantly higher than that forpghis. - The tumor to normal ratio forgg-his is

significantly higher than for .

Cps-His Cps

Animal Fluorescence Intensity (Cps) Anima Fluorescence Intensity (Cps)
# Tumor | Normal Ratio # Tumor Normal | Ratio

Tumor/ Tumor/

Normal Normal
1 5941 | 762 7.7 1 9498.2 32448 2.92
(2Tumors)™651 6.1 |(2Tumors) 87874 2.55
2 3715 320 11.6 2 6540.5 2.18
(2Tumors)| 3150 9.8 | (2Tumors) 6034 2988.4 2.07
3 2721.8 475 5.7 3 5227.9 2906.5 2.1
4 2047 166 12.3 4 5086 2451.% 2.07
(2Tumors)| 2255 135
Average 3497 430 9.5 Average 6779 2897 2.3
=SP +1397 +254 +3.0 =P +1763 +330 +0.34

(3389:881)* | (144Q:17
9)*
P value <0.001| <0.001"
.
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Figure5.2: The level of g-his (circle) and @s (square) in the abdominal skin of the
hamster at different time interval after i.p injeat is shown as percent of their peak
fluorescence intensity at each time point with eesfo fluorescence intensity at 4 hr after
injection. Data are average + SD, n - four animhiset — Representative fluorescence
spectra of @-his collected from skin of the hamster at 4 h, ,248h and 72h after

administration of 3 mg/kg body weight. Spectr&p§ were similar.
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Figure 5.3: Fluorescence emission spectra colldeoted a tumor at different time interwal

after administration of the photosensitizgis@is (3 mg/kg body weight).
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Figure 5.4: Immunohistochemical detection of H2&eptor in tumor (a) mucosa
adjoining tumor (b) and normal mucosa (c). Magaifion 400X, Bar-15.m. Inset -

Photomicrograph at 600X magnification, Bar-1080.
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5.1.3 Histamine receptor expression

In order to confirm the presence of hstee receptors immunohistochemistry using
H2 receptor antibody was done. Results of immurtobieemistry of tumor, tissue
surrounding tumor and normal cheek pouch mucosaslaogvn in photomicrograph in
figure 5.3. The expression of histamine receptos ¥eaind to be higher in tumor tissue
(Fig 3a) compared to surrounding tissue (Fig 3l) mormal mucosa (Fig 3c). This is also
confirmed by western blot shown in Fig 5.4 in whaliband at 80 kDa was observed due
to presence of oligomer of H2 receptor [252]. Titemsity of this protein band was more
in tumor (TM) and surrounding mucosa (SM) as coregao normal mucosa (NM). The
expected molecular weight of H2R is ~33 KDa. It basn reported that H2R isoforms of
different species (canine, rat, human, guinea arg)closely related to each other (80%)
with respect to amino acid sequence. However, inulogical detection by SDS-PAGE
showed differences in the migration pattern of H2&mn different species [252]. For
example, while human H2R showed bands correspontiingnonomer, dimer and
oligomers, for canine and guinea pig H2R the morremesre absent and doublet bands at
~60 kDa of differentially glycosylate H2R dimmerashbeen reported. The absence of
monomer H2R and doublet band seen at 70-80 KD##R of hamster cheek pouch is

similar to migration pattern reported for H2R ofht®e and guinea pig [252].
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Figure 5.5: Image of nitrocellulose membrane shgwresence of H2 receptor in tumor,
mucosa adjoining tumor and normal mucosa of theskammafter Western blot of the
protein using polyclonal rabbit anti-H2 receptotilaody and HRP conjugated Goat Anti-

Rabbit IgG and detection using enhanced liquid tsates(DAB).
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5.1.4 PDT induced tumor damage and regression

The extent of tumor damage at 24 h after PDT wagessed by histopathology using
standard HE staining. The control tumor is staidack with hematoxylin staining (Fig.
5.5a) due to presence of intact nucleus in tumts.da contrast, absence of hematoxylin
staining in treated tumor (Fig. 5.5b) indicatedudat damage and necrosis. As can be seen
in table 5.2, one week after PDT all the tumorssiiall size regressed completely and
larger tumors ¥500) regressed to ~95%lhe photographs of tumor in a representative
animal before and after PDT are shown in figur&l& size of this tumor before PDT was
~520 mm and the mucosa surrounding the tumor had promiwesculature (fig 5.6a).
One week after PDT the tumor reduced to ~95% ofoitginal size and the mucosal
vasculature also attains a normal morphology. 8&bp). During follow up the regressed
tumor did not show further growth and the morphglo§ mucosa and vasculature around

the tumor was completely normal (fig. 5.6c).
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Figure 5.6: Photomicrographs showing histology ofreated tumor tissue (a) and tumor
tissue subjected to PDT (b) usingsGhis at 3.0 mg/kg and light dose of 100 Jcm

Magnification 400X, Bar- 40Qum.

152



Figure 5.7: Photographs showing PDT-induced tunegrassion in a representative
animal. (a) Tumor before PDT and (b) one week &Pl using @s-his at 3.0 mg/kg

body weight and light dose of 100 Jfcn) One month after PDT.
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Table 5.2: Tumor volume before and one week attetgoynamic treatment usingghis

at 3.0 mg/kg body weight and light dose of 100 3/cm

Animals | Tumor Tumor Volume (mh
Before PDT One week after PDT
Hamster(1) (1) 29 (100 % Regression
(2) 52 __ (100 % Regression
Hamster(2) (1) 98 4 (95 % Regression)
(2) 115 ___ (100 % Regression
Hamster(3)] (1) 1264 68 (95 % Regression
Hamster(4) (1) 378 __ (100 % Regression
Hamster(5) (1) 520 26 (95 % Regression)
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5.2 Discussion

Results of our study show over-expression of higtari2 receptor in tumors of hamster
cheek pouch and therefore provide basis for usgpehis for PDT. So far, there exists no
report on status of histamine receptor expressidruman oral malignancies. The hamster
cheek pouch model is a well characterized oral @amsodel having several features
common with that of human oral cancer includinguaiiral similarity related to
progression of cancer such hyperkeratosis, dysplasivasive carcinoma and well
differentiated carcinoma [302] as well as molecualaanges like expression of oncogenes,
cell proliferation markers and immune-related cytek [303]. Particularly, increased
expression of several transmembrane receptors (EGEER, erb2) has been found
similar to human OSCC [303]. In this context, ciioe6 conjugated to epidermal growth
factor receptor monoclonal antibody (EGFR-MAB) lhe®n investigated for PDT of oral
pre-cancer in hamster [304]. So far no other plestsisizer conjugate has been
investigated for targeted PDT of OSCC. Based oult€®n over-expression of histamine

receptors in hamster model we investigated theti€ps-his for PDT of oral tumors.

The results on the accumulation gbehis in tumor and normal mucosa show that
while both (s-his and free @ accumulate preferentially in tumor, the accumalatof
Cpe-his in normal mucosa is much less as comparedpto Qhe ratio of fluorescence
intensity of @s-his at 674 nm for tumor vs. normal mucosa wasisogmtly higher than

that for Qos which is primarily because of its lower accumuatin normal mucosa. Other

155



photosensitizers used for PDT of OSCC in hamstgrraeta(tetrahydroxyphenyl)chlorin
(mTHPC) [21] and 2-[I-hexyloxyethyl]-2-devinyl pypbeophorbide-a (HPPH) [308] have
been shown to give tumor vs. normal tissue rafipwhich is similar to that for freege.
The clearance of (§g-his from the skin was rapid similar tq£[125], whereas in case of
mMTHPC studies in hamster OSCC model have showatenged retention in the skin for
five days followed by ~80% elimination in 10 dayiea injection [306]. The lower
accumulation of @s-his in normal mucosa and its rapid eliminatiormirgkin show clear

advantage with respect to minimizing the side e$fe PDT.

PDT with (ps-his led to almost complete regression of tumorsipé as large as
~1264 mm. In PDT with @ complete tumor regression was seen for tumorafize133
mm® and larger tumors regressed only partially giviee same light dose and slightly
higher drug dose (4.0 mg/kg) [126]. This comparisaggests that photodynamic efficacy
of Cpe-his is significantly better thange. We expect that the improved PDT efficacy of
Cpe-his could be due to its better uptake in tumoiscak demonstrated earlier in oral
cancer cell line [283]. We compared the level€ps-his and @ in tumors based on their
fluorescence intensity after correction with theispective fluorescence yield and found
no significant difference. It is however, importatd note here that the level of
photosensitizer measured from tumor tissue by wo viluorescence measurements
represents amount present in tumor cells as wellim®r microvasculature. Therefore,
with these measurements it cannot be ascertainesthesh conjugation of g with

histamine facilitated its uptake in tumor cgis sein vivo.

156



Since our studies in oral cancer cells showed Bagmit inhibition in the cellular
uptake of the conjugate by histamine receptor amigy and low temperature [283], we
believe that the uptake ofpghis is receptor mediated and therefore its higienor
selectivity could be because of difference in egpi@n level of histamine receptor in
normal mucosa and tumor. In addition, the changphiysical properties of i such as
charge and hydrophobicity due to attachment ofihigte is also expected to contribute in
the tumor selective accumulation gbghis. This is due to the fact that the hydrophdfici
of the photosensitizer is largely determined by tila¢ure of side chain in the molecule
[307] which in turn is believed to play significardle in the selective accumulation of
photosensitizer in tumor [308]. Sincgghis has one carboxylic group less as compared
to Cps, there can be significant difference in their loghobicity. For example,
dicarboxylic duteroporphyrin is more hydrophobiadahows higher affinity for LDL as
compared to chlorin e6 which has three carboxylaugs in the molecule [307]. While
photosensitizer bound to LDL enter in tumor cella veceptor specific endocytosis,
hydrophilic photosensitizer is carried mostly byuse albumin into the tumor vasculature
and accumulate in tumor stroma due to leaky neaNasze [307]. This might be the
mechanism responsible for the preferential accutiamaof Gos in tumors in hamster
where like many other tumors higher degree of neowature as compared to normal
tissue has been reported [309]. In case mfils, interaction with histamine receptor or
also with LDL for the reason described above cal I® better accumulation in tumor
cells. This also raises the possibility that despiteferential accumulation of botipgand

Cpe-his in tumor, there can be differences in thdatiee distribution between cellular and
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vascular compartment of the tumor. It needs furtheestigations in appropriate model

system to verify these aspects.

5.3 Conclusion

In conclusion, results show that histamine receptwe over-expressed in OSCC
tumors and tumor selectivity ofpg can be improved by conjugating it to histamindTP
with Cps-his led to complete regression of relatively larggnors, which suggests
considerable improvement in PDT efficacy also. ihd fwhether conjugation of histamine
facilitate the accumulation ofgg-his in the tumor cells as observed earlier fot oaamcer
cells required detail studies on its intratumoiatribution by confocal microscopy. While
difference in histamine receptor level might cdmite to higher tumor selectivity ofpg
his, it is also likely that a change in physicabgerties of @s due to attachment of
histamine also play some role. Taken together, louyf Cps to histamine provided a
promising approach to improve PDT efficacy in haanshodel and open new possibility

which may be worth to explore further for PDT ofhian OSCC.
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CHAPTER 6
INTERACTION OF Cps-HIS AND Cpe

WITH BSA AND LIVER MICROSOMES
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For PDT effectiveness the selective uptake of thetgsensitizer in tumor and its rapid
clearance from the body are the two important asp&ur studies in human oral cancer
cells substantiated thajpgconjugate as compared to freps@d to higher cellular uptake
and thus enhanced phototoxicity [283]. Also, in Bten cheek pouch tumor model the
tumor selectivity of the conjugate was significgntligher than free . Further, the
conjugated @s showed rapid clearance from the skin and PDTéeduumor regression
also improved considerably with respect to frgg {310]. While studies in cancer cells
confirmed that the uptake of the conjugate is rememediated [283], there is also
possibility that the changes in the chemical charatics such as charge and
hydrophobocity as a result of the conjugation p§ @ histamine may also influence the
uptake and clearance of the conjugate. It is weadivkn that the transport and preferential
retention of the photosensitizer in tumor aftersystemic administration is modulated by
its interaction  with various serum proteins s albumin, LDL and HLD [311].
Generally, while hydrophilic photosensitizers shiast plasma clearance and non-specific
or low retention in tumor due to their higher aitiinwith serum albumin, hydrophobic
photosensitizers are likely to bind with serum LBhd can accumulate preferentially in
tumor depending on the presence of LDL receptorshertumor cells [312,313]. Further,
the interaction of drug with microsomal proteingtigallarly Cytochrome P450 enzyme
systems also depend on the lipophilicity of thegdend thus can affect its metabolic

clearance [314].

In this chapter, we report results of dudges on the interaction of fregp£and (-

his with bovine serum albumin and liver microsonesizyme system. Since liver
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microsomes also provide an ideal system to assesgphotodynamic efficacy of the
photosensitizers [315] we have monitored the extehtprotein damage and lipid
peroxidation in microsomes following PDT withpg€and (u-histamine conjugate to

compare their relative PDT efficacy.

6.1 Results

6.1.1 Interaction of Cps and Cps-his with BSA and liver microsomes

The absorbance spectra opsGand (s-his, with or without BSA and liver microsomes
respectively are presented in fig.6.1. AdditionBSA (1 UM ~ 67 pg) to a solution of
either @ or Qps-his (10 pM) resulted in a shift (~ 8nm) of the atmnce band of the PS
at 659 nm to 667 nm. Similarly, ~ 13 nm red shiftsmobserved at Q band absorbance on
addition of microsomes (100 pg) in to the soluta@neach photosensitizer. The shift in
absorbance spectra of PS shows the associatioheokénsitizer with the BSA and

microsomes.
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Figure 6.1: Absorption spectra op§(a, c) and @s-his (b, d) in 25 mM phosphate buffer

pH 7.4 (solid) and in presence of (dashed) eitl&h Ba, b)) or microsome (c, d).
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6.1.2 Measurement of binding parameters

The quenching of intrinsic tryptophan fluorescen€eBSA and microsomal proteins by
Cps and (s-his was measured and plotted as Stern—Volmertpldetermine the binding
parameters such as binding constant and numbeindfnly sites. Interaction between

BSA/microsomes and photosensitizers can be repesteny following equation:

log (FO-F )/F = log K + nlog [Q]

where FO and F are the fluorescence emission ititshsat 338 nm in absence and
presence of photosensitizers. K is the binding@ason constant and n is the number of
binding sites. The quenching curve gfs@nd (e-his to BSA/microsomes shows a linear
relationship (Fig.6.2 a-d) shows the linear platléag (FO-F)/F vs. log [PS]. Results (Table
6.1) showed that the binding constant gds-@Gis with BSA is lower by ~ 4 order (5.0
0.5x10) as compared to freepg (2.4+ 0.6x16). Moreover, the number of binding sites
for conjugate is nearly half (0.60+0.05) as comgaie free @ (1.23+0.15). However,
with microsomes the binding constant gisthis was found to be lower by ~2 order (1.3
0.3x1d) then free @s (9.1 0.4x16). Also, the numbers of binding sites in microsomes

for conjugate was found to be slightly lower (0480.08) then free [ (1.17+ 0.03).
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Figure 6.2: Double logarithm plot of log(FO-F)/F.\¥sg[Cps/ Cps-his]. (a) A solution of
BSA (1 uM~67 pg) or (c) microsomes (100 pg) in 28l phosphate buffer pH 7.4 was
titrated against different concentration opsC Cpe-his and fluorescence emission was
measured at 338 nm wiklex = 295 nm. Stern Volmer plot fompgl Cpe-his — BSA (b) or

Microsomes (d). Each data points represent medd af$hree independent experiments.
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Table 6.1 Binding parameters.

Protein Photosensitizer Binding No. of binding Ksv (M7
Constant(Kb M™) Sites (n)
Microsomes Cpe-His 1.3+ 0.3x10 0.87 £0.08 3.5x10
Cps 9.1+ 0.4x16 1.17+0.03 1.1x10
BSA Cpe-His 5.0+ 0.5x16 0.60+0.05 6.8x10
Cps 2.4+ 0.6x16 1.23+0.15 8.1x10

Table6.2. Effect of (ys and Cps-his on the reduction of cytochrome ¢ by NADPH-

cytochrome P-450 and NADH-cytochrome b5 reductase

Enzyme Activity Control Treatment
Cps-His Cps

NADPH-cytochrome P-450 3.24+0.49 | 2.55+0.13 | 2.4740.16

reductase (nmol/min/mg protein)

[Percent inhibition of cytochrome ¢ [100] [21.26] [23.64

reduction]

NADH-cytochrome b5 reductase15.73+0.29| 14.69+0.68 | 13.21+.34

(nmol/min/mg protein) [Percent

inhibition  of  cytochrome ¢ [100] [6.56 [16.09

reduction]
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6.1.3 Effect of Cps and Cps-his on the reduction of cytochrome ¢ by NADPH-cytochrome

P-450 and NADH-cytochrome b5 reductase

In liver microsomes cytochrome c¢ can be reduceldeeiby NADPH-cytochrome P450
reductase in the presence of NADPH, or by NADH-chtome b5 reductase in the
presence of NADH. Cytochrome c reduction was dependn the presence of NAD(P)H
and microsomes. Addition of eithepgor Gps-his to the incubation mixtures had no effect
on the reduction of cytochrome c. However, whenrasomes were incubated withpg{C
prior to the addition of cytochrome ¢ and NAD(Piiytochrome ¢ reduction was inhibited.
The effect of pre-incubation with eitheipg&or Qos-his on the inhibition of cytochrome c
reduction was shown in Table 6.2. Results showspiteaincubation with either fig-his or
Cps With microsomes led to similar level of NADPH-cgtoome P450 reductase mediated
inhibition of cytochrome c reduction. Whilepg significantly (P >0.001) inhibit the
cytochrome ¢ reduction mediated by NADH-cytochrobte reductase, there was no

significant inhibition of cytochrome c reductionéase of @e-His (Table 6.2).
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6.1.4 Quenching of tryptophan fluorescence with potassiumiodide

The quenching of fluorescence of membrane-bouradphores molecules by iodide ions
is used as a tool in assessing their relative depthe lipid bilayer [319]. By employing
this methodologies, it was demonstrated that @sbkyl carboxylate side chain was made
longer the tetrapyrrole core of hematoporphyrin®tgporphyrins or dithiaporphyrins is

located at larger depths in the membrane [316].

The addition of the quencher iodide to the solgioh either @ or Qos-his resulted in a
concentration-dependent decrease in PS fluorescé&madysis of this data using Stern-
Volmer plots (which relate the decrease in fluoeese intensity (FO/F) to the quencher
concentration) showed that (Fig. 6.3) the quenclioistant KQ for @ (6.31+0.61x16
M™) did not change significantly on addition of misomes to @ solution (KQ =
6.49+0.65x10 M™). This indicates that the iodide has full accelsitto Cps. However,

in case of @shis the KQ was found to decrease from 6.37+0.18xAD' to

5.42+0.27x10M™ (P>0.01) on addition of microsomes to the solutioiCp§-his.
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Figure 6.3: Stern—Volmer quenching plots qfOCps-his fluorescence: The fluorescence
of Cps or Que-his (10 uM) in 50 mM phosphate buffer, pH 7.4, veegermined in the
presence and absence of liver microsomes (10 ppraigin/ml) (excitation 400 nm;
emission 667 nm). Open and filled square represepisn buffer (Ko = 6.31+0.61x10
M™) and on addition with microsomes (K 6.49+0.65x10M™), respectively. Open and
filled triangle representsy-his in buffer (kg = 6.37+0.18x1OM™) and on addition with
microsomes (K = 5.42+0.27x18M™), respectively. I§ represents bimolecular quenching

constant.
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6.1.5 Protein damage induced by PDT with Cps and Cpe-his

The irradiation of BSA / microsomes along with eitlQos or Qos-his with red light led to
photodynamic damage to the protein residues andrggon of protein carbonyls, which
was measured biochemically. The amount of protambanyls generated directly reflects
the extent of protein damage following PDT. Theld¢ab.3 shows the magnitude of
photodynamic damage to BSA/ liver microsomes indugog the @s-his and free s as
determined by estimation of protein carbonyls fdiora While in case of BSA the
amount of protein carbonyl generated following PBith Cps-his was half as compared to
the (os (Table 6.3, with microsomal proteins no significant diffecenis observed in the
magnitude of protein carbonyl formation when micmes are subjected to PDT with

either of the photosensitizer (table 6.3).

Table6.3. Estimation of Protein carbonyl followingPDT with Cpg-his and Qoe.

Photosensitizer Protein Carbonyl (nmol/mg protein)
BSA Microsome
Control Treatment Control Treatment
Cps-His 29.07+4.1 70.6445.8 30.15+1.4 118.03+25.3
Cps 34.7518.9 119.5+9.2 25.30+8.2 117.42+25.7
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6.1.6 Photodynamic lipid damage in presence of Cps and Cpe-his

Apart from binding to microsomal enzyme proteinseafically, the photosensitizers can
also bind with membrane lipids non-specifically deging on their relative lipophilicity
and this interaction is expected to determine #terg of lipid damage following PDT.
Measurements on PDT induced lipid peroxidation h@wshowed (Table 6.4) no
difference for @s-his and @ indicating that their non-specific binding withrdir

microsomes is also similar.

Table6.4. Lipid peroxidation in microsomes followng PDT with Cpg-his and Qp.

Photosensitizer TBARS (nmol/mg
protein)

Control Treatment

Cpe-His 0.33+0.12| 6.73%0.18

Cpe 0.42+0.09| 6.61+0.34
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6.1.7 Partition coefficients

To evaluate the lipophilicity/ hydrophobicity ofpgand (s-his, partition coefficients of
both the PS were measured in the 1l-octanol-watstersy The partition coefficients

measured by Eq. (Ehowed @s-his is slightly more lipophilic as compared to gratr Qos.

6.2 Discussion

6.2.1 Interaction of Cpg-his and free Cps with BSA

Results of our study show that as compared e t8e binding affinity of @s-his with
BSA is lower by ~ 4 orders of magnitude and the benof binding site is also decreased
significantly.  Previous studies have shown thaé thinding affinity of di and
monocarboxilic porphyrins to serum albumin incresaséh increase in the lipophilicity of
the photosensitizer [317,318]. We measured Octawatier partition coefficient of the two
photosensitizers and results show thpg-kis is slightly more lipophilic as compared to
free Qos. The increase in lipophilicity of gg-his is expected because the carboxylic group
at 17th carbon position in the molecule is remoteedttach the histamine. Thus, the trend
with respect to relative lipophilicity and the aiftiy to albumin appeared to be opposite in
case of @ and e-his. In fact, for chlorin type photosensitizetse tdependence of

affinity to serum albumin on lipophilicity is notlearly established [312,319]. For
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example, with Ce6 the binding affinity to serumuwatbn has been found to be similar to
deuteroporphyrin and protoporphyrin in spite of tfexct that later two are more
hydrophobic as compared to Ce6 [312]. The reaspith# similar binding affinity of the
three photosensitizers was explained based on ¢bheimon asymmetric structure where
the carboxylic side chain is at the side of hydapb core [312]. It has been suggested
that the side chain carboxylic group interacts whidisic residues at entrance of the
hydrophobic pocket in albumin and the tetrapyrraoliety of the photosensitizer binds the
hydrophobic pocket at subdomain IB and in a marsigrilar to heme [312]. This
contention that the side chain carboxylic groupvmles anchor for attachment to the
external, near the polar face of globular proteis heen suggested by Ben et al also [317].
We therefore believe that a large decrease in fifm@ty of Cpg-his as compared tope
could also arise because of loss of side chainoggtis group upon conjugation with

histamine and also due the fact that histamind idis& not bind with serum albumin.

6.2.2 Interaction of Cpg-his and free Cpe with microsomal protein

The liver microsomes contains some key enzymescphatly NADPH-cytochrome P450
reductase and NADH-cytochrome b5 reductase fomibtabolism and detoxification of
various drugs [320]. Photosensitizer accumulaiiotiver can affect the activity of these
enzymes which may result in abnormal liver functidor examples, liver toxicity has
been observed as one of the most common side ffecase of PDT with ALA induced

protoporphyrin [321]. Similar accumulation of ppporphyrin in case of protoporphyria is
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associated with failure of liver function. It hasen shown by Williams et al, using liver
microsomal system that protoporphyrin inhibits #uo#ivity cytochrome P-450 system and
thus affects its detoxification function [322]. Wbserved that bothgg and @s-his led to

~ 22% inhibition of NADPH-cytochrome P450 reductas#vity. For NADH-cytochrome
b5 reductase activity, fg-his showed only slight inhibition as compared @82inhibition
induced by @g. It is important to mention here that the microsbiinding of drugs can
involve specific interaction with microsomal pratsiand the nonspecific interaction with
lipid part of the microsomes depending on the llpbg'hydrophobic nature of the drug
molecule [323]. Since there is small but significdifference in the lipophilicity to @s-
his and @, the non-specific binding to microsomal lipid iIs@aexpected to be different. It
has been reported the inhibition of cytochrome B-4fy protoporphyrin could be
associated with deeper localization of protoporghym microsome membrane due to its
lipophilic nature whereas hydrophilic urophorphyvihich remain outside did not lead to
such inhibition [324]. We also studied the locdiiaa of both the photosensitizers in the
microsomes by probing the quenching of photosamsitiluorescence by iodide ion. The
results show that the presence of iodide has nofgignt effect on fluorescence opgin
both the absence or presence of microsomes. Thgests that @ is not localized very
deep in the microsome. Fompghis, the quenching of its fluorescence by iodidehe
presence of microsomes was slightly lower thanhi@ &bsence of microsomes which
suggested that it is localized little deeper inrtierosomes. It is important to note that the
drug metabolizing enzyme CytP450 protein complegalige at the surface of the
microsome membrane with its catalytic domain irekrshallow in the membrane [325].

We probed the intrinsic tryptophan fluorescencéhef microsomal proteins to determine
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the specific interaction. The results show that-fQis and @ binds with microsomal
proteins and the binding constant fopsGvas higher than for [6-his. Whereas, the
number of binding sites for bothpgand (s-his is close to one. This together with the
fact that the two photosensitizers inhibit the\attiof microsomal enzymes to the same
extent suggests that the interaction pg-8is with microsomal proteins is not significantly
different from @s. In confirmation with our previous observationattthe clearance of the
two photosensitizers from the skin in hamster chgmbkch model was similar [326], these
results suggest that the conjugation to histamioeldvnot affect the metabolism and

clearance of .
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Figure 6.4: @s/Cps-his mediated photodynamic RNO bleaching with respe time. A
solution containing RNO (A440 ~ 0.8), 10 mM imidézand 10 uM of either 8 or Qoe-
his in 25 mM NaHPQ, buffer of pH 7.4 was irradiated with red light6@®+ 25 nm) for
different time period and at the end of each iatidh absorbance of irradiated and un-
irradiated samples was measured at 440 nm. Eaalpdaits represent mean and standard

deviations of three independent experiments.
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6.2.3 Photodynamic damage to proteins and lipids

We also studied whether the affinity opghis and free @ to BSA and microsomal
proteins have any influence on the PDT-inducedgmotlamage. Results however show
that while the protein carbonyl formation followilRPT with Qoe-his was ~50 % less as
compared to that for (6, the difference in the affinity of the two photaséizers to BSA
was much larger. We have previously reported that Qos-induced photodynamic
damage to BSA is mediated by singlet oxygen [310he comparison of the singlet
oxygen yield of @ and (s-his in aqueous environment showed that the sirgtggen
generation capability of g-his is lower than that of §g and this also correlates with the
difference in the amount of protein carbonyl forimatinduced by two photosensitizers.
Earlier studies have shown that the photooxidatmrprotein measured by tryptophan
oxidation is significantly different for various gahyrin and chlorin type photosensitizers
even after normalization with respect to the srddfierences in singlet oxygen yield of
these (fig.6.4) [317]. This was attributed to thiéerences in the relative proximity of the
photosensitizers to tryptophan in the protein make¢317]. In our study, the amount of
carbonyl formation represents overall protein daendige to the fact that these are formed
by oxidation of nearly all amino acids in the pintel'herefore the observed photodamage
to protein is more dependent on singlet oxygerdyélthe two photosensitizers rather on

binding affinity measured by tryptophan quenching.
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Interestingly, we observed that botpsthis and @s induced roughly same amount
of protein damage in liver microsomes after PDTmpared to the protein in neat buffer
system, the proteins in microsomes are surroungelipid environment and since both
Cps-his and @ are amphiphilic these can also partition in tpéliregion. This is evident
from the larger red shift in the Q band absorptbthe two photosensitizers (from 659 nm
to 671 nm) when added to microsomes as compar&5#f In addition, since fg-his
might be located little deeper in the microsomahtheane and also due to the fact that the
life time of singlet oxygen in lipid environmentl@nger than in aqueous phase [327,328],
Cpe-his is expected to lead to higher protein damageembrane as compared to agueous
environment. Bronshtein et al using hemato- andoparphyrins, which have alkyl
spacers of varying lengths between the tetrapymiotg and the carboxylate groups, have
shown that the deeper localization of photosemsitin membrane result in higher
photodamage of membrane localized target mole@1i8][ Thus deeper localization of
Cpe-his would compensate for its lower singlet oxyggmeration capability as compared
to Cps and both resulted in almost same amount of pratamage in microsomes. This
observation may also explainp&his and @s showing no significant difference in PDT

induced lipid damage.

6.3 Conclusion

To summarize, it is shown that while conjugationGpk to histamine led to tremendous

decrease in its binding affinity with serum albuptime specific interaction of§g-his with
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proteins in liver microsomes is similar tggC These results have two implications, first
that serum albumin less likely to play a role ie transport of @s-his as compared to free

Cps Which may contribute to its better accumulatiortumor cells with respect to tumor

vasculature. Second, the recognition of bofla &d (s-his by microsomal proteins for

further metabolism and clearance is not alterectivhre desirable features for its in vivo
PDT efficacy. The use of microsomes also allowetharison of the PDT efficacy of the

two photosensitizers and results demonstrate thghiS in spite of lower singlet oxygen

generation capacity led to almost same amount wlage to membrane lipid and proteins
which could arise because of better localizatiorCpé-his in microsomal lipids due to

higher lipophilicity of the conjugate. These ols#ions are consistent with the higher
cellular uptake, better tumor selectivity and erdemhphotodynamic efficacy ofpghis

conjugate reported in our earlier studies [283,310]
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CHAPTER 7

SUMMARY AND FUTURE

PROSPECTIVES
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To conclude, the results ofh-vitro studies in oral cancer cell lines as wells as direa
carcinoma cell line showed that th@gis is taken up more efficiently than freg@en
cells and thus the resultant photo-toxicity is astanced substantially. The results also
suggested that uptake of the conjugate is medatdustamine H2 receptors. The sites of
intracellular localization of @-his has been identified as lysosomes and endomasm
reticulum suggesting its uptake by endocytosisar&tterization of PDT-induced damage
to cell organelles by 3D reconstruction revealedt ttubular regions of ER are more
sensitive to photodynamic damage and damage tolé€Rea to alterations in structure of

Golgi apparatus.

Studies on evaluation of PDT efficacy op&his in hamster cheek pouch model
showed higher tumor selectivity fompghis as compared togg and PDT led to complete
regression of tumors of siz000 mni. Results also showed that histamine H2 receptors
are over-expressed in hamster tumor tissue. Hamstak cancer model is well
characterized which shows several biochemical andttaral features similar to human
oral cancer. So far, the status of histamine receist not reported in literature. We
analyzed few histology slides of human OSCC tissammples obtained from Choithram
Hospital & Research Centre, Indore and observeohgtimmune-staining in various
regions of tumor tissue suggesting high expressidnstamine H2 receptor (Fig. 7.1 A, B,
C. D). This is also consistent with our observationoral tumors of hamster. Therefore it
will be interesting to study expression of histaenireceptors in human oral cancer to

further exploit the clinical use ofggg histamine conjugate for PDT of oral tumors.
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While difference in expression of histamine recegdtvel might contribute to
higher tumor selectivity of @-his, it is also likely that a change in physicotieal
properties of @s due to attachment of histamine also play someiroits uptake. To gain
some insight on this aspect studies on interaaifo@ps-his and @s with serum albumin
and liver microsomes has been done. Results rel/¢ade the @s-his has lower affinity
with serum albumin as compared t@sGvhich could also be an important factor in its
tumor selective uptake. Moreover, results onratigon of (s-his and @s with liver
microsomes showed no difference in binding whichgast that conjugation ofggwith
histamine would not affect its hepatic metabolisnd &learance. This is also consistent
with similar time dependent rapid clearance qfs-Gis and @s observed in hamster
model. In conclusion, gg-his showed promising results in cancer cells amudier tumor
model and thus the coupling op§£to histamine provided new possibility for targefdT

which may be worth to explore further.
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Figure 7.1 (A): H2R receptor expression in HumanCOSbiopsy samples (Supraglotic
region of Larynx) detected by Immunohistochemistyfferent regions of same tissue
section are shown in a-c. Note the prominent stgifibrown color) in tumor cells and also
in tumor matrix.
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Figure 7.1 (B): H2R receptor expression in Humar€O®iopsy samples (OSCC tumor of
oral cavity) detected by Immunohistochemistry. Biéint regions of same tissue section
are shown in a-c. Note the prominent staining (loraslor) in tumor cells and also in

tumor matrix.
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Figure 7.1 (C): H2R receptor expression in Huma£O®iopsy samples (OSCC tumor of
oral cavity) detected by Immunohistochemistry. Biéint regions of same tissue section
are shown in a-c. Note the prominent staining (loraslor) in tumor cells and also in

tumor matrix.
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Figure 7.1 (D):H2R receptor expression in Human OSCC biopsy san@&SCC tumo
from Alveolar Region Buccal Mucosa) detected Immunohistochenstry. Different
regions of same tissue section are showr-c. Note the prominent staining (brown col
in tumor cells andlao in tumor matrix.
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