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SYNOPSIS

Preamble

Use of radiation is very well established and is one of the primary modalities of
treatment of various cancers. While external beam therapy using gamma radiation
from °°Co or from linear accelerators is widely practised. In-vivo radionuclides
therapy using radiopharmaceuticals are very effective in selected cancers, such as
thyroid cancer. Radionuclides therapy is most often accomplished using radioisotopes
capable of emitting alpha and or beta, as it is important to deliver the radiation dose to
the target tissue, while sparing the neighboring healthy tissues. In this context, **I has
been used for therapy since more than six decades and is still among the most
promising therapeutic radionuclide, despite the associated gamma emissions as well
the emergence of other radionuclides for therapy such as Lutetium-177. While thyroid
cancer has been treated since several decades using radiopharmaceuticals, attempt to
treat many other cancers over the past 10-15 years have opened the avenue for
effective treatment of several malignancies that were not very responsive to other
modes of treatment. One of the causes for these new radiopharmaceuticals is the
availability, of highly specific targeting molecules such as antibodies and peptides,
resulting from the great advances in the area of cancer research. One such malignancy
is non-Hodgkin’s lymphoma (NHL), where radiolabeled monoclonal antibodies
against the CD20 antigen are being explored for use in therapy. Application of
radiolabeled antibodies provides a tool for targeted therapy for lymphoma,
highlighting the concept of “magic bullets” coined by Ehrlich (Ehrlich, 1960) that was
meant to eradicate disease by targeting the diseased tissues/organs. NHL is a

clinically heterogeneous group of malignancies arising from B, T or NK-lymphoid
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cells and the 11™ most common cause of cancer incidence. Most of the B-cell
lymphoma tumor cells express higher number of CD20 receptors and therefore it
becomes one of the possible targets for therapy (Anderson et al.1984). There are
several anti CD20 antibodies used in clinics but rituximab is currently available.
Rituximab is a genetically engineered, chimeric monoclonal antibody against CD20
receptor and has been approved by FDA in 1997 for use in immunotherapy (Boye et
al. 2003). The therapeutic efficacy of rituximab could be increased by labeling the
antibody with a radioisotope having high energy beta particle thus enabling the
targeted delivery of radionuclide to the tumor tissue. Earlier, Tositumomab and
Ibritumomab, both anti CD20 mouse antibodies were radiolabeled with *3'1 and Y
respectively and have been approved by FDA for clinical use. But, with the
availability of rituximab, many are working to develop radiolabeled rituximab to

achieve better treatment devoid of human anti mouse antibody (HAMA) responses.

Among the various therapeutic radionuclides, radioiodine (**'1) s
predominantly used, as it has several advantages such as good radiation properties,
amenable chemistry and easy availability at reasonable costs. The high energy beta
particles emitted by ***I have a maximum tissue penetration range of ~2.3 mm, which
can lead to irradiation of large mass of tumor. **!I has a half life of 8 days and is
available indigenously at reasonable costs with regular supplies. Biomolecules can be
labeled with **'I without significant changes in biological properties using simple
methods. lodine is easily incorporated into antibodies as well as other molecules with
tyrosine/tryptophan/histidine moiety to form stable radiolabeled molecules without

steric hindrance and major changes in 3d confirmations.

The aim of this thesis is to study the effect of beta radiations on the human

cancer cell lines using **!1, and compare with an equivalent dose of y-rays. Further,
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studies were carried out to assess whether the use of “*'I-rituximab resulted in
enhanced cell toxicity in Raji cells and understand the underlying mechanism for the
same. Additionally, the advantage of using **'l-rituximab in combination with
conventionally used chemotherapy agents such as doxorubicin was also explored.
Doxorubicin has serious side effects (cardiotoxicity being one of them) and also
results in drug resistance. In this study, Raji cells were treated with **'I-rituximab in
combination with doxorubicin, and cell toxicity and mechanism of toxicity were

elucidated.
RATIONALE OF THE THESIS

B3| was chosen as the radionuclide for these studies due to its excellent potential for
therapy applications and the lack of in-depth studies on the mechanisms of its
therapeutic action. As mentioned above, the physical as well as the chemical
properties of *31 render it a very useful therapeutic radioisotope. To reiterate, an ideal
therapeutic beta emitting radioisotope should have following characteristics: (a)
relatively moderate to long half life to enable adequate irradiation to the target tissues,
(b) high energy of beta for effective killing of cancer cells and (c) emission of suitable
gamma radiation which can be imaged for monitoring. **I fulfills these criteria. NHL
is fatal if untreated and survival rates for NHL vary widely, depending on the
lymphoma type, stage, age of the patient, and other variables. According to the
American Cancer Society, the overall 5-year relative survival rate for patients with
NHL is 63 % and the 10-year relative survival rate is 51 %. The treatment modalities
are generally based on immunotherapy and chemotherapy. Although rituximab is
immunotherapeutic on its own since it induces cell death in B-cell lymphoma, large
amounts of antibodies have to be administered for therapy. Use of the antibody for

selectively targeting the tumor and combining the antibody with another lethal entity
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such as radionuclide is a well proven strategy for increasing the effectiveness in
cancer therapy, while using much lower amounts of the precious antibody. Further, it
has been found that most of the NHL become non responsive or resistance to either
rituximab or chemotherapy. Even radiation therapy alone is not very helpful in the
cure of NHL. It is thus, relevant to study the effectiveness of radiolabeled rituximab
alone as well as in combination with a chemotherapy agent, with respect to the cell
toxicity. Hence, ***I-rituximab was used in these studies, assuming that the combined
modality would have synergistic benefit. Raji cells, which are CD20 positive human

lymphoma cell line, were used in these studies too.
OBJECTIVES OF THE THESIS
This research was carried out with the following specific aims:

1. To study the in vitro effect of beta radiation emitted from **I in comparison

with the y-radiation in different human tumor cell lines

2. To study the cellular internalization of **!I-rituximab and mechanism of

toxicity in Raji cells
3. To study the effect of doxorubicin on **!I-rituximab treated Raji cells

The thesis entitled “Studies with a beta particle emitting radionuclide in context of

radioimmunotherapy” has been summarized in the following chapters:
CHAPTER 1 Introduction

CHAPTER 2 Comparison of effect of beta radiation emitted from **!I with an

equivalent dose of y-radiation in human cancer cell lines

CHAPTER 3 Study on cellular internalization and mechanism of toxicity of

B_rituximab in Raji cells
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CHAPTER 4 Study on effect of ***I-rituximab in combination with doxorubicin on

Raji cells
CHAPTER 5 Summary, conclusions and future directions

Chapter 2-4 contains separate introduction pertaining to respective chapter,

detailed materials and methods, results and discussion.
CHAPTER 1 Introduction

This chapter deals with a brief history of radioisotopes from the discovery of atom to
the radioactivity, production of radionuclides and its applications in human health
care. The application of radionuclides in healthcare began almost 70 years ago with
the use of **1 as sodium iodide in treatment of thyroid cancers and *?P for treatment
of polycythemia vera. The specialty of ‘Nuclear Medicine’, where radioactive
formulations known as radiopharmaceuticals are used for either diagnosis or therapy,
evolved over time as a branch of medicine. A steep increase in diagnostic applications
was seen after the advent of Technetium-99m (**™Tc) in the 1960’s and the invention
of the gamma camera by Anger designed to detect the 140 keV gammas from *™Tc

efficiently.

Around the same period, the pioneering work of Rosalyn Yalow and Solomon
Aaron Berson in the USA (Yalow et. al., 1960), and Ekins in the UK described
techniques known as radioimmunoassay or competitive radioligand assay, which led
to the use of radioisotopes, essentially, ***I, *°I and tritium for estimating very minute
quantities of hormones, tumor markers, drugs and other metabolites in blood and

other body fluids.

The production of clinically useful radioisotopes by radiochemists and the

parallel understanding of the pathophysiology of cancers, viz., cancer biochemistry,
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molecular biology, etc. had a great influence on the growth of nuclear medicine.
Many diseases could be diagnosed easily without a biopsy sample. In oncology,
malignant tumors especially of the prostate, breast, lung etc., could be detected with
tumor localizing radiopharmaceuticals, with *FDG being the most prominent. In
advanced cases, the malignancy metastasizes to the other organs including the bone.
Bone-metastasis cause unbearable pain, which is usually treated with analgesics drugs
and radiolabeled bisphosphonates. When these drugs no longer relieve the pain, bone
seeking simple radioisotopes (¥*SrCl and *2P) or radiolabeled phosphonates (***Sm-
EDTMP, "’Lu-EDTMP and '**Ho-DOTMP) is used for bone pain palliation (Finlay

et al. 2005).

Among the radionuclides used in therapy, radioiodine (*!1) is the earliest
known radionuclide used in thyroid disorder (Hertz et al. 1940). Its beta energy is
used for therapy and gamma rays for imaging. The latter contributes very little in
therapy but can be employed for dosimetric calculation and imaging during therapy.
Targeted delivery of radionuclides is possible by several means viz., antibodies,
peptides, antisense RNA, aptamer of DNA and RNA, target specific small molecules
and affibody (Jamous et al. 2013, Hicke et al. 2006, Boswell et al. 2007, Hoppman et
al. 2011). Amongst them, antibodies have taken a lead role in radiopharmaceuticals
for cancer therapy as several FDA approved antibodies are commercially available,

which could be tagged with radionuclides for use in therapy.

CHAPTER 2 Comparison of effect of beta radiation emitted from **!I with an

equivalent dose of y-radiation in human cancer cells

Cancer treatment using external beam of gamma rays is very well established and the
effects of gamma rays on cancer cells have been studied and reported extensively
(Steel et al. 1987, Bracey et al. 1995). Despite the fact that many beta emitting
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radionuclides are in clinical use, the studies about the mechanism of cell death
induced by beta radiation are very limited in the literature. **'I (Na**'l) which emits
beta particles is an established effective therapeutic radionuclide. However, the
cytotoxic effect of **!1 in comparison of y-ray is not well understood. Hence, in this
chapter the effect of the beta radiation from *!I was studied on tumor cells of
different tissue origin, which was compared with an equivalent dose of y radiation.
The cell toxicity study was further extended to investigate regulation of genes

involved in DNA damage and apoptosis.

Four different human cancer cell lines viz. Raji (Burkitt Lymphoma), U937
(Histiocytic Lymphoma), MCF-7 (Breast carcinoma) and A431 (skin carcinoma) were
treated with 1.85 MBq of **!I for 2 h (dose 0.4 Gy and dose rate 0.003 Gy/min) and
non radioactive sodium iodide (Nal) at the same chemical concentration was used as
vehicle control. The cells were washed thoroughly and further incubated for 24 h.
Likewise, similar number of cells were irradiated with 0.4 Gy of gamma rays (dose
rate: 0.4 Gy/min) and incubated under same conditions. After incubation, the cells
were harvested and the cell death was assessed using trypan blue dye. The results
showed that ***I induced 16 % cell death in Raji cells which is significantly higher
(p<0.05) compared to (10 %) by the 0.4 Gy given by ®®Co-gamma radiation. Amongst
all the cell lines, maximum cell death was observed in Raji cells and the least in A431
cells. Due to the lower radiation dose component from the gamma rays in comparison
with the beta particles, it is assumed that contribution of gamma radiation from **1 is

negligible towards radiation induced cytotoxicity in cancer cells.

In order to investigate the underlying mechanism of cell death in Raji, U937,
MCF-7 and A431 cells after **!1 and equivalent dose of gamma rays treatment,

apoptotic DNA fragmentation study was carried out. The results showed that, 13
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induced DNA fragmentation measured in terms of enrichment factor (1.8 to 2.4) was
significantly higher (p<0.05) than fragmentation induced by the equivalent dose of
y rays (1.2). It was also observed that maximum fragmentation was observed in the
Raji cell line. Significant PARP cleavage (p<0.05) was observed in **'I treated cell

lines when compared to the equivalent dose of y-rays.

Since Raji cell line exhibited maximum cell toxicity and apoptosis compared
to the other cell lines, it was of interest to further study the expression of genes
involved in DNA damage response after irradiation at 30 and 240 min. Expressions of
BAX, P21 and RAD51 genes were analyzed by real time PCR. It was found that BAX
gene is upregulated in Bl and 0.4 Gy treated Raji cells when the time of incubation
was increased from 30 min to 4 h (p<.05). However, no significant change in BAX
expression was observed between **'1 and gamma treated Raji cells. At 30 min of
incubation, it was observed that the P21 expression was much higher for 0.4 Gy from
gamma but decreased subsequently with time. This might be due to the high dose rate
of y rays, causing more DNA damage and hence P21 expression was higher compared
to the equivalent dose of **'1. However, in case of **!1, P21 expression increased from
30 min to 4 h (p<0.05) because the DNA damage accumulated with time and hence
the expression was more at 4 h time period than at 30 min. RAD51 gene, involved in
DSB repair by homologous recombination, was found to remain constant with time
for ! irradiated cells. In case of gamma irradiated cells, the RAD51 expression was
relatively higher within 30 min, but decreased by 4 h (p<0.05). The initial higher
expression could be due to the higher dose rate of y-rays causing more DNA damage,
but subsequently decreasing due to repair taking place via homologous repair
(Khanna et al. 2001). In case of *31, it is possible that the natures of damages are

different and probably involve other repair mechanism(s).
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These studies show that cell toxicity and apoptotic death induced by beta
radiation from 31 is higher than that produced by an equivalent dose of y-rays. Raji
cells were found to be sensitive to both beta and gamma radiation than other cancer

cell lines studied.

Chapter 3 Study on cellular internalization and mechanism of toxicity of

B_rituximab of in Raji cells

In Chapter 2, *'1 was found to induce higher cytotoxicity than equivalent dose of
gamma radiation, which was again highest in Raji cells. Hence, in this chapter to
further increase the efficacy and selectivity of ***I, we have labeled a CD20 specific
antibody i.e. rituximab with 31 (**!1-rituxmab). The efficacies of the *3I-rituximab
radiopharmaceutical in binding to the CD20 receptors of Raji cells were studied.
Initial studies were performed, for labeling characterization, localization and
subsequent fate of **I-rituxmab in this cell line. Once *!I-rituxmab internalized, it
would exert its radio-toxicity depending on cellular target and dose received. This
Chapter is aimed to study cellular localization/stability of **!|-rituximab bound to

CD20 receptor and the mechanism underlying the cytotoxicity in Raji cells.

The magnitude of expression of CD20 receptors on Raji cells (CD20 positive)
was evaluated using anti-CD20-FITC by flow cytometry with negative control of
human lymphoma U937 cells (CD20 negative). Results showed that 69.4 + 1.2 %
populations are CD20 FITC positive in Raji cells, while it was very low (3.5 £ 0.376

%) in U937 cells. Hence, the choice of Raji cells were made in these experiments.

Rituximab was labeled with **!1 by lodogen method (Fraker et al. 1978) and
radioiodination yield was >90 %. The radiochemical purity of **!I-rituximab was >99

% after PD10 Sepahadex column purification as determined by HPLC. The specific
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activity of **I-rituximab is 0.30-0.35 MBg/pg. Cell binding and inhibition studies
were carried out in Raji cell line and it was found that immunoreactivity of rituximab
was retained even after radiolabeling with *3!1, while the non specific binding in U937
cell line was <0.5 %. Cell binding was carried out with increasing concentrations
(0.037-3.7 MBq) of B3Y|_rituximab and incubated for 30 min to 6 h. It was found that
1.85 MBq of **I-rituximab and 2 h time period of incubation were optimum for
carrying out further experiments. The dose delivered by **!I-rituximab was calculated
with an assumption that beta particles deposited 100 % of its energy in the cells/media
while y-rays has negligible contribution, and it was found to be 0.38 Gy for 2 h
incubation period. The cumulative dose received by cells during incubation period of

2,612 and 24 h were 0.39, 0.40, 0.42 and 0.46 Gy, respectively.

Cellular internalization study of B1rituximab was carried out at different time
periods of incubation by membrane stripping, which results in removal of membrane
bound activity. It was observed that cellular internalization (radioactivity after
stripping) increased with the time of incubation. It was also found that the
radioactivity in the cell bound fraction (membrane stripped fraction) decreased during
course of incubation. Hence, the fraction of de-iodination was assessed in protein
precipitation using trichloroacetic acid (TCA) and paper electrophoresis of medium/
supernatant obtained from **'I-rituximab treated Raji cells, collected at different time
points. It was found that only ~10 % free iodide was observed in the supernatant at 24

h time point.

For cell toxicity studies, Raji cells were incubated with 1.85 MBq of *!I-
rituximab for 2 h then washed and further incubated for 2, 6, 12 and 24 h. Cell
toxicity was measured by LDH release. It was observed that cells treated with **!I-

rituximab showed increase in LDH release depending on increase in incubation period
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compared to the unlabeled rituximab. Likewise, it was found that 131 rituximab
induced apoptosis with the increase in time of incubation, which was much higher
compared to the rituximab. Western blotting of p53 and PARP proteins showed that
B1)-rituximab induced increased PARP cleavage and p53 expression when compared
to the rituximab alone, after 6 h of incubation. The increase in PARP cleavage or
apoptosis was observed after 6 h which can be related to the fact that internalization
of *¥I-rituximab increased from 6 h. On internalization, ***I-rituximab resides closer
to the nucleus than when it was bound to the membrane, causing increased damage to

the nucleus and registering increased apoptosis.

From the above studies, it can be concluded that **!I-rituximab induces higher cell

toxicity compared to unlabeled rituximab.

CHAPTER 4 Study on effect of **!I-rituximab in combination with doxorubicin

on Raji cells

Doxorubicin is commonly used in the therapy of a wide range of cancers including
leukemia and lymphoma (Tan et al. 1967). The associated side effects and drug-
resistance to the therapeutic agent warrants developing combinatorial approach for
cancer therapy. It was observed in the previous chapter that **'I-rituximab enhanced
cell death when compared to rituximab. Thus it was envisaged that there could be a
further increase in cell toxicity induced by "*!I-rituximab when used in combination
with doxorubicin, and hence, the study was carried out to determine the toxicity as

well as to understand the underlying mechanism.

Efficacy of rituximab in combination with paclitaxel and other drugs is known
(Jazirehi et al. 2003) but the effect of ***I-rituximab in combination with doxorubicin

is not reported. In this experiment, Raji cells were treated with doxorubicin along with
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B1rituximab and induced cell death was studied and compared to both rituximab as
well as doxorubicin treated cells. Further, the cell toxicity, apoptosis and MAPK
signaling pathways were investigated after treatment of **'I-rituximab in combination
with doxorubicin in Raji cells. Raji cells were treated with doxorubicin (0.5, 1, 2 and
10 pg/ml) for 4 h, followed by 2 h incubation of 1.85 MBq of BY_rituximab. In all
experiments, the cells were washed and incubated for 12 h. Cell viability was
estimated by trypan blue dye, apoptotic cell death was assessed by estimation of DNA
fragmentation and PARP proteins cleavage by ELISA method. Cell proliferation
pathway was studied by measurement of expression of MAPK proteins by Western

blotting.

A significant (p<0.05) increase in cell death was observed in Raji cells treated
with *¥*I-rituximab in combination with doxorubicin (2 pg/ml, ~ 74 %) compared to
the corresponding individual control cells i.e. doxorubicin (2 pug/ml, 55 %), and **!|-
rituximab (22 %). Likewise increase in apoptosis was found in the combinatorial
treatments. It was observed that expression of p44/42 and p38 were more in cells
treated with 3l-rituximab in combination with doxorubicin. However, strong
phosphorylation of p38 was observed in *I-rituximab treated cells while
phosphorylation of p38 was weak in cells treated with **!I-rituximab in combination
of doxorubicin. Similar pattern was observed in the phospho p44/42 proteins, which
was in agreement to previous literature studied for only rituximab treatment (Pedersen
et. al., 2002). The anti-apoptotic protein expression (bcIxl) was downregulated and
cleaved PARP was higher in the cells treated with B_rituximab in combination with

doxorubicin compared to the individual treatments.

From these studies, it can be concluded that the efficacy of **I-rituximab is

enhanced in Raji cells when combined with doxorubicin.
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CHAPTER 5 Summary, conclusions and future directions
Major conclusions of the thesis

1. Beta radiation emitted from radionuclides is more potent in induction of cell
toxicity in tumor cells compared to the equivalent dose and very high dose rate of y

radiation.

2. RAD51 and P21 seem to have major role in discriminating the effect of beta and

gamma radiation in tumor cells.

3. B¥!-rituximab enhanced the killing in Raji cells compared to the unlabeled
rituximab. This increase in Raji cell death/apoptosis corresponds to the amount of

cellular internalization of the **I-rituximab.

4. Combinatorial approach of doxorubicin and B_rituximab enhanced toxicity in
Raji cell line compared to the individual controls, which involve regulation by

bclxl and the MAPK signaling pathways.
Future directions

1. Infuture there is a need for detailed studies of the mechanism of DNA damage
and repair kinetics of beta radiation and the equivalent dose of gamma
radiation. The estimation of SSB and DSB of DNA damage by comet assay
and expression of RAD51 and KU70/80 will confirm the molecular mechanism
involved in the DNA damage repair.

2. To understand the effect of **!I-rituximab on cytotoxicity and underlying
signaling pathways such as apoptosis and MAPK, there is a need to evaluate
the efficacy in drug/radiation resistant cell lines.

3. To validate the effect of *!I-rituximab and its combination with doxorubicin in

in-vivo mouse models.
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INTRODUCTION
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1.1 PREAMBLE

In the ancient scriptures of India dating back thousands of years, the words ‘Anu’ and
‘Paramanu’, which are the Sanskrit terms for the ‘smallest particle’ and ‘atom’
respectively have been mentioned. Ancient India sage “Kanad” coined the term “Anu”
the smallest particle and ‘Paramanu’ is described in Brahma Samhita (written 5000 years

before) Chapter 5 Verse 35 (Bhaktisiddhanta, 1932). This Sanskrit verse is as follows-

eko 'py asau racayitum jagad-anda-kotim,yac chaktir asti jadad-anda-caya yad-antah

andantara-stha-PQal aIMaNU-chayantara-stham,govindam adi-purusham tam aham bhajami.

(He is an undifferentiated entity as there is no distinction between potency and the
possessor thereof. In His work of creation of millions of worlds, His potency remains
inseparable. All the universes exist in Him and He is present in His fullness in every one
of the atoms that are scattered throughout the universe, at one and the same time. Such is

the primeval Lord whom | adore.)

Later, Greeks predicted the existence of the atom around 500 BC. They named the

predicted particle 'atomos' meaning "indivisible" and have taken credit to coin the term.

Centuries later, in 1803, John Dalton (1766-1844) introduced the term *‘atom’
which is accepted by the modern day scientists. But the area of atomic sciences remained
under dark until the end of the nineteenth century, when a series of genius discoveries

opened the avenue of nuclear science of the twentieth century.

1.2 HISTORY OF RADIATION AND RADIONUCLIDES

Wilhelm Conrad Roentgen’s "photograph of his wife's hand” (an image of her fingers’

bones including the wedding ring) was an epoch discovery, which opened the world of
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unseen ‘mysterious rays’. Roentgen's discovery of "mysterious rays", later known as X-
rays, paved the path for a new avenue of application in health care namely, non-invasive

imaging of internal organs of the body.

In March 1896, Antoine Henri Becquerel, while working with the phenomena of
fluorescence and phosphorescence, made an accidental but remarkable discovery. He
wrapped the photographic plates and put them away in a dark drawer along with some
crystals containing uranium. Much to his surprise, the plates got exposed. Later it led to
the conclusion that some kind of radiation was emanating from the crystals. Through the
use of an electroscope, Becquerel had noted that uranium emanations could turn air into a
conductor of electricity. But, Marie Curie (1898) reasoned that a very active but unknown
substance must exist within the pitchblende. The extensive work of Marie Curie resulted
in the identification and separation of two new elements from pitchblende, namely
‘Polonium’ (named in honor of Marie's native country Poland) and Radium (to mean
‘Rays’). Curie, Pierre Curie and Becquerel won the prestigious Nobel Prize in 1903 in
chemistry for the discovery of phenomenon of radioactivity and new radioactive

elements.

Ernest Rutherford’s (1911) experimentation wherein, he bombarded thin gold foils
with the positively charged a-particles and concluded that in an atom there would be a lot
of empty space, so that all the particles passed through the foil undisturbed. A very small
number of a-particles “bounced back" almost at 180°, which showed that the atom must

be made of a heavy central positive nucleus.

In 1934, the artificial production of radioactivity was reported by Irene-Joliot-

Curie and Frederick Joliot, which won them the Nobel Prize in 1935. However, artificial
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production of radioisotopes initiated by bombarding with alpha particles and later with
neutrons resulted in production of many radioisotopes. The pioneering work of George
Hevesy (1943) opens an avenue for radiotracer applications in industry and biology. The
work of Becquerel, the Curies, Rutherford, Hevesy and others, made modern medical and
scientific research more than a dream with many applications of radioisotopes in science,

industry and healthcare.

The radioactive isotopes of an element are generally unstable in nuclear
configurations, which attain stability by re-configuring the nucleus. During this process
energetic radiations such as alpha (a), beta () or gamma (y) rays are emitted resulting in
an isotope of a different element. The penetration ranges of these radiations are depicted

in Fig. 1.1.

p-rays [ONEIE |BB

T -rays ["™Mag or—
-

Paper Sheet Plastic Sheet Lead shield

Figure 1.1 Penetration range of alpha (a), beta () or gamma (y) rays

1.3 PRODUCTION OF RADIOISOTOPES

Most of the radioisotopes used in medicine, biology, industry and other applications are
artificially produced. The stable nuclides can be transformed into the radioactive isotopes
of the same or different element through nuclear reactions. This nuclear reaction can be
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achieved by bombarding the target nuclide with a projectile either a neutron or a charged
particle (such as proton, deuteron, etc.). The major facilities for producing artificial
radioisotopes are nuclear reactors and charged particle accelerators (cyclotrons).
Although, cyclotron was the first route for production of radioisotope, most of the
radioisotopes used in different applications are currently being produced in the nuclear
reactors. The reactors offer the large volume irradiation and thus enabling economically

viable production of various radionuclides.

In nuclear reactor, radioisotopes are produced by exposing target materials to the
neutron flux for an appropriate period of time. Radioisotopes are produced in the reactor
through different routes such as (n, y), (n, B), (n, p), (n, a) and (n, f), which are generally
neutron rich and mostly decay by beta emission and at timees associated with gamma
emission. The rates of production of radionuclides are determined by the neutron flux,

abundance of the target nuclide and the activation cross-section for the desired reaction.

In accelerators, energetic charged particles such as proton (p), deuteron (d), alpha
(0), He** etc are used as projectiles to bombard the target nuclides. Resulting
radionuclides are rich in positive charge (neutron deficient) and most often decay through
positron emission (B*) or electron capture. The need for high current and the sophisticated
technology of accelerator, makes cyclotron produced radioisotopes more expensive than

the reactor produced radioisotopes.
1.4 APPLICATION OF RADIONUCLIDES IN HEALTHCARE

Application of radioisotopes in health care began with therapy using **!I (Hertz et al.
1940). But, over the past several decades, different radioisotopes have been used both for

diagnostic as well as therapeutic purposes. Brief descriptions of these are given below.
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1.4.1 In-vitro use of radionuclides: competitive radioligand assay

The major in-vitro uses of radionuclides in health care are as radiotracer applications,
such as RIA and IRMA. These techniques are used to quantitatively estimate hormones,
cancer related antigens, secretory proteins, toxins, drugs etc. in biological samples such
as blood, urine etc. RIA also called as competitive radioligand assay, is a very sensitive
and specific technique developed by Rosalyn Yalow and Solomon Aaron Berson (Yalow
et al. 1960). Around the same period Ekins and Slater (Ekins et al. 1960) also described
the method of estimation of total exchangeable sodium and potassium in human. In this

method, radioisotope (**'1, **I,

tritium etc.) labeled molecules are used as tracer to
estimate analytes/metabolites in blood and other body fluids. IRMA is an extension of
RIA with higher sensitivity as well as specificity, due to the use of a pair of specific

antibodies. Despite the high sensitivity and specificity, these assays are very simple, easy

to perform and inexpensive.

1.4.2 In-vivo use of radionuclides: diagnosis, therapy and bone pain palliation

The use of radioactive preparations, either orally or as an injectable product has been
established since more than seven decades. This field is known as nuclear medicine
where radionuclides are widely used for the diagnosis as well as treatment of joint pain,
bone pain and various cancers. The radioactive preparations (drugs and specific
molecules tagged with radionuclide) used in nuclear medicine are known as
radiopharmaceuticals. These are akin to pharmaceuticals as they are internally
administered in the patients. However, there are differences compared to the regular
pharmaceuticals due to their short shelf lives. In the case of therapy, the efficacy is reliant

on both chemical as well as physical nature of the radiopharmaceuticals. In the past, the
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carrier molecules were chosen based on the specificity and bio-chemical behavior so that
it can localize in the desired target lesion/organ. Some examples of this approach are
antibodies and peptides for targeting antigen or receptor on diseased tissue, colloids and
lipophilic molecules for imaging liver and hydrophilic molecules for imaging kidney
functions. Hence, the carrier molecules should be chosen with great care for quick
localization at the target sites and amenable to radiolabeling for stable (Kinetic and
thermodynamic) preparations. However, the physical half-life of the radioisotope is a
critical parameter to be considered in the design of a radiopharmaceutical. In-vivo
diagnostics, therapeutic and bone pain palliation applications of radiopharmaceuticals are

described as below.
1.4.2.1 Diagnostic radiopharmaceuticals

Radionuclides that emit electromagnetic radiations such as y or X-rays, deposit their
energy over a long range, have comparatively shorter half life and do not emit particulate
radiations are suitable for diagnostic applications. The invention of gamma camera by
Anger in 1957 was an important milestone that accelerated the growth of diagnostic
nuclear medicine. The gamma cameras that are capable of reconstructing 3-D images
from acquired data of attenuated single energy photons are called SPECT. Several
radionuclides such as *™Tc, ®’Ga, ™Kr, 82Rb, "In, %1, 1*Xe and **TI that emit gamma
rays with single energy are suitable for SPECT imaging. However, the commercial
availability of *Mo-*"Tc generators and a variety of kits for preparation of
%™ Tc-radiopharmaceuticals to image several organs of the body, made **™Tc the “work-
horse” of diagnostic nuclear medicine. The use of **™Tc continues to this day, although

the use of positron emitters, especially Fluorine-18, has increased enormously in the past

Ph.D. Thesis Chandan Kumar



Chapter 1 Page |8

10-15 years. The positrons when emitted, immediately combine with electrons and
annihilate each other resulting in the emission of two 511 keV photons in opposite (at
180° apart) directions. The two photons akin to gamma rays emitted simultaneously in
opposite directions are recorded in a co-incidence manner to construct very good quality
image with high resolution. Such imaging is known as PET, which also gives a 3-
dimensional image even more resolved than SPECT. Although the concept of PET
imaging existed since the 1950’s, positron imaging made an entry into the clinics in the
1970’s with the synthesis of **F-FDG at the Brookhaven National Laboratory, USA. PET
imaging advanced with the development of BGO scintillation detectors in a circular array
with coincidence circuits designed to specifically detect the 511 keV photons emitted in
opposite directions along with proper computations. There are two kinds of diagnostic
imaging that can be possible with PET and SPECT. (a) Static imaging for obtaining
anatomy/ morphology of tissues/organs and (b) dynamic imaging for detecting functions
of tissues/organs. Diagnostic radiopharmaceuticals are used in very low concentrations
(10°-10"® M), to image the morphology as well as the functions of the organs and are not

intended to have any pharmacological effects.
1.4.2.2 Therapeutic Radiopharmaceuticals

Therapeutic radiopharmaceuticals are molecules designed to deliver therapeutic doses of
ionizing radiation to the diseased sites. The success of therapy depends on deposition of
high concentration of radionuclide in diseased target site over an adequate time span to
cause complete destruction of the cancerous cells. The effective range and LET of
radionuclides depend on the type of the particle as well as the energy. The size of the

tumor, intra-tumoral distribution of the radiopharmaceutical, pharmacokinetics of the
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tracer are the major factors that would influence the type of radionuclide desirable for
effective therapy. Although, particulate emissions are responsible for therapeutic efficacy,
concomitant emission of (a small percentage) gamma rays with energy in the
diagnostically useful range are useful in imaging/localization/dosimetry of the therapeutic
radiopharmaceutical in patients. Radioisotopes which emit particulate radiations viz. o or
B or auger electron, and deposit their energy within a small range are suitable for
therapeutic applications. They are also categorized based on the chemical nature, namely
(1) simple chemical form (e.g. lodine-131 as iodide for thyroid imaging and treatment of
thyroid cancers; Strontium-89 chloride and *P-sodium orthophosphate for skeletal pain
palliation), (ii) labeled molecule, when a carrier molecule is radiolabeled and are target
specific (e.g. antibodies, peptides or small targeting molecules etc. used in treatment of
several cancers). Some radiolabeled molecule localizes owing to the size {(e.g. *Y- glass
microsphere of 20-30 ym and Y- resin microsphere of 2040 pm in size, obtained US,
FDA approval in year 2002 and 2000 respectively)} and used for the therapy of hepatic
cancer. Table 1.1 enlists commonly used beta emitting therapeutic radionuclides in

healthcare.

1.4.2.3 Radiopharmaceuticals for bone pain palliation

Many malignant tumors especially prostate, breast and lung cancers in advanced stages
get metastasized in bone. Bone metastasis is very painful and usually treated with
analgesics drugs and radiolabeled phosphonates. Initially inorganic phosphate (3*P) and

895rCl, were used in bone pain management, which mimics calcium and localizes in
bone. However, it delivers ablation dose to bone marrow and causes hematological
toxicity. Better agents are still being explored, that can selectively deliver effective dose
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to skeletal lesions and minimize bone marrow suppression. In this effort combination of

different radionuclides and carriers are reported, which include ***Re-HEDP (hydroxyl

ethylene diphosphonate), ***Sm-EDTMP (ethylenediamine tetramethylene phosphonic

acid), '™Sn-DTPA (diethylene triaminepenta acetic acid) (Finlay et al. 2005 &

Lewington 2005). ***Sm-EDTMP is a FDA approved bone pain palliative agent that is

routinely used world over.

The average clinical response time for radiopharmaceuticals based on bone pain

palliation is normally between 7 and 14 days, however, effectiveness may be seen as late

as 4 weeks after treatment.

Table 1.1 Beta emitting radionuclides commonly used for therapy

S. No. | Radion- | ty, (h) Diagnos | Therapy Avg EB Ey Production
uclides is (y/B+) | (B/a/Auger) | Range (avg) (keV)
(mm) (keV)
1. %Ho 26.8 y B 2.43 | 665.7 | 80.6 [®Dy/**°Ho generator
EC <0.02 1379.4
2. 124 100.22 | yp+ B 3.25 | 8305 | 602.7 [*Te(p,n)™
EC <0.02
3. 129 1443.4 y EC <0.02 35.49  [*Xe(n, y)*°Xe/™I
4. B 192.96 y B 036 | 1817 | 3645 [P'Te(n,y)™
5. YLy 161.04 y B 0.22 133 208.4 "°Lu (n,y)""Lu
EC <0.02 113.0
6. 185Re 16.98 y 5 291 | 764.2 155  ["**W/**®Re generator
EC <0.02 633.1 [°'Re(n, y)***Re
7. 53sm 46.27 y B 0.5 223.6 | 103.2 [**Sm(n,y)***sm
8. Sy 64.08 B 3.78 | 934.8 *°Sr/%°Y generator
0. %p 342.72 B 2.3 694.7 *P(n, y)*P
*S(n, PP
10. 8r | 29128.32 B 1491 P**U(n,f) ®sr
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1.5 CANCER AND THERAPEUTIC MODALITIES

1.5.1 Cancer

Cancer is medically known as a group of diseases of unregulated cell growths which are
clinically benign and metastatic in nature. Benign tumors do not invade neighboring
tissues while malignant tumors do invade nearby tissues and spread throughout the body
via lymphatic system and/or bloodstream. There are over 200 different known cancers
that affect human life. The causes of cancer are diverse, complex and only partially
understood. However, the risk of cancer increases, due to many factors including tobacco
use, dietary factors, infections, exposure to radiation, lack of physical activity, obesity

and environmental pollutants.
Classification of cancer

Cancers are classified in various ways but one of the most acceptable and commonly used

nomenclatures are based on the origin of the tumor. These types are as follows

1. Carcinoma: These cancers are derived from epithelial cells which includes
cancer of breast, prostate, lung, pancreas, and colon.

2. Sarcoma: Sarcoma is a cancer of connective tissue origin i.e. bone, cartilage, fat
and nerve, which develop from cells originating in mesenchymal cells outside
the bone marrow.

3. Lymphoma and leukemia: This class of cancer arises from hematopoietic
(blood-forming) cells.

4. Germ cell tumor: These cancers are derived from pluripotent cells of the testicle

and ovary.
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5. Blastoma: Such cancers derived from immature "precursor™ cells or embryonic

tissue and more common in children.

Cancers are generally named using -carcinoma, -sarcoma or -blastoma as a suffix while
benign tumors are named using -omas a suffix, with the tissue of origin as the root. For
example cancers of the liver parenchyma arising from epithelial cells is called hepato-
carcinoma, while benign tumor of smooth muscle cells is called a leiomyoma. However,

some types of cancer use the -noma suffix, examples including melanoma and seminoma.

1.5.2 Non- Hodgkin’s lymphoma (NHL)

NHL is a clinically heterogeneous group of hematological malignancies arising fromB, T
or NK-lymphoid cells. It differs from the Hodgkin’s lymphoma due to the absence of
multinucleated Reed-Sternberg cells. It is eleventh most common cause of cancer
incidence (Balkrishna 2008) and ranks 5" in cancer mortality (Bonavida 2007). For
clinical purpose, NHL has been classified into three categories viz. low, intermediate and
high grade malignancies. More than 90 % of NHL originates from the B-cells only. Most
of human B-cell-lineage malignancies express a large number of CD20 (33-37 kDa)
proteins (Anderson et al.1984, Nadler et al. 1981, Beers et al. 2010). Hence, CD20 is
considered to be an attractive and one of the possible targets for the treatment of NHL
(Multani et al. 1998, Kunala et al.2001). CD20 is a glycosylated phosphoprotein
expressed on the surface of B-cells, encoded by the MS4A1 gene in human. CD20 has no
known natural ligand however, it helps in optimal T cell- independent antibody response

and calcium channel in the cell membrane (Cragg et al. 2005, Kuijpers et al. 2010).
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1.5.3 Therapeutic modalities of cancer

There are various therapeutic modalities available for cancer which are employed alone
or in combination depending on the type, location and grade of the cancer. These are

summarized as below.
1.5.3.1 Surgery

Surgery is the primary modality of treatment of most solid cancers, aimed to remove
entire cancerous tissue. It is typically prescribed after the definitive diagnosis and tumor

biopsies.
1.5.3.2 External beam radiotherapy

Radiation is one of the modalities for treatment of cancers due to its ability to control
cancer growth by damaging the DNA and thus leading to cell death. The biological effect
is caused by direct and indirect effect of ionization radiation. Cancer cells are generally
less differentiated and divide faster in an uncontrolled way than the normal cells. They
have a diminished ability to repair sub-lethal damage due to which they are more
susceptible to radiation damage. External beam radiotherapy is the medical use of
ionizing radiation, using ®Co or *¥'Cs radionuclides as a radiation source to treat
cancerous growth (Steel et al.1987, Bracey et al. 1995). It has evolved over the past
decades to sophistication where very precise dose of radiation can be delivered to the
tumor volume, with minimal damage to the surrounding healthy tissues. In cancer therapy
‘gamma knife’ are also used in which several beams of gamma rays are focused on the

tumor tissue from different angles, so that the tumor receives the maximum dose.
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1.5.3.3 Brachytherapy

Brachytherapy means ‘therapy in contact or close proximity’. In brachytherapy, the
radiation source in the form of wire or beads or a mould is placed in contact with the
tumor either interstitially (breast and prostate cancers) or as intracavitary (uterine
cancers) or as a covering mould (Gerbaulet et al. 2005). Since radiation sources are
precisely placed at the site of the cancerous tissues, it delivers high doses of localized
radiation and concurrently reduces the probability of unnecessary damage to surrounding
healthy tissues (Gerbaulet et al. 2005, Stewart et al. 2007). Traditionally, brachytherapy is
to administer using high energy gamma emitters such as Gold-198, Iridium-92, Cesium-
137 or Cobalt-60, which are metallic and can be prepared in the form of wires or seeds.
The use of lodine-125 in the form of immobilized rice sized capsules for treating certain
types of ocular carcinomas and prostate cancers have been well established. In the recent
past, customized patches embedded with high energy beta particles (such as Phoshorus-
32) has been shown to be very effective in treating skin cancers especially basal cell
carcinoma. This modality is ideal for patients with skin cancers that are difficult to

operate at multiple lesions.

1.5.3.4 Immunotherapy

Immunotherapy is another mode of therapy where antibodies are used for the cancer
therapy. The history of immunotherapy started after the invention of ‘hybridoma’
technology to produce ‘monoclonal’ antibodies (Kohler et al 1975). OKT3 was the first
therapeutic murine monoclonal antibody against anti-CD3 used for treatment in 1986.
However, OKT3 induced severe HAMA response in patients. To reduce the

immunogenicity of murine antibodies in humans, chimeric antibodies with mouse

Ph.D. Thesis Chandan Kumar



Chapter 1 Page |15

variable regions and human constant regions were constructed by genetic engineering
(Morrison et al.1984). In 1994, Reo Pro, a chimeric Fab, was introduced as the second
therapeutic antibody. Since then, several chimeric antibodies have been clinically used.
Although chimeric antibodies were less immunogenic than murine MAbs, human anti-
chimeric antibody responses have been also observed. To further minimize the mouse
component of antibodies, humanized antibodies were constructed by protein engineering
(Jones et al. 1996, Dall’Acqua et al. 2005). Zenapax is the first humanized antibody that

was marketed in 1997 (Tsurushita et al. 2005).

One major disadvantage with the antibodies for therapy is the large size (MW
150000 Da), owing to which it takes a long time to reach and accumulate in the target
tissues. Efforts have been made to reduce the size by using antibody fragments containing
the Fab region alone, but the success of using such fragments is yet to be realized in a big
way. Fig. 1.2 and 1.3 describes different types of antibodies and nomenclature of

antibodies used in the therapy.

Minibody

S e

=iy ’
4 o2 ® O

‘ Antigen o
Diabody Bispecific ScFv VHH

. Antigen Diabody

Figure 1.2 Types of fragmented antibody (Adapted from Presta, 2003)
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Figure 1.3 Nomenclature of antibody used in the therapy (Adapted from Kim et al. 2005)

1.5.3.5 Radionuclide therapy (RNT)

RNT is one of the rapidly growing areas of nuclear medicine, which deals with the
therapeutic radiopharmaceuticals. In RNT, specific biomolecules which target the
diseased tissues act as cargo for loading of therapeutic radionuclides and delivering
cytotoxic dose of radiation emitted from same at diseased site. RNT target diseases at the
molecular level and affecting the gross diseased tissue. Mechanism of tumor targeting
varied depending on the localization of unique antigen of tumor cells. These unique
tumor antigens are either localized on cell membrane or inside the cell (cytoplasm based).
Depending on their locations therapeutic effectiveness may be varied.
Radiopharmaceuticals targeted to DNA are most potent and effective for therapy

(Neshasteh-Riz et al. 1998, Morgenroth et al. 2011, Urashima et al. 2006).
1.5.3.5.1 Radioimmunotherapy (RIT)
The strategy to use antibody for the targeted delivery of radionuclide enhances the

therapeutic efficacy of the antibody. RIT came in realization after five years of the
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invention of hybridoma technology. The first antibody was labeled with iodine -131
(DeNardo et al. 1980 & 1981). Later Carrasquillo et al. 1984, used the fragmented
radiolabeled antibody for diagnosis and therapy of solid tumor. Antibodies have been
used as targeted therapeutic agents to deliver adequate radiation dose to the targeted site
when labeled with suitable radionuclides. In the past two decades antibodies which bind
to cancer cell surface antigens/ receptors, have been extensively explored for the use as
carrier molecules in targeted radiotherapy. This is primarily based on the promising
results seen in therapy of several cancers with the monoclonal antibodies (e.g.
Ibritumomab, tositumomab cetuximab etc.). These antibodies are radiolabeled and used
for effective cancer therapy. Hence, radiolabeled antibodies emerge from “magic bullets”
(Ehrlich 1960) to the “radioactive magic bullet” (Chamarthy et al. 2011) for the cancer
therapy. FDA approved two radiolabeled anti CD20 mAbs [*°Y-labeled ibritumomab
tiuxetan (Zevalin) in 2002 and **!I-labeled Bexxar in 2003] for the treatment of NHL,
which was a landmark in the history of therapeutic radiolabeled mAbs development
(Sharkey et al. 2005, Chinn et al. 1999). Radionuclides coupled to antibodies
(Goldenberg 2003, Milenic et al. 2004, Govindan et al. 2005, Ng 2006, Pohlman et al.
2006, Boswell et al. 2007) are undergoing clinical trials for different cancers. The
physical half-life of the radionuclide must be long enough so that a considerable fraction
of the radiation dose can be delivered after tumor localization. Generally 24 to 48 hours
are required for radiolabeled antibody for maximum uptake in targeted site. Some of the
FDA approved radiolabeled antibodies and ongoing clinical trials are enlisted in Table

1.2.
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Tablel.2 Selected radiolabeled mAbs, approved and currently undergoing clinical trials for the

treatment of cancer (Adapted from, Milenic et al. 2004, Wilkins et al. 2006, Boswell et al. 2007,

www.ClinicalTrials.gov).

S.No. Sponsor/Institutes Agent Cancer indication Approved/
Phase
1. GlaxoSmithKline "!Tositumomab vs. NHL 2003
ibritumomab tiuxetan
2. Biogen IDEC %Y-1britumomab NHL 2002
Tiuxetan Zevalin
3. Jonsson Comprehensive | ®Y-HMFG1 (monoclonal |Ovarian Cancer, Primary I
Cancer Center/NCl antibody) Peritoneal Cavity Cancer
4. |Memorial Sloan-Kettering| ***Bi-M195 (humanized | Advanced myeloid cancer Il
Cancer Center/NC anti-CD33 mAb)
5. Fred Hutchinson Cancer 131 |.BC8 (MAb) AML or Myelodysplastic Il
Research Center syndromes
6. Duke University/NCI | **!At-81C6 (anti-tenascin | Primary/metastatic brain Il
chimeric mAb) tumor
7. Weill Medical College of YLu-1591 Prostate cancer Il
Cornell/Columbia Univ.
8. Immunomedics, Inc. %Y.hLL2 ( Epratuzumab) NHL I
9. | Nantes University Hospital, | **!1 -bispecific antibody Medullary Thyroid Il
France Neoplasms
10. Glaxo Smith Kline Tositumomab + Lymphoma, Non-Hodgkin Il
1. Tositumomab
11. Korea Cancer Center BI-rituximab Relapsed or Refractory Il
Hospital Follicular Lymphoma or
Mantle Cell Lymphoma
12. | Fred Hutchinson Cancer "*1.BC8 & DRUGS AML [
Research Center/University
of Washington Cancer
Consortium
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S.No. Sponsor/Institutes Agent Cancer indication Phase
13. Philogen S.p.A. Italy/UK 1311.L19SIP &WBRT Brain metastases I
14. Philogen S.p.A. Italy BL.F16SIP Tumor blood vessel 11l
15. Garden State Cancer "n -hLL2 IgG/ Leukemia & Lymphoma 11l

Center at the Center for 0y _apratuzumab
Molecular Medicine and P
Immunology/NCl
16. Immunomedics, Inc. %Y.hMN14 Pancreatic neoplasms 1l
(labetuzumab)
17. | National Cancer Institute | *°Y-Daclizumab (ANTI |Hodgkin  disease & 11l
(NCI) cd25) +drugs Hodgkin lymphoma
18. Immunomedics,Inc. %Y-PAM 4 Pancreatic cancer I
19. | Ludwig Institute for Cancer 1. A33 and Metastatic colorectal [
Research capecitabine carcinoma
20. NCI BIINT-VB Glioblastoma |
21. | Memorial Sloan Kettering 1311.8H9 CNS or leptomeningeal [
Cancer Center/NCI cancer
22. |Radbound University IMP-288 labeled with Colorectal neoplasms I
111 177
Inand *"'Lu
23. | Memorial Sloan-Kettering | **'1 -8H9 (mAbs) Brain and CNS tumors [
Cancer Center/NCl
24. | Memorial Sloan-Kettering 131] _3F8 (mAbs) Neuroblastoma [
Cancer Center/NCl
25. University of California, | In- Lym-/% Y- Lym-1 Lymphoma [
Davis/NCI
26. Radboud University IMP-288 labeled with Colorectal neoplasms I
"In and *""Lu & DRUG
27. | Memorial Sloan-Kettering 1311.8H9/ ***-8H9 Peritoneal cancer [
Cancer Center
28. Areva Med LLC 212Pp-TCMC-Trastuzumab | Breast, Peritoneal, I
Ovarian, Pancreatic &
Stomach Neoplasms
29. | Centre René Gauducheau 131.BB4 antibody Multiple myloma [
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1.5.3.5.2 Peptide receptor radionuclide therapy (PRRT)

There are various receptors on cells whose natural ligands are peptides. Derivatives of
these peptides may contain 3- 25 amino acids and possess high affinity for their receptors.
Some of the receptors are over expressed in certain human cancers, offering the
possibility to target these tumors with radiolabeled peptides. This is primarily based on
the promising results seen in therapy of several cancers with the unlabeled peptides e.g.
Octreotide in somatostatin receptor expressing neuroendocrine cancers. Neuroendocrine
tumors including primary and metastases overexpress somatostatin receptors (sst1-sst5).
The somatostatin analog DOTA-TOC, DOTA-NOC and DOTA-TATE labeled with
radionuclides such as *’Lu and *°Y are currently under clinical trials. Several small
radiolabeled peptide ligands (such as cyclic RGD, somatostatin, bombesin and
neurotensin) are also in clinical trials for cancer therapy (Fani et al. 2012, Okarvi 2008,

Jamous et al. 2013, Liu, 2009).

1.5.3.6 Chemotherapy

Chemotherapy is another modality of cancer treatment using individual or combinations

of drugs. These drugs have different mode of action and accordingly classified as

1. Alkylating agents- Alkylating agents have the ability to alkylate proteins, RNA and
DNA. This drug can form intrastrand or interstrand crosslink to the DNA strand
following DNA damage during replication. This may leads to cell death or apoptosis.
Alkylating agents will work at any phase of the cell cycle. Cisplatins,
cyclophosphamide, carboplatin and oxaliplatin are common alkylating agents used for
the cancer chemotherapy.

2. Anti-metabolites- Antimetabolites are class of drugs that interfere with DNA and
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RNA growth by substituting for the normal building blocks of RNA and DNA. These

agents damage cells during the S phase of cell cycle. Commonly used anti-
metabolites for cancer chemotherapy are anti-folates (methotrexate and pemetrexed),
deoxynucleoside analogues (gemcitabine, decitabine, pentostatin etc.).

3. Mitotic Inhibitor- Mitotic inhibitor are microtubule inhibiting agents which block
cell division by preventing microtubule function thus, preventing the cancer cells to
completing the cell division (mitosis). They can stop mitosis or inhibit enzymes for
making proteins needed for cell reproduction. These drugs work during the M phase
of the cell cycle but can damage cells in all phases. Taxol, vincristine, vinblastine,
vinorelbine, vindesine, paclitaxel etc. are commonly used mitotic inhibitors for the
cancer chemotherapy.

4. Topoisomerase inhibitors- These drugs interfere with enzymes called
topoisomerases, which help to separate the strands of DNA during replication.
Topotecan and irinotecan (CPT-11) inhibit topoisomerase-1 while, etoposide (VP-16)
and teniposide inhibit topoisomerase-1l. These drugs bind to their respective
topoisomerase and resulted in DNA strand break during replication followed by cell
death.

5. Cytotoxic antibiotics or Anti-tumor antibiotics- The cytotoxic antibiotics are varied
group of drugs that have various mechanisms of action. The group includes- (a)
Anthracyclines- Anthracyclines are anti-tumor antibiotics that interfere with
enzymes involved in DNA replication. These drugs work in all phases of the cell
cycle. Examples of anthracyclines include daunorubicin, doxorubicin, epirubicin,

idarubicin etc. (b) Other anti-tumor antibiotics that are not anthracyclines include
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actinomycin-D, bleomycin, mitomycin-C etc.

6. Corticosteroids- Steroids are natural hormones and hormone-like drugs that are
useful in treating certain types of cancer (lymphoma, leukemia, and multiple
myeloma), as well as other illnesses. These drugs are used to kill cancer cells or to
slow their growth hence, considered as chemotherapy drugs. Prednisone,
methylprednisolone (Solumedrol®), and dexamethasone (Decadron®) are commonly
used corticosteroids used for cancer therapy.

7. Miscellaneous chemotherapy drugs- Some chemotherapy drugs act in slightly
different ways and do not fit well into any of the other categories. L-asparaginase,
which is an enzyme, and the proteosome inhibitor bortezomib.

Amongst the cytotoxic antibiotics or anti-tumor antibiotics doxorubicin is the oldest

known since 1967. Doxorubicin (trade name Doxil; also known as hydroxy daunorubicin)

is an anthracycline antibiotic closely related to the natural product daunomycin. It is
commonly used in the treatment of a wide range of cancers, including hematological
malignancies, many types of carcinoma and soft tissue sarcomas. The drug is
administered intravenously as the hydrochloride salt and sold under different brand
names Adriamycin PFS, Adriamycin RDF, or Rubex. Doxorubicin has exhibited high
therapeutic efficacy against mouse and human tumors and also known to cause

cardiotoxicity (Di Marco et al. 1969, Zhang et al. 2012). Till date, there are over 2,000

known analogs of doxorubicin and more than 500 of them had been evaluated in the

screening program at the National Cancer Institute (NCI) (Weiss, 1992). Like other
anthracycline, doxorubicin works by intercalation of DNA and inhibition of replication

(Momparler et al. 1976). This inhibits the enzyme topoisomerase Il by forming stable
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complex, which relaxes supercoils in DNA, thereby stopping the process of replication
(Fornari et al.1994). The crystal structures of doxorubicin DNA complex are shown in

Fig. 1.4 (Pigram et al.1972. Frederick et al. 1990).

Figure 1.4 Mechanism of doxorubicin binding with DNA (adapted from Pigram et al. 1972)

There are various chemotherapy protocols like CVP (cyclophosphamide, vincristine and
prednisone), CHOP (cyclophosphamide, doxorubicin, vincristine and prednisone),
MACOP-B (methotrexate, doxorubicin, cyclophosphamide, vincristine, prednisone and
bleomycin) and Pro MACE-CytaBOM (cyclophosphamide, etoposide, cytarabine,
vincristine, bleomycin, methotrexate and prednisone) are available for the treatment of
cancers.

1.5.3.6 Photodynamic therapy (PDT)

PDT is other treatment modalities of cancer which requires photosensitizer or
photosensitizing drugs and a particular type of non toxic light. The basic principle of PDT
is that photosensitizing drugs are administered to the patients so that it can accumulate in
tumor site and non toxic rays are bombarded on the localized site. The photosensitizer
absorbs the light and produces oxygen radical, which destroys nearby cancer cells. A

wide array of photosensitizers for PDT exists. Several photosensitizers are commercially
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available for clinical use, such as Allumera, Photofrin, Visudyne, Levulan, Foscan,
Metvix, Hexvix, Cysview, and Laserphyrin (Dolmans et al. 2003).

1.5.3.7 Neutron Capture Therapy (NCT)

NCT is a noninvasive therapeutic modality for treating locally invasive malignant tumors
such as primary brain tumors and recurrent head and neck cancers. In this case, the tumor
localizing drug containing a non-radioactive isotope of *°B or *'Gd is administered
which is irradiated with neutrons of low energy. The nuclear reaction is as follows:

B + ny - [MB] - o+ 'Li+ 2.31 MeV.

(**'Gd + ny, (0.025eV) — [P8Gd] - 8Gd +y + 7.94 MeV).

In theory NCT is a highly selective type of radiation therapy that can selectively target
the tumor at the cellular level without causing radiation damage to the adjacent normal
cells and tissues. NCT can deliver 60-70 Gy doses to the tumor cells in one or two
applications compared to 6-7 weeks for conventional external beam irradiation. The
sodium borocaptate or BSH (Na;B1,H1:SH) and boron phenylalanine or BPA are two
compounds of °B used for therapy in brain tumor (Kankaanranta et al. 2012, Kawabata
et al. 2009). The possible use of gadolinium-157 as a capture agent for NCT becomes
interesting because of very high neutron capture cross section of 254,000 barns.
Moreover, Gd-DTPA (gadopentetate dimeglumine Magnevist®) has been used routinely
as contrast agents for magnetic resonance imaging (MRI) of brain tumors. The selective
destruction of brain tumor (glioma) cells using *’Gd had been studied in patients (Yasui

etal. 2008).
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1.6 IODINE-131 BASED RADIOPHARMACEUTICALS

1.6.1 lodine-131

In 1811, Bernard Courtois discovered natural iodine in water that was used to dissolve
certain parts of seaweed ash. Radioiodine (**!1) was discovered by Glenn T. Seaborg and
John Livingood at the University of California, Berkeley in the late 1930's. **I is one of
the earliest known radionuclides used in therapy, particularly in thyroid cancer (Hertz et
al. 1940). It also served as a diagnostic radionuclide, especially for thyroid imaging for

several decades until *™Tc took over.
1.6.2 Physical characteristics

1311 decays by emission of beta, gamma as well as X-rays with a physical half life of 8.04
days (Kocher, 1981). 31 emits beta particles with maximum energies of 0.248 MeV
(2.1 %) (Bavg 0.0694), 0.334 MeV (7.4 %) (Bavg 0.0966) and 0.606 MeV (89.3 %) (Bavg
0.192), along with several energies of gamma rays [0.723 MeV (1.8 %), 0.637 MeV
(7.3 %), 0.364 MeV (81.2 %), 0.284 MeV (6.1 %) and 0.080 MeV (2.6 %)] as well as
X-Ray of 0.030 MeV (3.9 %). The maximum range of the beta particles from ***I in air is
165 cm (Kaplan, 1964), while in tissue the maximum range is 2.3 mm (Wheat et al.
2011). The unshielded exposure rate at 1 cm from a 1 mCi of ***I point source is 2.16

R/h, with half-value layer (HVL) for lead shielding of 2.3 mm.
1.6.3 Occupational Limits

For normal people, the annual limit of intake (ALI) of **1 is 30 pCi (1.1 MBq) for oral
ingestion and 50 pCi (1.8 MBq) for inhalation. Derived air concentration (DAC) is

2 x 10® uCi/ml (740 Bg/m®).
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1.6.4 Biological half life and metabolism

The biological half-life of iodine in the human thyroid is expected to be an average
quantity. In 1959, the International Commission on Radiological Protection
recommended that the biological half-life of iodine should be 138 days, which was
revised downwards in 1978 to a value of 120 days and again in 1989 to a value of 80
days (Kramer et al. 2002). In an adult, 30 % of the initial intake of iodine is taken up by
the thyroid and 20 % goes to faecal excretion. The biological half life of **!1 in blood and

rest of the body are 0.25 and 12 days, respectively (Kramer et al. 2002).
1.6.5 Therapeutic radiopharmaceuticals of lodine -131

In the area of therapy, lodine-131 has been used since 1940 (Hertz et al. 1940) in the
form of sodium iodide (Na**1), and is still continued to be used extensively although a
large number of beta and alpha emitting radioisotopes have been available and used to
varied extent. Despite the advent of several new radionuclides in the therapy, '*!I
continues to hold the place of the most widely used radionuclide in cancer therapy. The
wider applications of **! is due to its excellent physical properties, ease of production,
wide availability at affordable costs and most importantly its simple labeling method and
unique efficacy in treatment of thyroid cancers. The use of *¥I for labeling antibodies and
peptides have also attracted wide attention after Bexxar (which is **!1 labeled monoclonal
antibody used for treatment of NHL) and **I-Lipiodol (hepatocarcinoma) became

commercially available. **'1 labeled antibody at various stages of development, and in

advanced stages of clinical trials, are enlisted in Tablel.2.

1.7 BIOLOGICAL EFFECTS OF RADIATION

There are several biological effects that can result from exposure to ionizing radiation
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which may have acute or delayed effects depending on the amount of exposure (Elgazzar
et al. 2001). The nucleus is more radiosensitive than the cytoplasmic organelles of a cell
(Ward, 1988). Upon exposure to radiation the events of cell death starts with DNA and
membrane damage. DNA damage in due course of time get repaired, otherwise cell opts
for apoptotic death. The principal mechanism by which cell death occurs is mainly
through the apoptosis which is governed by extrinsic and intrinsic signaling pathways
(Elmore 2007). lonizing radiation stimulus induce signal transduction pathway (Friedman
1998), which results in cell death (Lei et al. 2001, Szumiel 1994) by means of apoptosis
(Harms-Ringdahl et al. 1996). lonizing radiation can cause mitochondrial membrane
permeabilisation and release of cytochrome-c and other factors, which are generally
blocked by anti apoptotic protein like bcl2 and bclxl (Cory et al. 2003). During apoptotic
cell death, anti-apoptotic gene viz bcl2, bclxl, mcl etc. are downregulated. The dying cells
are precisely framed by caspase (Degterev et al.2003), packaged into apoptotic bodies
(Erwig et al. 2008) as a mechanism to avoid immune activation by means of necrosis
(Darzynkiewiczet al. 1997). Several methods are available to detect apoptosis of which,
characteristic DNA ladder by electrophoresis (Daniel et al. 1999), DNA fragmentation by

ELISA method, flow cytometry, Western blotting and real time PCR are often used.
1.8 RATIONALE OF THE THESIS

Radioiodine (**!1) is one of the oldest radionuclides to be used in radiopharmaceuticals
and continues to have an unique place in therapy. lodine is chemically amenable for
incorporation into a variety of biological molecules through simple electrophilic
substitution of iodine (as I") in ortho and para positions in tyrosine, histidine and

tryptophan moieties. Hence, **'I become a favorite radionuclide for labeling peptides,

Ph.D. Thesis Chandan Kumar



Chapter 1 Page |28

proteins and other molecules containing such groups and fulfills the criteria of an ideal
therapeutic radioisotope to a large extent. It has (a) relatively moderate half life of 8.02
days, (b) decays by emission of high energy of beta particles (Bmax 0.606 MeV) capable of
effectively destroying the cancer cells and (c) also emits gamma rays (364 keV, 81.2 %)
suitable for imaging. Due to these properties several molecules labeled with *3'1 have
been used for treating cancers such as **!I-lipiodol in liver cancers, **!I-tositumomab for
NHL, and several **!I labeled antibodies are in various stages of development and clinical
trials. Multi-modality treatment is common in cancer management of which radiolabeled
mAb would be an appropriate agent for NHL management. In this context, rituximab
with proven potential for treating NHL would be an ideal candidate for radioiodination
with **!I. Additionally, exploration of use of a chemotherapeutic agent such as
doxorubicin as a combinatorial approach would be further beneficial in NHL

management. Biological effectiveness of radiolabeled rituximab and its combination with

doxorubicin was evaluated in Raji cells, a CD20 positive human lymphoma cell line.
1.9 SCOPE AND OBJECTIVES OF THE THESIS

The scope of thesis is to evaluate the following aspects of radiopharmaceutical,

particularly in the context of radioimmunotherapy in cancers:

Efficacy of y radiation on different cell lines are known, however, efficacy of beta
radiation is limited. Hence, comparative studies have been carried out with beta radiation
emitted from 31 as the representative radionuclide and the equivalent dose of gamma

radiation in human tumor cell lines of various origins.

Rituximab is chimeric monoclonal antibody available in clinics for the therapy of

NHL. Rituximab itself can induce cell death but it can also induce resistance during
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therapy. Hence, rituximab is conjugated to **!I considering that it may overcome the
resistance and increase the cytotoxic effects. The detail mechanisms of internalization
and subsequent toxicity of **I-rituximab is not known, which may play significant role in

efficacy of radiopharmaceuticals.

Doxorubicin is a commonly used chemotherapeutic agent, however, it exerts
undesirable side effects and drug resistance at the doses applied to the patients.
To minimize the dose of drug, it is imperative to combine it with other treatment
modalities. Employing of **!I-rituximab in combination with doxorubicin can be one of
the effective modes of cancer therapy.

Hence the thesis has following objectives:

1. Comparison of effect of beta radiation emitted from **!| with an equivalent dose of

y-radiation in human cancer cells

2. Study on cellular internalization and mechanism of toxicity of **!I-rituximab in Raji

cells

3. Study on effect of **!I-rituximab in combination with doxorubicin on Raji cells
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2.1 INTRODUCTION

Effects of ionizing radiation on living cells are largely due to its interaction with
constituent atoms of cells by the process of ionization. The radiation induced
biological damage involves two mechanisms viz. direct and indirect effects. In direct
effect, radiation interacts with the atoms of the biological targets of the cell. Since
water is a major ingredient of biological system, radiation causes radiolysis of water.
Thus primary radicals formed may interact with biomolecules and cause damage to
the cells, collectively known as indirect effect of radiation. Direct effects are
predominant in the case of high LET radiations such as alpha and neutron while
indirect effects occurs mostly due to the low LET radiations like X-rays and y-rays.

Effect of low and high LET radiation is depicted in Fig.2.1.

High LET Radiation Low LET Radiation
Y4 ,/ Ionization \. o)
.L/. .. o)
°% e °reé
DNA DNA

Figure 2.1.Effect of different ionizing radiations on DNA damage

The biological effects of radiation are either acute or delayed type (Elgazzar et
al. 2001, Friedman, 1998). The initial events which start upon exposure to radiation
are damage to DNA, membrane and other cellular targets. The DNA damages are
either single strand brakes or double strand breaks. Depending on the severity of DNA
damage, there is cell cycle arrest by involvement of P53 and P21. The P21 gene is

under the transcriptional control of P53 that arrest cell cycle or induces apoptosis or
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cell senescence (El-Diery et al. 1993).

Radioiodine (131|) is used in therapy of thyroid disorders (Hertz 1940, Boelaert
et al. 2003, Biersack et al. 2005). It emits beta (0.606 MeV), gamma (0.364 MeV) and
X-rays (0.030 MeV). The beta radiation emitted from radioiodine is useful in therapy
while its y-radiation is used for diagnosis. The effect of y and X-rays emitted from **|
in therapy is insignificant because most of these escape from the target site without
much damage to the target (cancer) cells. On the other hand, the beta radiation
deposits their energy within a short distance in tissue and cause cell death. The
mechanisms of cell death induced by B- radiation emitted from radionuclides are not
well known. Hence, with an aim to understand the mechanism of damage, tumor cells
of various tissue origins were irradiated with beta radiation emitted from 181 with a
total dose of ~0.4 Gy. Several parameters such as cell toxicity, apoptosis, DNA
damage and expression of proapoptotic genes were evaluated in irradiated cancer cells

and these effects were compared with that produced by an equivalent dose of

y radiation (0.4 Gy).

X-rays or y-rays irradiation has limitation during cancer therapy because
tumor of different origin shows difference in radiosensitivity. This can be due to
difference in their p53 status, antioxidant and hypoxic level of tumor tissue. Since,
comparatively high LET radiations overcome most of these limitations, current
studies have been carried out with beta radiation and compared the effects with y

radiation.
2.2 SCOPE AND OBJECTIVES OF THE CHAPTER

B has been widely used in cancer therapy and continues to be more due to the

simple procedure of labeling of biomolecules with iodine. However, the details of
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mechanism of cell death induced by beta radiation emitted from **!I in tumor cells are
not well understood. In this chapter, the efficacy of beta radiation was compared with
y-radiation. For this study, tumor cells of various tissue origins were irradiated with
beta radiation and with an equivalent dose of y radiation. The magnitudes of cell death
and expression of DNA damage and apoptosis related genes were evaluated in {3 as

well as v irradiated cancer cells.
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2.3 MATERIALS AND METHODS

2.3.1 Chemicals and reagents

Unless otherwise stated chemicals and Kits for assays were purchased from Sigma
Chemical Inc. (St. Louis, MO, USA). Cleaved PARP ELISA kit and ‘In-Situ’ Cell
Death Detection ELISA kit”""® were purchased from Abcam, Tokyo, Japan and Roche
Diagnostics GmbH (Indianapolis, IN, USA), respectively. PerfectPure RNA Cultured
Cell Kit and Masterscript kits were procured from 5 PRIME Inc. Gaithersburg, MD,
USA. lodine-131 (Na**'l) was obtained from Radiochemicals Section, Isotope
Production & Applications Division, Bhabha Atomic Research Centre, Mumbai,
India. All other reagents used were of cell culture grade. Radioactivity was measured
either in pre-calibrated isotope dose calibrator (Curiementor-3, PTW-Freiburg,
Germany) or in Nal(TIl) gamma counter (GRS-301, Pla Electro Appliances Pvt. Ltd.

Mumbai, India)
2.3.2 Cell culture

Raji (human Burkitt lymphoma), U937 (human histiocytic lymphoma), MCF-7
(human breast adenocarcinoma) and A431 (human skin carcinoma) cell lines were
obtained from the National Center for Cell Sciences (NCCS), Pune, India. Raji and
U937 cells were cultured in RPMI-1640, while MCF-7 and A431 cells were cultured
in DMEM, supplemented with 10 % serum (Invitrogen Carlsbad, CA) and
antibiotic/antimycotic solution. All cell cultures were maintained at 37 °C in
humidified incubator with 5 % CO,. Adherent cells (MCF-7 and A431) were

harvested after trypsinization in subsequent experiments.
2.3.3 Cell binding studies of **1 in tumor cells
131|

Raji cells (1 x 10°) were incubated with varying amounts of radioactivity of Na
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(0.037, 0.37, 1.85, and 3.7 MBq) and incubated for 2 h at 37 °C. The cells were

washed four times with PBS and the radioactivity associated with cells after each
wash was measured in gamma counter Nal(TI). Thus, the optimum numbers of

washing steps required were determined for further experiments.
2.3.4. Irradiation of tumor cells and dosimetry

Raji, U937, MCF-7 and A431 cells (0.5 x10°) were plated in 6 well plates and
cultured overnight. These cells were incubated with 1.85 MBq of Na™I for 2 h. In
another set, equivalent amount of Nal with similar chemical composition was added
as control to all the cell lines and incubated for 2 h at 37 °C. After completion of
incubation, the cells were washed thrice with PBS and further incubated upto 24 h at
37 °C in complete media. The cells were harvested and used for further experiments.
Dose delivered by Na'*'I was calculated assuming that the energy deposited in the
cells by the beta particles was 100 % while dose received was negligible by gamma
radiation. Dose delivered by 1.85 MBq of Na™'l was calculated by following

equation (Sood et al. 2000, Goddu et al. 1994, Friesen et al. 2003).

Absorbed Dose rate (Gy s™*) -

{A (Bq) x E (MeV) / W (g) x T (5)} x 1.6 x 10™ (J/MeV) x 10° (g/Kg)

=16 x 10" Ax E Gy/s

{Where A-Radioactivity in Bq, E-Energy of particle in MeV per disintegration, W-Wt
of tissue or sample, T- time of incubation (residence time) in second, and Bq in dps

(disintegration per second)}

For gamma radiation, Raji, U937, MCF-7 and A431 cells (0.5 x10°) were
plated in 6 well plates, cultured overnight and irradiated with gamma radiation of ®°Co
radiotherapy unit (Bhabhatron-11, Panacea medical technology, Bangalore, India)

(dose 0.4 Gy; dose rate 0.4 Gy/min) which is equivalent to dose delivered by 1.85
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MBq of Na™!l for 2 h. These irradiated cells were incubated at 37 °C in humidified

incubator with 5 % CO, upto 24 h.

Raji, MCF-7, U937 and A431 (0.5 x 10°)
cells were cultured overnight

Cells were incubated with 1.85 MBq of
131] radioactivity and its corresponding Cells were irradiated with
amount of Nal and Sodium Sulphite as 0.4Gy of y radiation

control, incubated for 2h, (Dose rate (Doserate 0.4Gy/min)
0.003Gy/min)

Cells were harvested at 30 and
240 min after irradiation, gene
(BAX, P21, RAD51) expressions
were studied

Cells were incubated upto 24 h ,
cell toxicity and apoptosis were
studied

Figure 2.2 Flow chart of experimental plan

2.3.5 Study of effect of Na™*1 and y -radiation on cell toxicity

Three sets of tumor cells (Raji, U937, MCF-7 and A431) were treated with (i) Na™'I
(1.85 MBq for 2 h), (ii) equivalent concentration of Nal for 2 h as vehicle control and
(iii) y -radiation (0.4 Gy). Cells were harvested after 24 h. Magnitudes of cell death in
control and treated cells were determined by trypan blue method (Kumar et al.
2013a). In brief, the cells were mixed with equal volume of 0.4 % w/v trypan blue dye
and observed under bright field microscope. Living cells exclude dyes, while dead
cells take up the dyes which were counted using a haemocytometer. Percent cell death

was calculated as the ratio of dead cells to the total cells multiplied by 100.

2.3.6 Study of effect of Na**'I and y -radiation on apoptotic DNA fragmentation

For determination of apoptosis, DNA fragmentation study was carried out using “In-
Situ Cell Death Detection ELISA Kit""" according to the protocol mentioned in kit.

During apoptosis, the fragmented nuclear DNA and histone exudes to cytoplasm,
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which can be detected by ELISA method. Briefly, Na'*!l, Nal and gamma radiation

treated/irradiated tumor cells (Raji, U937, MCF-7 and A431) were harvested after 24
h of incubation, from which 1 x 10° cells were lysed in cell lysis buffer for 30 min and
centrifuged at 20,000 x g for 10 min. The supernatant was carefully transferred to
fresh tubes. The supernatant was diluted to 1:10 and 20 pL of this solution was added
into streptavidin coated microplate. Anti-histone biotin and anti DNA-POD antibody
were mixed ust before use in the ratio of 1:1 (v/v) from which 80 pL was added in
each well and the plate was kept on shaker for 2 h. Thereafter, the wells were washed
thrice with buffer provided with the kit and incubated with the substrate solution for
20 min. The color developed was quantified by spectrophotometer at 405 nm. DNA
fragmentation was expressed as EF, which is the ratio of ODs of treated and control

samples.

2.3.7 Study of effect of Na™'l and gamma radiation on PARP cleavage in tumor

cells

PARP protein is the hall mark of induction of apoptotic cell death and hence was
studied to estimate the extent of apoptosis. Determination of PARP cleavage was
carried out according to the protocol described in ‘cleaved PARP human ELISA’ kit.
During apoptosis, the native PARP proteins (113 kDa) cleave into 89 and 24 kDa
protein fragments. The 89 kDa proteins are detected by ELISA method and are
indicative of the extent of apoptosis. Briefly, Na'*'l, Nal and y radiation
treated/irradiated tumor cells (Raji, U937, MCF-7 and A431) were harvested after 24
h of incubation, lysed in cell lysis buffer for 45 min and centrifuged at 20,000 x g for
20 min. The supernatant protein was carefully transferred to fresh tubes and stored at
-80°C until analysis. Protein concentration in the samples was quantified by Bio-Rad

Protein Assay (Bio-Rad Lab Inc, Hercules CA, USA). The cell lysate (containing 60
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pg of protein) was added in anti-PARP coated ELISA plate and incubated for 2 h with

gentle shaking. Thereafter, the wells were washed twice with the buffer (provided
with kit) and incubated with detector antibody for one hour. The wells were again
washed twice with the buffer and incubated with HRP labeled antibody for one hour.
The wells were finally washed thrice with buffer and incubated with substrate for 20
min. The reaction was stopped by addition of 1N HCI and the absorbance was
measured at 450 nm. PARP cleavage was expressed as EF which is the ratio of ODs

of treated to control samples.

2.3.8 Study of effect of Na™'l and gamma irradiation on expression of genes

using Real Time PCR
Total RNA Isolation

Raji cells were incubated with 1.85 MBq of Na**'I for 2 h, washed thrice and further
incubated upto 4 h. Another set of cells were identically incubated with non-
radioactive Nal, as vehicle control. Likewise, cells were irradiated with 0.4 Gy of
y radiation and incubated under similar conditions in complete media. Total RNA was
isolated from the control and irradiated cells, following protocol provided with
‘PerfectPure RNA Cultured Cell Kit’. Briefly, cells were harvested at 30 and 240 min
after completion of irradiation and lysed by addition of 400 pL of cell lysis buffer.
The cell lysis was completed by repeated pipetting. Lysate was transferred on column
tube and centrifuged at 13000 rpm for 1 min followed by washing with wash buffer.
Subsequently, DNase was added and incubated for 10 min and washed twice with
DNase wash buffer. The column was again washed twice with wash-2 buffer. The
RNA was eluted by addition of elution buffer followed by centrifugation at
13000 rpm for a minute. The quality and quantity of the RNA was determined by

spectrophotometer (JASCO V-530 UV/VIS) (Azso/Azso >1.8). RNA was stored either
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at -20 °C for immediate use or kept at -80 °C ( in small aliquots) for longer storage.
Real Time PCR

The cDNA synthesis was carried out following the procedure described in the
Masterscript Kit. Briefly, for each sample, reverse transcriptase enzymes, dNTPs mix,
oligo (dT)1s primer, Reverse Transcriptase buffer and 0.5 pg of RNA from the sample,
were mixed and subjected to one step PCR amplification at 55 °C for 60 min. Then,
cDNA samples were subjected to PCR amplification using sequence-specific forward
and reverse primers {ACTIN (F-gatcattgctcctcctgage, R-aaagccatgccaatctcatc), BAX
(F- gctgttgggctggatccaag, R-tcagcccatcttcttccaga), P21 (F-cctcatccegtgttctecttt,
R- gtaccacccagcggacaagt) and RAD51 (F- atcatcgcccatgcatcaacacc,
R- agtctttggcatctcccactccat)} using SYBR green master mix (Jayakumar et al. 2012).
The PCR reactions were composed of 10x SYBR green PCR mix with 5 pL of twice-
diluted (1:2) cDNA templates, 1 pL each of the forward and the reverse primers (0.5
puM), and 3 pL of PCR-grade water in a 20 pL reaction mixture. The above reaction
mixtures were amplified with a denaturation step at 95 °C for 5 min and 40 cycles of
amplification including 95 °C for 15 s, 58 °C for 20 s and 72 °C for 20 s, followed by
a melting curve analysis on a Rotor Gene 3000 (Corbett Life Science, Australia). The
specificity of the respective amplicons was confirmed from the melting curve
analysis. The threshold cycle values obtained from the runs were used for calculating
the fold change in gene expression using REST-384 version 2 software (Pfaffl et al.

2002), where relative expression is compared to the untreated control cells.
2.3.9 Statistical analysis

Unless mentioned, the results are mean + SD of at least three independent
experiments, where t-test was used to compare control and irradiated samples.

Significance level was determined by considering p values below 0.05.
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2.4. RESULTS

2.4.1 Cell binding studies of tumor cells with Na**!|

In order to minimize non specific cell binding, the number of washing during cell

binding assay was optimized. Raji cells (1 x10°) were incubated with 0.037-3.7 MBq

200000 -

§ (Z77] 1st wash 8% 7
@ - |5 2nd wash
,g' e ard wash
g 15000 - e 4th wash
o e

10000 -

5000 - H
i} m'“Fu:m . _?:"a:-: . i I . 552 o T
0.037MBq 0.37TMBq 1.85MBg 3.7MBqg
Cells incubated with 13ﬂl

Figure 2.3a Effect of number of washing on non specific cell bound radioactivity of Na™'I in
Raji cells
radioactivity of Na*I (2 h at 37 °C), followed by repeated washing and centrifugation
(1400 x g, 5 min). Associated radioactivity counts in cells were measured after each
wash (Fig 2.3a). It was found that after the second wash, most of the radioactivity
from the cells was washed out. The third and subsequent wash did not have any
impact on removal of nonspecific cell bound radioactivity at lower amounts of Na*!|
incubation viz. 0.037 and 0.37 MBqg. However, it was found that in cells incubated

with higher radioactivity of Na'*I (>1.85 MBq), the radioactivity counts decreased

Ph.D. Thesis Chandan Kumar



Chapter 2 Page |41

significantly after 2" wash followed by marginal decrease after 3" and 4™ wash.

Hence, a minimum three washing steps were selected for further experiments.

In order to estimate the radioactivity associated with the cells, tumor cells
(1x10° cells) of various origin were incubated with 0.037-3.7 MBq radioactivity of
Na'*!l for 2 h at 37 °C. The associated radioactivity in the cells was measured after 3™
wash. It was found that cell associated radioactivity of Raji cells (Fig. 2.3b), U937
(Fig. 2.3c), MCF-7(Fig. 2.3d) and A431 (Fig. 2.3e) increased with the increase in
amount of Na**!I radioactivity. However, the percent of Na'*!| radioactivity associated
with cells were less than 0.02 % in all the tumor cells, with no significant difference
amongst the cell lines. For further experiments, 1.85 MBq of Na'*!1 was chosen which
provides suitable dose, dose rate and the permissible radioactivity for safe handling

during experiments.
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Figure 2.3b Na'*'l radioactivity associated with Raiji cells after 3" wash
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Figure 2.3e Na™'I radioactivity associated with A431 cells after 3" wash

2.4.2 Calculation of radiation dose to the cells after Na**!I treatment

Radiation dose delivered by Na'*I to the cells was calculated using the values for
energy of Bag Of Na'™l as 0.1815 MeV, residence time of 7200s (2 h) and
radioactivity as 1.85 MBq (as mentioned in section 2.3.4). These values correspond to
an absorbed dose (Gy) of 1.6 x 10" Ax E Gy s* =1.6 x 10"°x 1.85 x 10°x 0.1815 x

7200 =0.38 Gy. The dose rate for Na**I was calculated as 0.003 Gy/min.
2.4.3. Effect of Na'*!I and gamma irradiation on cell toxicity in tumor cells

The cell toxicity to Raji, U937, MCF-7 and A431 cells was assessed by trypan blue
dye (Fig. 2.4). The results indicated that Nal does not have any significant effect on
cell toxicity upto 24 h, in all the cell lines used in the study. Compared to
unirradiated/vehicle control, irradiated cells (Na**I and y radiation) showed increase
in cell toxicity and the magnitude of cell death varied with the tumor cell line. It was
131|

interesting to observe that in majority of cell lines, the extent of cell death by Na

was higher than in those with 0.4 Gy of gamma irradiation. Cell toxicity induced by
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Na'*!l were significantly (p<0.05) higher, compared to the equivalent dose of y
radiation in the cell lines namely, Raji, U937 and MCF-7 except A431. Amongst the
cell lines used in the study, only Raji cells showed maximum cell toxicity (16 %)

induced by Na'*'I while it was ~ 10 % with 0.4 Gy of y radiation (p<0.05).
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Ad31 MCF-7 U937 Raji

Figure 2.4 Estimation of cell toxicity in A431, MCF-7, U937 and Raiji cell lines induced by Nal,

Na™!l and gamma radiation (0.4 Gy) by trypan blue dye uptake (where % is
significant within group with p<0.05 and n=3.)
2.4.4. Effect of B radiation from Na'*l and gamma irradiation on induction of

apoptotic cell death

In order to investigate the mechanism of cell death in Raji, U937, MCF-7 and A431
cells against irradiation with Na'*!l and gamma radiation, the magnitude of apoptotic
DNA fragmentation was studied by In-Situ Cell Death Detection ELISA method. It
was observed that in comparison with the control group, the effect of Nal was not
significant on DNA fragmentation upto 24 h (Fig.2.5). However, the DNA

fragmentation induced by beta radiation was significantly higher (p<0.05) compared
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to gamma radiation (0.4 Gy) in all cell lines (A431, MCF-7, U937 and Raji). It was

found that in Na**'I treated cells, the EF of DNA fragmentation was in the order of 1.8
to 2.4 and the maximum effect was observed in the Raji cell line. The EF of DNA
fragmentation by the gamma radiation in all the cell lines was close to the control

cells.
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Enrichment Factor of DNA Fragmentation

Figure 2.5 Estimation of DNA fragmentation in A431, MCF-7, U937 and Raiji cell lines treated
with Nal, Na™'I and gamma radiation (0.4 Gy) (where % is significant within group,
with p<0.05 and n=3.)

245 Effect of B radiation from Na'*'l and gamma radiation on induction of

PARP cleavage

The extent of apoptosis was also estimated in terms of PARP cleavage by ELISA
method in Raji, U937, MCF-7 and A431 cells against irradiation with Na**!l and Yy
radiation. It was also found that there is no significant difference in the extent of

PARP cleavage between the control and the Nal treated cells (Fig. 2.6). However, the
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irradiated cells exhibited significant PARP cleavage. The extent of PARP cleavage

was significantly higher in Na'!l treated cells compared to the vy irradiated cells
(p<0.05). MCF-7 and Raji cell lines exhibited higher EF of PARP cleavage in
comparison to A431 and U937 cells. In A431, the effect of Na'*I as well as gamma

radiation was minimum in terms of induction of PARP cleavage.

- -

Enrichment Factor of PARP cleavage

=]

Cell lines

Figure 2.6 Estimation of PARP cleavage in A431, MCF-7, U937 and Raji cell lines treated

with Nal, Na**!l and gamma radiation (0.4 Gy). (where % is significant within group,

with p<0.05 and n=3.)

2.4.6 Expression of BAX, P21 and RAD51 genes in Raji cell line

Since, Raji cells showed maximum cell toxicity and apoptosis compared to the other
cell lines, it was of interest to study further the expression of genes in this cell line. A
study was carried out to evaluate expression of DNA damage and apoptosis related
genes after 30 and 240 min of treatment of the cells with Na™!l and y radiation.
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Expression of BAX, P21 and RAD51 genes was analyzed by real time PCR. It was

found that BAX gene is upregulated from 30 min to 4 h (p<0.05). (Fig. 2.7a) in both,
Na'*'l and y irradiated Raji cells. However, no significant change in BAX expression
was observed between Na™'l and gamma treated Raji cells for a particular time of
incubation. At 30 min of incubation, it was observed that the P21 expression (Fig.
2.7b) was much higher for 0.4 Gy from gamma radiation compared to Na'*I but
decreased subsequently at 4 h. However, in case of Na'*I, P21 expression increased
from 30 min to 4 h (p<0.05). RAD51 gene expression was found to remain unaffected
with time for Na'®[ irradiated cells. On the other hand, in gamma irradiated cells, the
RAD5S1 expression (Fig. 2.7¢) was high at 30 min, but decreased after 4 h (p<0.01). It
was also seen from the graph that the relative expression of any particular gene

induced by Nal was less than one.
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Figure 2.7a Expression of BAX gene in Raji cells at 30 and 240 min after irradiation (where

% s significant within group, with p<0.05 and n=3)
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Figure 2.7b Expression of P21 gene in Raji cells at 30 and 240 min after irradiation (% is

significant within/between group, with p<0.05 and n=3.)

Relative expression of R4D57 gene

Treatment of Raji cells

Figure 2.7c Expression of RAD51 gene in Raiji cells at 30 and 240 min after irradiation (where

# is significant within/between group, with p<0.05 and n=3.)
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2.5 DISCUSSION
The effect of radiation on living systems depends on the nature of radiation.
Particulate radiations such as electrons mainly cause direct effect while non
particulate radiation causes indirect effect through the radiolysis of water. Hence, it
was interesting to study the effect of beta radiation emitted from Na**!I and compare
it to the equivalent dose of y radiation by ®Co. For this study, different cell lines of
various tissue origins were irradiated with beta as well as y radiation and a number of
cellular and molecular parameters were assessed.

Initial experiments were performed to standardize the number of washing
steps required to remove any non-specific cell bound radioactivity of Na**'l, and to
measure the cell binding. Predictably, it was found that at lower radioactive

concentration of Na®!l,

a single wash was sufficient to remove the loosely bound
radioactivity, while at higher concentrations more number of washes were required
(Fig. 2.3a). Although the cell associated Na'*I radioactivity increased with the
increase in amount of radioactivity, the cell bound radioactive fractions were less than
0.02 % in all the cell lines. This small amount of cell associated radioactivity is
perhaps due to non-specifically bound radioactivity which may be adsorbed on cell
surface. Active uptake/binding of Na*l is not expected because cellular uptake of
iodine needs sodium iodide symporter (NIS) which is known to be present/functional
in the differentiated thyroid cancer, lactating breast, salivery gland etc. (Willhauck et
al. 2008, Harun-Or-Rashid et al. 2010 and Spitzweg et al. 1998). Hence the dose
received by the beta counterpart of radiation from Na'*!1 to tumor cells is mainly from
outside of the cellular environment or close to the cell surface.

Magnitudes of cell deaths estimated after 24 h post exposure to radiation were

found to be dependent on the type of tumor and radiation (Fig.2.4). Among the cell
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lines studied, A431 cancer cells were found to be the most radioresistant cell line
while, MCF-7 and U937 were moderately radiosensitive to y radiation as well as beta
radiation (Na**'I). As expected, Raji cell line which has lymphoma origin was found
to be the most radiosensitive among the cell lines studied (O'Connor et al.1993 and

Meijer et al. 2001).

Apoptosis study was carried out by estimation of DNA fragmentation and
PARP cleavage by ELISA method. It was found that beta radiation causes
significantly higher DNA fragmentation and PARP cleavage than gamma radiation.
The magnitude of apoptosis determined by DNA fragmentation and PARP cleavage
also showed that Raji cell lines are more radiosensitive than the other cell lines. The
beta radiation (Na™'l) caused more apoptosis than the corresponding amount of
gamma radiation (0.4 Gy) suggesting that the apoptotic cell death induced by
radiation is dependent on nature of irradiation (Friesen et al 2003, Lim et al. 2006,
Eriksson et.al. 2008, Meng et al. 2012). These results are in agreement with the
previous study showing that auger electron is a more potent inducer of apoptosis than
the corresponding dose of gamma radiation (Urashima et al. 2006). In all the cell
lines used in the studies, beta irradiation from (Na'*'l) caused higher cell death and
apoptosis compared to the equivalent dose of 0.4 Gy of y radiation. In typical
radiobiological studies where effects of very low dose rate radiations get attenuated,
in our studies beta irradiation (0.003 Gy/min for 2h while 0.4 Gy/min of y- radiation)
caused more cell death/apoptosis than the corresponding y radiation even at very low
dose rate. Hence, these results indicate that beta emitters (Na'*') caused more cell

death compared to the 0.4 Gy of y radiation, which again was dependent on tumor
types.
The differential pattern of dead cells estimated by trypan blue dye uptake
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studies and apoptosis by ELISA method was observed in different tumor cell lines.
Such difference in observation may be associated due to the sensitivity of different
techniques and the method of estimation. The trypan blue dye exclusion assay is less
sensitive to detect membrane alterations at advanced stage of cell death (Pandey et al.
2003 & Skoog et al. 1997) The magnitude of apoptosis estimation by DNA
fragmentation and PARP cleavage are dissimilar. This may be due to beta radiation
causing DNA strand breaks (non apoptotic DNA fragmentation) other than the
apoptotic DNA fragmentations. This non apoptotic DNA fragments can be detected by
this ELISA method which are difficult to differentiate and hence, resulted in increase
of EF values.

P21 is a cell cycle regulatory protein expressed early during the cellular stress
with the involvement of P53 (Mirzayans et al. 2012). P21 expression increases from
30 min to 4 h in Na™'I treatment, whereas it decrease from 30 min to 4 h iny
radiation treatment. This initial higher expression of P21 induced by y radiation could
be due to the higher dose rate of y radiation (0.4 Gy/min) compared to the lower dose
rate of Na'*I (0.003 Gy/min). However, the cumulative radiation effect of Na**'l was
more due to low dose rate and the particulate nature of radiation, due to which its
expression may be increased after 4 h. This is in agreement with the previous report
that high LET particulate radiation has pronounced effect on cell cycle delay

compared to the low LET radiation (Hu et al. 2014 & Fournier et al. 2004)

RAD51 gene is involved in the homologous recombination repair of DSB
(Peter et al. 1998, Khanna et al. 2001, Karran 2000, Schipler et al. 2013). It was found
that after 4 h, RAD51 expression drastically reduced in gamma ray treatment while
there was no change in Na''l treated cells. This might be because homologous

recombination repair of DNA damage does not occur after damage due to beta
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radiation. Homologous recombination repairs DNA before the cell enters mitosis (M
phase). It occurs during and shortly after DNA replication, in the S and G2 phases of
the cell cycle, when sister chromatids are more easily available, hence it is
predominant in low dose rate irradiation (Schipler et al. 2013). Due to the particulate
nature of beta irradiation, DNA damage was severe and hence the cell is unable to
attain S/G2 phase for the repair through homologous recombination. While in the
gamma irradiation DNA damages were less and hence cells bypass the DNA damage

and reach the S/G2 phase for the repair through homologous recombination.

It was found that expression of BAX in Raji cells increased from 30 minto 4 h
in Na'®l and y radiation, however, there was no significant difference observed
between Na'*'l and y radiation. This may be because BAX is a late pro-apoptotic
marker than the DNA damage (Cory et al. 2003) and hence its expression was not

proniunced within 4 h of cells treatment.

All the various parameters studied are presented in schematic representation
(Fig 2.8), and indicated that B radiation from Na**'I is not only potent in induction of
cell toxicity and apoptosis compared to y radiation but it follows different mechanism
131|

of cell death. RAD51 and P21 have a major role in discriminating the effect of Na

and gamma radiation, and detailed mechanisms need to be investigated.
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Schematic representation of effect of Nal3ll and y-rays
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Figure 2.8 Schematic representation of effect of Na "I and y irradiation on Raji cells.
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CHAPTER 3

Studies on Cellular
Internalization and
Mechanism of Toxicity of
S -rituximab in Raji Cells
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3.1 INTRODUCTION

NHL is a clinically heterogeneous group of hematological malignancies arising fromB, T
or NK -lymphoid cells and the 11" most common cause of cancer incidence (Balkrishna
2008), and holds the 5™ rank in cancer mortality (Bonavida et al 2007). Survival rate of
NHL patients varies depending on the lymphoma type, stage, age of the patient etc. It has
been reported that the estimated new cases and deaths from NHL in the United States in
2013 are 69,740 and 19,020, respectively (www.cancer.gov). Most of the B-cell
malignant tumor cells such as NHL express a high number of CD20 receptors, making it

one of the possible targets for therapy for such cancer (Anderson et al.1984).

Antibody against CD20

Over the past two decades, scientists have put in a lot of efforts to develop anti-CD20
mADbs for treatment of NHL, resulting in various successful products. There are several
anti CD20 antibodies available commercially (tositumomab, ibritumomab, epratuzumab
and rituximab). Moreover various newer mAbs (ofatumumab, ocrelizumab, veltuzumab,
obinutuzumab etc.) targeting other tumor antigens are being explored for treating
haematological malignancies (Olazoglu et al. 2010, Boswell et al. 2007, Castillo et al.
2008, Lim et al. 2010), and thus increasing the choice of immunotherapy in oncology
(Corinna et al. 2010). The in-vitro studies comparing two isotope-matched anti-CD20
mADbs, 1F5 and B1 (tositumomab) demonstrated that all anti-CD20 mAbs are not the
same (Beers et al. 2010). Functionally, anti CD20 mAbs have been divided into two
types, termed as type | and Il. Type | (rituximab-like) mAbs induce CD20 to redistribute

into large detergent resistant microdomains (rafts), whereas type Il (tositumomumab like)
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Figure 3.1 Mechanism of action of anti CD20 mAbs (Adapted from Beers et al. 2010)

mADbs do not. Importantly, this redistribution by type I mAb has an impact on binding
properties and effectors functions that control the therapeutic success of anti-CD20 mAb
by internalization. The majority of anti CD20 mAbs generated to date are type | (Lim et.
al, 2010) and they display a remarkable ability to elicit CDC. The binding of anti CD20
antibody to the CD20 receptor is the first step in the elicitation of its biological function.
It induces cell death through ADCC, CDC, direct cell killing or through apoptosis
pathways (Fig 3.1) (Reff et al 1994, Meertan et al. 2006, Zhou et al. 2008, Weiner 2010,
Stel et al. 2007, Deans et al. 2002). In ADCC, antibodies bind to Fc receptors on the
surface of effector cells such as natural killer cells and macrophages, and trigger
phagocytosis or lysis of the targeted cells/antigen. In CDC, antibodies kill the targeted

cells by triggering the complement cascade.
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Rituximab

Rituximab (trade name Rituxan & MADbThera) is a 144 kDa chimeric mouse/human
monoclonal antibody consisting of a glycosylated 1gG1 kappa immunoglobulin of murine
light and heavy chain variable regions (Fab), and human kappa and gamma-1 constant
regions (Fc domain). It is produced using recombinant DNA technology in Chinese
Hamster Ovary cells and has antitumor activity in various types of NHL (Boye et al.
2003, Plosker et al. 2003, Lim et al. 2010, Olazoglu et al. 2010). Rituximab was approved
by FDA in 1997 for use in humans for immunotherapy. Among the various available anti
CD20 antibody, rituximab is easily available immunotherapeutic agent for NHL, and also
devoid of HAMA response. Although rituximab is immunotherapeutic, it induces cell
death by various mechanisms in B-cell lymphoma (Fig. 3.1). In clinical situation, large
amounts of antibodies (250-375 mg/m?) have to be administered for effective therapy.
Furthermore, it has been found that rituximab induces resistance in immunotherapy
(Smith, 2003, Scott et al. 2008). However, if antibody is radiolabeled and used in
radioimmunotherapy, the amount of antibody needed is only 4 mg (40 mCi/100kg BW),
as seen in the case of Bexxar. Tagging the antibody with a lethal payload such as a
particulate radiation emitting radionuclide, enables selective targeting of tumor and
destroying it. In such a case, associated resistance may not be observed. Attempts to label
rituximab with various beta emitting radionuclides viz. **!I, *’Lu and *°Y (Kang et al.
2013, McQuillan et al.2014, Forrer et al. 2013, Thakral et al. 2014, Gholipour et al.
2014,) and alpha emitting radionuclides viz. “*Bi and ?"'At (Vandenbulcke et al. 2003,
Aurlien et al. 200) has been reported, which are at various stages of clinical trials (Table

1.3). However, 31, the oldest radionuclides is preferred for several reasons. The simple
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method of radiolabeling, less steric hindrance of molecules after radiolabeling, easy
availability of ***I made it (**1) more amenable for wider use in the clinics. The effect of
radioiodination on the biological properties of rituximab (Tran et al. 2011) and
biodistribution/ kinetics of **!I-labelled anti-CD20 (Scheidhauer et al. 2002) are reported
in NHL patients. **I-rituximab showed patients specific stable biodistribution and tissue
Kinetics (Antonescu et al. 2005), with an adequate radiological safety for administration
of the outpatient treatment for NHL (Calais et al. 2012). There are various reports of
radioimmunotherapy using **'1-rituximab for NHL patients (Rao et al. 2005, Bienert et al.
2005, Kersten 2011) and relapsed indolent NHL patients (Leahy et al. 2006, 2011).
However, the detailed mechanism regarding the fate of antibody internalization and
underlying mechanism of cell toxicity are limited in literature. Hence, this study is an

attempt to understand the mechanism of action of **!I-rituximab in Raji cells.
3.2 SCOPE AND OBJECTIVE OF THE CHAPTER

Wide clinical use of monoclonal anti-CD20 antibody of murine origin has a major
challenge as these may trigger HAMA response in patients. Both the radioimmuno-
therapeutic anti-CD20 agents viz. Bexxar and Zevalin suffer from this limitation. Hence,
a chimeric monoclonal antibody like rituximab has emerged as a promising therapeutic
agent, and may exhibit better therapeutic efficacy. Rituximab itself induces cell killing in
various ways (Fig 3.1). Its efficacy could be further enhanced with the incorporation of
therapeutic radionuclides such as **I. Evaluations of **!I-rituximab induced cytotoxicity
in cancer cells are limited in literature (Wei et al. 2006 and 2009). Cytotoxic efficacy is
also governed by the fate of **!|-rituximab after internalization in tumor cells. Hence, this

study is of importance.
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In Chapter 2, it was seen that beta radiation from *3I has higher cytotoxicity than
y-radiation in tumor cells, and among the various cancer cell lines studied, Raji cells were
the most susceptible. Hence, in the next step selective targeting of **'1 was carried out by
radiolabeling of rituximab, a CD20 specific antibody. The efficacy of **'I-rituximab was
studied in tumor cells expressing CD20 receptors. The aim was to study cellular
localization/stability of **!I-rituximab bound to CD20 receptor and the molecular
mechanism underlying the cytotoxicity in human lymphoma cells (Raji cells, CD20

positive).
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3.3 MATERIALS AND METHODS
3.3.1 Reagents

In-Situ Cell Death Detection ELISA kit” and BM chemiluminescence kit were purchased
from Roche Diagnostics GmbH. FITC labeled human anti CD20 monoclonal antibody
were procured from Invitrogen Carlsbad, CA, USA. PD10 column and hyperfilm (X-ray
film) were purchased from GE Healthcare, Amersham, UK. Non-fat milk protein and
primary antibody were purchased from Cell Signaling Technology, Danvers, MA, USA.

All other reagents used were of cell culture grade.
3.3.2 Cell culture

Raji and U937 cell lines were obtained from the National Center for Cell Sciences
(NCCS) Pune, India, and were cultured in RPMI-1640, supplemented with 10 % serum
(Invitrogen) and antibiotic/antimycotic solution. All cultures were maintained at 37 °C in

a humidified 5 % CO; incubator.
3.3.3 Characterization of CD20 receptor by flow cytometry

To ascertain the expression of CD20 receptor in Raji and U937 cells, flow cytometry was
carried out. Cells were grown in six well plates, fixed in 2 % formaldehyde and stained
with 5 uL FITC labeled mouse mAb to the human CD20 receptor in staining buffer (100
puL of 2 % serum in PBS) for one hour. Cells were washed twice with staining buffer.
Fluorescence intensity of cells was recorded in Partec flow cytometry system (Partec
GmbH, Munster, and Germany) and data was analyzed with Flowjo software (Tree Star,

Inc., Ashland, OR).
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3.3.4 Radiolabeling (lodination) of rituximab with *3*|

Rituximab was radioiodinated using the lodogen method (Fraker et al. 1978). Rituximab
(100 pg), Na™!1 (~1 mCi, theoretical specific activity- 125Ci/mg) and 100 i of 0.5 M
phosphate buffer, pH 7.5 were taken in an iodogen (1 pg) coated tube and mixed for ~10

min. The reaction was stopped by transferring the reaction mixture to a new glass vial.
3.3.5 Characterization of **|-rituximab
Column chromatography for purification

The reaction mixture was purified on PD10 Sephadex column using phosphate buffer
(0.05 M, pH 7.6) as the eluent. Briefly, PD10 column was equilibrated with phosphate
buffer and the reaction mixture was added on top of the column filter. The column was
eluted with phosphate buffer and nearly 25 fractions (1 mL each) were collected in tubes.
The radioactivity in the fractions was monitored by taking 5 pL of each fraction and

measuring it ina Nal(TI) counter.
HPLC method for determination of yield and purity

The labeling yield and radiochemical purity were determined by HPLC (JASCO with
Ray test radiation detector GmbH, Germany) in TSK gel column (Tosoh Bioscience, PA
USA) in isocratic mode using 0.05 M phosphate buffer, pH 6.8 as the mobile phase.
About 10 upL of rituximab, Na'*!l, reaction mixture and purified fraction of
B3| rituximab were injected separately and the HPLC patterns were recorded in both
radioactivity as well as UV channel. The rituximab peak followed through the UV signals
was used for identification of the radiolabeled rituximab and to ascertain the purity of

B31|_rituximab. The radioactivity peak for Na'*!l was used to identify the unlabeled free
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iodide (Na**1) in the reaction mixture. The labeling yield was calculated as the percent

of radioactivity in the **!I-rituximab peak in the HPLC profile of the reaction mixture.

3.3.6 Determination of specificity and interference of FCS on cell binding of

18 _rituximab

In order to estimate the extent of binding, 1x10° cells of U937 (CD20 negative) and Raji
(CD20 positive) were incubated for 2 h with **I-rituximab (0.037 MBq) at 37 °C. The
cells were washed thrice with PBS and radioactivity was measured in Nal(TI) counter.
Cell binding was expressed as percent cell binding, calculated as (radioactivity count rate

associated with cell/total tracer radioactivity count rate) x 100.

To determine the extent of interference of FCS, cell binding was performed in
culture media containing 1 % and 10 % FCS. Raji cells (1 x 10°) were incubated for 2 h
with **I-rituximab (0.037 MBq) at 37 °C. Cells were washed thrice with PBS and

radioactivity was measured in Nal(T1) counter.
3.3.7 Study of competitive inhibition of **!I-rituximab with rituximab in Raji cells

Competitive inhibition studies were carried out in Raji cells to demonstrate the specificity
of *!|-rituximab retention towards the CD20 receptor. Raji cells (1x10°) were incubated
for 2 h at 37°C with 0.037 MBq of **I-rituximab along with different amounts of
rituximab (0.1-100 ng). The cells were washed with PBS and radioactivity was measured
in Nal(T1) counter. Percent cell binding inhibition was calculated as {[1- (% cell binding

in presence of rituximab / % cell binding in absence of rituximab)] x100}.
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3.3.8 Standardization of incubation time and concentration of *!I-rituximab for

optimal cell binding in Raji cells

To assess the minimum number of washing required to remove the nonspecific cell
binding of the radiolabeled antibody, Raji cells (1x10°) were incubated for 2 h with
B3| _rituximab (0.037, 0.37, 1.85 and 3.7 MBq) at 37 °C. The cells were washed four
times with PBS and after every wash the radioactivity associated with the cells was

measured using Nal(TI) counter.

To standardize the optimal concentration of **!I-rituximab and time of incubation
for maximum cell binding, Raji cells (1x10° were incubated with varying amounts of
311 _rituximab (0.037, 0.37, 1.85 and 3.7 MBq) for 30 min., 2 and 6 h at 37 °C. The cells
were washed thrice with PBS and the radioactivity associated with cells was measured in

gamma counter Nal(TI). Cell binding was calculated as described earlier.

3.3.9 Cell irradiation and dosimetry of **I-rituximab
The optimum concentration of **I-rituximab and time of incubation were 1.85 MBq and

2 h, respectively. In further experiments, Raji cells (1x10%) were mixed with

Raji cells (1x10°) were Incubated with 1.85 MBq activity of 1*!I-rituximab for
2 h washed thrice and furtherincubatedfor2,6,12and 24 h

4 L v
Dose Cellular Deiodination/Degradation
Calculation Internalization TCA precipitation/PE

Cell Toxicity Apoptosis Protein Expression
LDH Assay ELISA method Western Blotting

Figure 3.2 Flow chart of experimental plan

Ph.D. Thesis Chandan Kumar



Chapter 3 Page |64
1.85 MBq of **!|-rituximab and incubated for 2 h. Raji cells were harvested after 2h,
washed thrice with PBS and incubated for 2, 6 12 and 24 h. The fraction of **!I-rituximab
that were bound to the CD20 of Raji cells after washing continuously irradiated Raji cells
and contributes towards the increase in total absorbed dose with the increase of time of

incubation (as mentioned in Section 2.3.4).

3.3.10 Study of cellular internalization of **I-rituximab in Raji cells by membrane
stripping

The binding of **!I-rituximab to the CD20 is similar to the antigen-antibody binding and
comprised of several hydrogen bonds. At acidic pH, these hydrogen bonds are disrupted
and the CD20 receptor bound **'I-rituximab gets detached. This principle is used in
membrane stripping, wherein acidic pH is used to separate the membrane bound
radiolabeled antibody, which can then be quantified by measuring radioactivity in the
supernatant fraction. The radioactivity in cell pellets represents the ***I-rituximab that is
internalized in the cells. In this set of experiments, the Raji cells (1x10°) were harvested
after 2, 6, 12 and 24 h of treatments and treated with acidic buffer (200 mM sodium
acetate in 500 mM of sodium chloride pH 2.5 for 5 min. at 4 °C) followed by
centrifugation (1400 xg; 5 min.) (Fig.3.3). Cell pellets were washed twice with the acidic
buffer and the supernatant were pooled to measure the total radioactivity stripped from
the cell membrane. Cell pellets were lysed in 1 N NaOH and the radioactivity
internalized in the cells was measured in a Nal(Tl) counter. Percent distribution of *31-
rituximab, either in supernatant fraction (membrane bound) or cell pellets fraction
(cytoplasm or internalized) was calculated as following: {Radioactivity in either

supernatant or cell pellets / [total radioactivity (supernatant + cell pellets)] x 100}.
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Membrane Fraction
Cells + Acidic Buffer (Supernatant)
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Figure 3.3 Schematic representation of membrane stripping

3.3.11 Estimation of degradation and deiodination of **!I-rituximab in Raji cells

This experiment was carried out to estimate the degradation/deiodination of
311 rituximab in due course of incubation after cell binding assay. Raji cells (1x10°) were
treated with **!I-rituximab for 2 h at 37 °C followed by washing and incubation, as
detailed in the earlier experiments. Cells were harvested at different time periods (2, 6, 12
and 24 h) and supernatant culture media were collected by centrifugation (1400%g; 5
min.). Radioactivity in supernatant and cell pellets was determined by using Nal(TI)
counter. Supernatant was used to estimate deiodination or degradation of **!I-rituximab

by TCA precipitation and paper electrophoresis method, as described below:
TCA precipitation

For TCA precipitation (Fig 3.4a), 500 pL of supernatant media was mixed with 2 mg of

immunoglobulin (as carrier) in ice cold 10 % trichloroacetic acid (TCA). The mixture
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was vortexed followed by centrifugation at 10,000 x g for 10 min. The supernatant was
carefully transferred and pellets were dissolved in ImL of 2 N NaOH. The radioactivity
in both fractions was measured using Nal(TI) counter and the percentage radioactivity in
both fractions was calculated as following: {Radioactivity in either supernatant or protein

pellets / [total radioactivity (supernatant + protein pellets)]} x 100.

Cell
supernatant ] TCA Supernatant
Protein
TCA Added Centrifuged /
/.
TCA protein
precipitate

Figure 3.4a Schematic representation of TCA precipitation method

Paper electrophoresis

For paper electrophoresis (Fig 3.4b), Whatman paper strip (30 x1 cm) was soaked in
0.025 M phosphate buffer pH 7.6 and left in air for a few minutes to allow the excess
buffer to evaporate so that the sample can be applied on the paper without spreading. Cell
supernatants (20 pL) from each time point were spotted on separate paper strips at the
centre and electrophoresis was carried out at 245 V for an hour. The paper strip was dried,
cut into 1 cm pieces and the radioactivity in each piece was counted in Nal(TI) counter.
B3 rituximab and Na™*'l were used as control samples to ascertain that the radiolabeled
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antibody stays at the point of application and to note the position of migration of iodide
species towards the anode. Percent radioactivity retained either at the point of application
or migrated as iodide species was calculated as {Radioactivity in either point of spotting

or point of radioiodide / [total radioactivity} x 100.

Nl

lodide «=—— @
®

Point of spotting
-rituximab . —®

Figure 3.4b Schematic representation of paper electrophoresis

3.3.12 Estimation of cell toxicity by lactate dehydrogenase assay

Raji cells (1x10°) were treated with *!I-rituximab (1.85 MBq) or an equivalent amount
of rituximab (as vehicle control) in complete medium in culture conditions for 2 h,
followed by washing of cells (as mentioned earlier) and further incubation. After
completion of different time periods of incubation, cells were centrifuged and the
supernatant culture medium was collected to estimate the release of LDH. The release of
LDH is an index of cell death. The LDH assay was carried out according to the protocol
described in the kit. In brief, LDH assay mixture was prepared freshly before use by
mixing equal volume of LDH assay substrate, cofactor and dye. The reaction mixture was
added alongwith culture media (2:1, v/v) in 96 well plates. They were mixed well and
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covered with aluminum foil to protect from light and incubated for 25 min at room
temperature. The reaction was terminated by adding 1/10™ volume of 1 N HCI and the
absorbance was measured at 490 nm. The percent release of LDH was calculated as [(OD

of treated sample/ OD of control sample) x 100].
3.3.13 Estimation of apoptotic DNA fragmentation

For determination of magnitude of apoptosis, DNA fragmentation study was carried out
according to protocol described in In-Situ Cell Death Detection ELISA kit. Raji cells
were harvested after completion of treatment followed by incubation and nearly 1x10°
cells were lysed using lysis buffer for 30 min and centrifuged to 20,000 x g for 10 min.
Supernatant was carefully transferred to new tubes. ELISA plate was coated overnight at
4 °C with anti-histone antibody followed by incubation of 100 pL of cell lysate for 90
min. Thereafter, the wells were washed thrice with buffer (provided with kit) and
incubated with anti-DNA-HRP antibody for 90 min. The wells were again washed thrice
with buffer and subsequently incubated with substrate solution for 20 min. The color
obtained was quantified at 405 nm. DNA fragmentation was expressed as EF which is the

ratio of OD of treated to control sample.
3.3.14 Study of expression of apoptotic proteins by Western blotting

Raji cells were harvested after completion of treatment followed by incubation and lysed
in celLytic™ cell lysis buffer (Sigma) and protease inhibitor cocktail (Sigma). The
protein concentration in samples was estimated by Bio-Rad Protein assay. Protein (50 pg)
was loaded on 10 % and 15 % SDS PAGE gel for PARP and p53 proteins respectively,

and the electrophoresis was carried out. The protein was transferred onto nitrocellulose
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membrane by electroblotting. Membrane blocking was carried out using 5 % non-fat milk
protein followed by incubation (1.5 h) with primary antibodies for PARP, p53 and beta-
actin. The membrane was washed with Tris buffer saline with Tween 20 (0.1 %) followed
by treatment with secondary antibody. The membrane was incubated with BM
luminescent reagents followed by exposure to Hyper-film, which was processed and

developed by Kodak developer and fixer solution.

3.3.15 Statistical analysis

Unless mentioned, the results are mean + SD of at least three independent experiments,
where t-test was used to compare control and irradiated samples. Significance level was

determined by considering p values below 0.05.
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3.4. RESULTS
3.4.1 Magnitude of CD20 receptor expression in Raji and U937 cell line

In order to establish the magnitudes of CD20 expression in Raji and U937 cell lines, cells
were labeled with FITC-CD20 antibody, followed by flow cytometry. The results of the
flow cytometry experiments (Fig.3.5) suggest that the percentage of FITC positive cells
for the CD20 antigen were 69.4 + 1.2 % for Raji cells whereas for U937 it was only

3.5+0.376 %.
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U937 Cell Line = .
Raji Cell Line

Figure 3.5 Flow cytometry analysis of CD20 receptor in U937 and Raji cells
3.4.2 Radiolabeling and characterization of *!I-rituximab
Rituximab was labeled with radioiodine (**1) by the iodogen method. The
radioiodination yield was >90 %, as determined by HPLC. The PD10 column elution

profile is shown in Fig 3.6a. In PD10 column, bigger molecules are eluted earlier than the

smaller molecules. The *I-rituximab eluted in the third and fourth fraction while free
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iodide was eluted in the 10™ fraction onward. The radiochemical purity of **I-rituximab

was >99 % determined by HPLC after PD10 column purification. Specific activity of

B31|_rituximab obtained was 0.30-0.35 MBg/pg. HPLC pattern of rituximab, ***1, reaction

mixture and purified fraction of **!1-rituximab are depicted in Fig 3.6b. It was found that

rituximab and radioiodide were eluted at 15 and 22 minutes, respectively. In the reaction

mixture, a few small peaks were seen which was eluted earlier than 15 minutes, were

perhaps the aggregates of **I-rituximab. Similar peaks are also seen in the UV profile of

the rituximab. However, these small peaks were not visible in purified fraction of

B rituximab.
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Fig. 3.6b HPLC pattern of rituximab, **I, reaction mixture with free iodide and purified fraction of

131

I-rituximab

3.4.3 Dosimetry of beta irradiation of **!I-rituximab treated Raji cells

The total dose delivered was calculated which was 0.38 Gy during 2 h incubation period.

These cells containing residual **!1-rituximab radioactivity, were further incubated for 2,

6 12 and 24 h, and contributes the theoretical absorbed dose of 0.01, 0.02, 0.04 and

0.08Gy respectively. Hence, the cumulative dose received by cells during incubation
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period of 2h followed by additional 2, 6 12 and 24 h, were 0.39, 0.40, 0.42 and 0.46 Gy

respectively.

3.4.4 Standardization of incubation time and concentration of **!I-rituximab for

optimal cell binding in Raji cells

The initial sets of experiments were carried out to determine the minimum number of
washing steps required to minimize the nonspecific cell binding. It involved incubation of
Raji cells (1x10°) for 2 h with different amounts of ***I-rituximab (0.037, 0.37, 1.85 and
3.7 MBq) at 37 °C. The cells were washed four times with PBS and radioactivity after
each washing step was measured in Nal(Tl) counter. It was found that there is no
significant difference in radioactivity counts after third and fourth washings (Fig. 3.7),
indicating that three washings were adequate to remove the non-specifically bound **1-
rituximab. Hence unless stated, further experiments were carried out with three washings

in PBS after treatment of **I-rituximab.
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Figure 3.7 Radioactivity counts in Raji cells incubated with **|-rituximab after four washes
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3.4.5 Effect of FCS on cell binding

Generally, cell binding experiments are carried out in 1 % FCS. In this experiment, cell
binding studies were carried out at 37 °C for 2 h and further incubated for 24 h. Hence, it
was necessary to maintain the optimum FCS concentration (10 %) for optimal cell
growth due to long incubation of treated cells during the experiments. To find any change
occurred in cell binding, the experiment was carried out in 1% and 10 % FCS
concentration in culture media. The lowest concentration of **!I-rituximab (0.037 MBq)
was chosen and incubated for 2 h with the cells containing 1 % and 10 % FCS. It was
found that the average radioactivity counts per million cells were almost similar in both
cases, namely 1 and 10 % FCS (Fig. 3.8). Hence all experiments were carried out at 10 %

FCS containing media to maintain the optimum culture condition for the growth of cells.
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Figure 3.8 Radioactivity counts in Raji cells incubated with **I-rituximab with two different

amount of FCS
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3.4.6 Study of antibody specificity and competitive cell binding inhibition in Raji

cells

In order to establish the functional CD20 receptor expression in Raji and U937 cell lines,
cell binding experiments were carried with **!I-rituximab (0.037 MBq; incubation 2 h).
These results depicted in Fig 3.9a, showed that compared to Raji cells (~12 % binding),
the U937 cells exhibited very low binding (<0.5 %), confirming the specificity of

B31|_rituximab to Raji tumor cells with CD20 receptors.
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%Cell binding
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1
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0 : . £ ,4:5/ g
Raji uaay

13

Cells incubated with 0.037MBq of ~ |-rituximab for 2h

Figure 3.9a Percent cell binding in Raji and U937 cell line (where # is significant with p<0.05

and n=3).
To demonstrate the unaltered specificity of antibody (rituximab) after labeling
with 21 (**!|-rituximab), competitive binding inhibition study was performed in presence
of rituximab. The results of binding of **!I-rituximab (0.037 MBq) with Raji cells in the

presence of increasing concentrations of rituximab (0.1-100 ng) for 2 h, were shown in
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Fig. 3.9b. It was found that with increase in concentration of rituximab, the binding of the
radiolabeled rituximab decreased, which attained saturation (~90 % inhibition) at 50 pg
or higher concentration of rituximab. These results suggest that the immunoreactivity of

rituximab was retained after labeling with *3*1.
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Figure 3.9b. Percent inhibition of ~“I-rituximab in Raji cells after incubation of rituximab

3.4.7 Optimization of time of incubation and concentration of **!I-rituximab for

treatment of Raji cells

It was found that, 2 h time period is optimum for obtaining maximum cell binding
(Fig. 3.10a). The maximum radioactivity per million cells was observed for 2 h
incubation irrespective of the amount of **I-rituximab used (Fig. 3.10b). However,
saturation of the cell bound radioactivity of *!I-rituximab was observed at 1.85 and 3.7
MBq per million cells. Hence, 1.85 MBq of **I-rituximab and 2 h time period of

incubation were considered for further experiments.
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Figure 3.10a Percent cell binding in Raji cells
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Figure 3.10b Average radioactivity counts per million of Raji cells
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3.4.8 Study of cellular internalization of **!I-rituximab in Raji cells

In order to study whether the **!I-rituximab bound to tumor cells was internalized into
cytoplasm or remains membrane bound, the treated Raji cells (1.85 MBq, 2 h) were
washed and again incubated for 24 h. The membrane stripping was carried out at 2, 6, 12
and 24 h. It was observed that upto 6 h, major fraction (~70 % of total radioactivity
associated with cells) was membrane bound whereas at 24 h, the membrane bound
radioactivity decreased to ~30 % (Fig. 3.11a). In accordance, the cytoplasmic fraction
was lower at 6 h which increased significantly at 24 h of incubation. To verify, whether
the membrane stripped Raji cells retained the morphology after acidic wash, cells were
observed under microscope. It was found that there were no difference in the morphology

of treated and control cells (Fig. 3.11b).

Membrane
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Figure 3.11a Distribution of ~*“I-rituximab on cell membrane and cytoplasm in Raji cells at

different incubation period
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Control cells Treated Cells

Figure 3.11b Morphology of membrane stripped Raji cells

3.4.9 Study of stability of **'I-rituximab and its deiodination/degradation in Raji

cells

On increase of time of incubation of Raji cells with **!I-rituximab, beyond 2 h, the total
cell bound radioactivity decreased, as shown in the Fig. 3.10b. Hence, to investigate the
stability of **!I-rituximab bound with CD20 receptors in Raji cells during 2-24 h of
incubation, radioactivity was determined in culture medium (supernatant) and cell pellets
at various time intervals. The results are depicted in Fig. 3.12a and it can be seen that
radioactivity in supernatant increased from 59.85 + 1.55 % at 2 h to 83.82 + 1.51 % at
24 h incubation period, while the radioactivity associated with cells decreased from 40.15
+0.37 % at 2 hto 16.17 £ 0.12 % at 24 h of incubation, indicating that on longer periods

of incubation than 2 h, the fraction of **'I-rituximab associated with Raji cells declines.
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Figure 3.12a Distribution of **!I-rituximab on cells and cell supernatant

The change in radioactivity in cell bound fraction during course of incubation as above
observations may be due to three reasons either independently or in combination:
(i) detachment of **!I-rituximab from the cells surface; (ii) degradation of **I-rituximab
and (iii) deiodination of **'I-rituximab. Hence, to find the changes in radioactivity in cell
bound fraction during the course of incubation, the following experiments were
performed. The supernatant culture media of **I-rituximab treated Raji cells (treated
followed by washing and incubation) was obtained after different incubation periods. The
magnitude of degradation/deiodination of **!I-rituximab was estimated in these culture
media by TCA precipitation (Fig. 3.12b). It was found that the radioactivity associated
with TCA precipitate was almost constant (90-95 %) up to 12 h incubation period, which
decreased to ~75 % at 24 h (Fig. 3.12b), indicating that up to 12 h the **!| was associated
with the antibody and the deiodination or degradation was slowly increased to an extent

of 20-25 % in the next 12 h.
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Figure 3.12b Percentage of radioactivity count in TCA precipitate and supernatant

In accordance, the radioactivity in supernatant fraction (of TCA precipitate) was nearly
the same for up to 12 h (5-12 %), which increased to ~ 25 %, at 24 h. The observation
from TCA precipitation method was further corroborated by paper electrophoresis
method, whose results are depicted in Fig. 3.12c. It was found that the radioactivity
associated with the point of spotting remains high (~90-95 %) for up to 6 h, which
subsequently decreased to 75-80 % at longer time of incubation (12 and 24 h). However,
the radioactivity in iodide zone, which represents free iodide, showed only ~10 % even at
24 h time point. This indicates that, at longer time period of incubation, **!I-rituximab
perhaps gets detached from the CD20 receptor, degrade to small fragments due to auto
radiolysis of **!I-rituximab and also get deiodinated. The smaller fragments may not be
precipitated by TCA and hence in TCA supernatant at 24 h time point, ~24 %
radioactivity was estimated, which may be due to free iodide (Na**'1) and smaller

fragments of ***I-rituximab.
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Figure 3.12c Percentage of radioactivity count in supernatant by paper electrophoresis

3.4.10. Effect of ™*!I-rituximab on cell toxicity in Raji cells

LDH gets released from the cells when the cell membrane is damaged and hence serves
as a marker of cell toxicity. Raji cells treated with 1.85 MBq radioactivity of
B1_rituximab were assessed for cell toxicity by LDH assay after different incubation
periods (2, 6, 12 and 24 h). Fig. 3.13 depicts the results of the cell toxicity expressed as
percent LDH release, both for the **!I-rituximab as well as the vehicle control using an
equivalent concentration (5 ng) of rituximab. It was observed that the cells treated with
rituximab followed by incubation, showed increase in LDH release (1.5-3 fold)
depending on the increase in duration of incubation. However, the extent of cell toxicity

in **1-rituximab treated cells was observed to be significantly higher than those observed
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for unlabeled rituximab. An increase of 3-7.5 fold in LDH release was observed with
radiolabeled antibody while in the case of unlabeled antibody it was 1-5-3 fold. These
studies suggest that **'I-rituximab has additional therapeutic effect and causes

cytotoxicity in Raji cells than the rituximab.

% LDH Release (x100)
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Figure 3.13 Percentage of LDH release in supernatant after ~"I-rituximab treatment of Raji cells.

(**I-rituximab treatment is significantly higher than the corresponding control.

Where * p<0.05 and n=3).

3.4.11. Effect of **!I-rituximab on induction of apoptosis

In order to elucidate, the underlying mechanism and mode of cell death in Raji cells after
B rituximab treatment, magnitude of apoptosis was determined by in-situ cell death

detection ELISA method. The results showed in Fig. 3.14, indicate that the enrichment
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factor of Raji cells treated with rituximab was increased from ~1.5 fold at 2 h to ~4 fold
at 24 h, whereas in Raji cells treated with ***I-rituximab increased from ~1.5 fold at 2 h
to ~25 fold at 24 h. This clearly indicates that the radiation has positive impact on

induction of apoptosis in comparison with the rituximab alone.
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Figure 3.14. Apoptotic DNA enrichment factor in Raji cells upon exposure of “I- rituximab.

(ml-rituximab treatment is significantly higher than the corresponding control

after 6 h of treatment. Where * p<0.05 and n=3).

3.4.12. Effect of "*l-rituximab on expression of proteins associated with DNA

damage and apoptosis

The role of DNA damage and apoptotic proteins in induction of apoptotic death was

studied in Raji cells (p53 wild type) after *!I-rituximab treatment. The results depicted in
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Fig. 3.15, show that P53, a marker of DNA damage, was upregulated after 6 h and
downregulated at 12 and 24 h in Raji cells treated with **I-rituximab. PARP, which gets
cleaved during apoptosis, showed a cleaved fraction(s) at 6 h, which was maximum at 24
h of *!|-rituximab treatment. Compared to **I-rituximab treated cells, the cells treated

with rituximab showed lower expression of p53 and cleavage of PARP at different time

points.
PARP — "N S s . W — l16kDa
W ; — B3 kDa
PR — D S
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Figure 3.15 Expression of apoptosis related proteins upon exposure due to B_rituximab in Raji

cell

Ph.D. Thesis Chandan Kumar



Chapter 3 Page |86

3.5.DISCUSSION

The aim of the present study was to investigate the internalization of *3'I-rituximab to
understand the fate of radiolabeled antibody and the mechanism of cytotoxicity in Raji
cells. lodogen method for radiolabeling of rituximab with *¥I resulted in >90 % yields.
On purification, it was possible to obtain radiolabeled antibody with >99 %
radiochemical purity which was observed by HPLC analyses. Under the conditions of
studies wherein, **'I-rituximab was used at a specific activity of 0.30-0.35 MBg/pug, The
dose received by Raji cells were 46 cGy, which are comparatively lower than the
prescribed dose limit of Bexxar and Zevalin i.e. 70 cGy (Baechler et al. 2010). The
specific binding of **!I-rituximab to CD20 positive tumor cell line, in agreement with
previous studies (Wei et al. 2006 and 2009) and the very low level of binding of
B rituximab to CD20 negative U937 cells (<0.5 %) indicate good specificity of
Bl rituximab. This is an important attribute desirable for a potential
radiopharmaceutical. The instability of **!I-rituximab bound with Raji cells with
incubation time, reported in this thesis can be attributed to deiodination and degradation
of radiopharmaceuticals. It has been reported that the stability of antibodies labeled with

125 18Re  Mn) was evaluated up to 7 days for deiodination and

radioisotopes (
degradation study (Shih et al. 1994), which occurred over longer period of time (7days,
1251y than in this study (24 h, **!1). The difference may be due to much higher energy of
the beta particles emanating from **'1 as well as the difference in type of cancer and its
associated radiosensitivity. Cellular internalization study showed that radioactivity

retained in tumor cells decreased with the time of incubation and concomitantly its

degraded/deiodinated products in supernatant increased with incubation time as estimated
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by TCA precipitation and paper electrophoresis. The difference (15 %) in the degraded
311 rituximab radioactivity observed at 24 h between TCA precipitation and paper
chromatography methods could be due to the small molecular weight fragmented
B31|_rituximab, which are not precipitated by the TCA and therefore remains in the TCA

supernatant.

Cellular toxicity caused by **'I-rituximab treatment was higher, compared to the
rituximab. Rituximab is known to cause cytotoxicity in tumor cells involving cellular
signaling pathways (Bonavida 2007). However, high energy beta radiation (0.6 MeV)
would cause additional damage to tumor cells and the magnitude of damage gets
enhanced due to localization of radioisotope very close to cellular targets such as
membrane, cytoplasm and nucleus level. It may be pertinent to mention here that during
kinetics of internalization, **'I-rituximab gets almost equally distributed to membrane and
cytoplasm at 12 h period of incubation (Fig. 3.4.8a). Even though, beta radiation emitted
from **!I-rituximab has an average range of 2.3 mm, at the time of equal distribution of
1311 _rituximab to membrane and cytoplasm, there will be possibility of maximum damage
to cellular targets including nucleus. Hence, one could expect higher tumor cytotoxicity
at 12 h or longer periods, which is similar to the observation in cytotoxicity studies using

LDH (Fig. 3.4.10) and apoptosis (Fig. 3.4.11) reported in this thesis.

To elucidate the mechanism underlying the cytotoxicity and apoptotic death in
Raji cells after *'I-rituximab treatment, the expression of p53 and cleavage of PARP
were studied. The results showed that in **!I-rituximab treated Raiji cells, expression of
p53 was maximum at 6 h. However, cleavage of PARP begins at 6 h and was maximum

at 24 h (Fig. 3.4.12). The p53 being DNA damage sensor protein is known to be
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upregulated at early time and also responsible for induction of apoptotic machinery. It
was further interesting to observe that tumor cells treated with ***I-rituximab showed p53
upregulation and cleavage of PARP compared to the «cells treated with
B rituximab (Fig. 3.4.12) suggesting the role of beta radiation from **I-rituximab in
tumor cell killing. These studies prove the enhanced cytotoxic effect of **I-rituximab and

the potential role of radioimmunotherapy in treatment of cancer.
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CHAPTER 4

Study on Effects of

Sh-rituximab in Combination
with Doxorubicin on Raji
Cells
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4.1 INTRODUCTION

NHL is a group of hematological malignancies of which more than 90 % originates from
the B-cells (Freedman et al. 1991). There are various therapeutic modalities available for
NHL, which includes chemotherapy, radiation therapy, immunotherapy,
radioimmunotherapy etc. However, the combined approach of different modes of therapy,
adds on benefit by mitigating the limitations of each therapeutic modalities. It is reported
that combining the approach of radioimmunotherapy with chemotherapy has synergistic
effect (Jang et al. 2012). The present study combines the approach of chemotherapy
(doxorubicin) and radioimmunotherapy (**!I-rituximab). Raji cells were treated with
doxorubicin in combination with **!I-rituximab and the underlying mechanism of cell

toxicity was elucidated.

Doxorubicin is an anthracycline antibiotic and commonly used chemotherapeutic
drug for the wide range of cancers, including leukemia and lymphoma (Tan et al. 1967).
It induces formation of free radicals and superoxide (Rajagopalan et al. 1988, Schimmel
et al. 2004) and also inhibits the enzyme topoisomerase 11, thereby stops the process of
replication and subsequently the progression of cell cycle (Fornari et al. 1994). There are
pharmacological and biological evidence for doxorubicin resistance in human cancer cell
lines (Slovak et al. 1988, Salmon et al. 1989, Trock et al. 1997), in patients (Shen et al.
2008, Aas et al. 1996, Smith et al. 2006) and associated side effects of myocardiopathy
(Zhang et al. 2012). The drug-resistance and associated side effects, warrants the

development of combinatorial approach for cancer therapy.

Rituximab is one of the chimeric monoclonal immunotherapeutic agents against

CD20, developed by genetic engineering. It has been approved by FDA in 1997 (Reff et
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al 1994, Boye et al. 2003, Lim et al. 2010, Olazoglu et al. 2010). Even though, rituximab

is used for treatment of NHL patients, it induces resistance during course of therapy
(Smith 2003, Scott et al. 2008). It has been found that only 50 % patients showed clinical
response to the rituximab (Bonavida 2007). To overcome the resistance and enhance the
therapeutic efficacy in B-cell lymphoma patients, rituximab was administered in
combination with chemotherapeutic regimen like CHOP (Mounier et al. 2003, Dillman et
al. 2007). Rituximab treatment has also been tried in combination with various
chemotherapeutic drugs such as paclitaxel, gemcitabine, cispaltin and vinorelbine and
increase in cytotoxicity was observed involving various signalling pathways (Alas et al
2001, Emmanouilides et al. 2002, Alas et al. 2002, Coiffier 2003, Jazirehi et al 2003,

Jazirehi et al 2005a & b, Bonavida 2007).

Radioimmunotherapy using **'I-rituximab for NHL (Rao et al. 2005, Bienert et al.
2005, Kersten 2011), relapsed indolent NHL patients (Leahy et al. 2006, 2011) and in
Burkitt lymphoma cell line (Kumar et al. 2013b) are reported in literature. The combined
approach of rituximab with low LET radiation (X-rays and y-rays) triggered apoptosis in
NHL cancer cells (Skvortsova et al. 2006) and Burkitt lymphoma cell line (Fengling et al.
2009) showing enhanced cell killing. The mechanism of effect of doxorubicin in
combination with **!1-rituximab has not been reported. Hence, this study has been carried
out to explore the underlying mechanism of cell killing and cellular signalling in Raji

cells induced by ***I-rituximab in combination with doxorubicin.
4.2 SCOPE AND OBJECTIVES OF THE CHAPTER

It was observed from the studies described in the Chapter 3, that ***I-rituximab induced

higher cell toxicity in Raji cells compared to rituximab (Kumar et al. 2013b). To further
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enhance the cellular toxicity, combinatorial approach was used with the well known anti
cancer drug, doxorubicin. Efficacy of rituximab in combination with paclitaxel
gemcitabine, cisplatin, vinorelbine, adriamycin and cyclophosphamide are known
(Coiffier 2003, Jazirehi et al. 2003 and 2007, Alas et al. 2001 and 2002, Dillman et al.
2007), but the effect and underlying mechanisms of **!l-rituximab and in combination
with doxorubicin is not known. Here, Raji cells were treated with doxorubicin along with
311 rituximab and induced cell death was compared with *I-rituximab as well as
doxorubicin treated controls. Furthermore, the cell toxicity, apoptosis and MAPK

signaling pathways were investigated in Raji cells.
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4.3 MATERIALS AND METHODS

4.3.1 Reagents

Doxorubicin purchased from Sigma Chemicals Inc. (USA) was dissolved in Dulbecco’s
phosphate buffer saline (2 mg/mL). Primary antibody of MAPK and phospho—MAPK,
and peroxidase labeled secondary antibody were purchased from Cell Signaling

Technology, Danvers, MA. All other reagents used were of cell culture grade.
4.3.2 Cell culture

Raji cells obtained from the National Center for Cell Sciences (NCCS), Pune, India, was
cultured in RPMI-1640 supplemented with 10 % serum (Invitrogen), and
antibiotic/antimycotic solution. All culture was maintained in humidified 5 % CO;

atmosphere at 37 °C.
4.3.3 Determination of effect of doxorubicin on Raji cell line

Raji cells (1x10%well) were plated in 24 well plates and different concentrations of
doxorubicin (0.5-15 ng/mL) were added followed by incubation for 6 h, to find the effect
of doxorubicin. Cells were harvested, washed with PBS and further incubated
(1x10° cells / well) for 12 and 24 h in 96 well plates. MTT assay was carried out
according to protocol described by Kumar et al (2013a). Briefly, after completion of
incubation, 10 pL of MTT solution (5 mg/mL) was added to each well and incubated for
2 h. Formazan crystal was solubilized by addition of 100 puL of solubilizing buffer
(20 % SDS in 50 % DMF). Color was quantified at 570 nm with reference to 630 nm in
BioTek Universal Microplate Reader (BioTek U.S., Winooski, VT, USA). Percent cell

proliferation/viability was calculated as ratio of OD of treated to control samples,
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multiplied by 100.

4.3.4 Treatment of Raji cells with **'1-rituximab and doxorubicin

Raji cells (1 x10°) were plated in 24 well plates and treated with doxorubicin (0.5, 1, 2
and 10 mg/mL) for 4 h followed by 1.85 MBq of **I-rituximab for 2 h. Hence, total
incubation time for the doxorubicin was 6h. Concentration of 1.85 MBq of **!I-rituximab
was chosen from the studies described in Chapter 3 (Kumar et al. 2013b). The cells were
harvested after completion of 6 h, washed thrice with PBS and further incubated for 12 h

at 37 °C in an incubator to carry out further experiments.

Raji cells (1x10° were incubated with doxorubicin (0.5-10 png/ml) for

4h followed by 2 h of P-rituximab (1.85 MBq)

i

Washed thrice with PBS and further incubated for 12 h

v v v

(?Ell Death ‘ Apoptosis Protein Expression
Trypan Blue Dye DNA fragmentation & Western blotting
PARP Cleavage

Figure 4.1 Flow chart of experimental plan

4.3.5 Estimation of cell death of Raji cells in combinatorial treatment of doxorubicin

and "*'I-rituximab by trypan blue dye uptake

Raji cells were treated with doxorubicin (0.5, 1, 2 and 10 ng/mL), rituximab (5 pg/mL),
B31|_rituximab (1.85 MBq) alone and in combination with doxorubicin, for desired time
periods as mentioned in Section 4.3.4, washed and further incubated for 12 h. Cells were
harvested and the magnitude of cell death in control and treated cells was determined by
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mixing cells with equal volume of 0.4 % (w/v) trypan blue dye (Kumar et al. 2013a).
Living cells exclude while dead cells take up the dye, which was counted using
haemocytometer and expressed as percent cell death. Percent cell death was calculated as

the ratio of dead to total cells multiplied by 100.
4.3.6 Study of apoptosis by DNA fragmentation study

Raji cells (~1 x 10°) were harvested after treatment with doxorubicin and ***I-rituximab
and were lysed in lysis buffer provided with kit. The supernatant was used to determine
apoptosis by DNA fragmentation study using ELISA method, according to method

described in earlier Section 2.3.6.
4.3.7 Study of apoptosis by estimation of PARP cleavage

PARP protein is one of the active components of induction of apoptotic cell death. The
protein was isolated from doxorubicin and **I-rituximab treated Raji cells and estimation

of PARP cleavage was carried out according to method described in earlier Section 2.3.7.
4.3.8 Study of expression of protein related to apoptotic cell death

Raji cells were harvested after desired treatment (refer Section 4.3.4) and lysed in cell
lysis buffer and protease inhibitor cocktail (Kumar et al. 2013a). Where ever required
protein concentration in samples was estimated by Bio-Rad Protein assay (Bio-Rad).
Protein (40 pg) was loaded on 10 or 15 % SDS PAGE gel and electrophoresis was carried
out. Protein was transferred onto nitrocellulose membrane by electroblotting. The
membrane was blocked using 5 % non-fat milk protein followed by incubation with
primary antibodies for PARP, bclxl, MAPK pathways proteins (p44/42, p38 and their

phosphoprotein) and beta-actin (loading control) for 1.5 h. The membrane was washed
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with Tris buffer saline with Tween 20 (0.1 %) followed by treatment with secondary
antibody for 2 h. The membrane was incubated with ECL (enhanced chemiluminiscence)
reagents (Cell Signaling Tech.), followed by exposure to Hyper film. Film was processed
and developed by Kodak developer and fixer solution. Protein blot densitometry was

carried out using UVIbandmap (UVITEC Limited Cambridge, UK).
4.3.9 Statistical analysis

Unless mentioned, the results are mean + SD of at least three independent experiments,
where t-test was used to compare control and irradiated samples. Significance level was

determined by considering p values below 0.05.
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4.4 RESULTS

4.4.1 Effect of doxorubicin on proliferation of Raji cells

To optimize the doxorubicin concentration and post treatment incubation period, MTT
assay was carried out for 12 and 24 h after treatment with increasing concentrations of
doxorubicin (0.5-15 ng/ml). Percent cell proliferation was calculated and plotted against
the doxorubicin concentration (Fig. 4. 2). A dose dependent decrease in proliferation of
Raji cells was observed, which showed saturation at higher concentrations as 8 ng/mL or
above. However, there were marginal differences between the percent cell proliferation
of Raji cells at 12 and 24 h of post incubation at higher concentration (>8 ng/mL) of

doxorubicin.

¢, Cell proliferation

Doxorubicin (ug/mL)

Figure 4.2 Estimation of percent cell proliferation by MTT assay of Raji cells treated with

doxorubicin for 6 h.
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4.4.2 Effect of doxorubicin in combination with **'1-rituximab on cell death of Raji

cells

In order to investigate efficacy of combinatorial treatment of doxorubicin and

B rituximab, cell death assay was carried out in Raji cells after treatment with 0.5, 1, 2

and 10 ng/mL of doxorubicin concentration in combination of 1.85 MBq of

B rituximab for 12 h (Fig. 4.3). Increased cell death was observed in Raji cells treated

with *!l-rituximab in combination with doxorubicin compared to their respective

controls. The magnitude of cell death in case of doxorubicin (2 ng/mL) in combination

with *31-rituximab treated Raji cells was ~74 % compared to the doxorubicin (2 ng/mL,

~55 %) and ***I-rituximab (~22 %) controls (p<0.05). **!|-rituximab in combination with

7

% Cell Death

0+

Doxorubicin (ng/mL) ¢ pPBS - 0.5 1 10 -051 2 10
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Figure 4.3 Estimation of cell death in Raji cells treated with doxorubicin in combination with

131
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I-rituximab, determined by trypan blue dye. (Where * p<0.05 and n=3).
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10 ng/mL of doxorubicin induced highest amount of cell death, however, a marginal
difference was observed in the case of 0.5 and 1 ng/mL of doxorubicin in combinatorial

treatment with ***1-rituximab.

4.4.3 Effect of doxorubicin and **!I-rituximab on induction of apoptotic DNA

fragmentation

In order to investigate, the mechanism of cell death in Raji cells, after treatment with
doxorubicin in combination of *!|-rituximab, magnitude of apoptotic DNA fragmentation
was estimated by ELISA method. The results showed that there is a significant increase
(p<0.05) of EF in the case of combinatorial treatment of doxorubicin (2 ng/mL) and **!I-
rituximab (EF~9) compared to the corresponding individual controls of doxorubicin (2

ny/mL, EF-4.2) and **!I-rituximab (EF~2.5) (Fig. 4.4a). However, at higher concentration

Enrichment Factor of DNA Fragmentation

Doxorubicin (ng/mL) ¢ PBS - 05 1 2 10 - 05 1 2 10
Rituximab (S5pg/mL) - — ol e R R S e RS B
131y Rituximab(1.85MBg/mL) - - — - - - — — =+ + =+ +

Figure 4.4a Estimation of apoptotic DNA fragmentation of Raji cells treated with doxorubicin in
combination with **!|-rituximab. (Where * p<0.05 and n=3).
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of doxorubicin (10 ng/mL) in combination with **!|-rituximab showed EF-~7 compared
to the corresponding doxorubicin (10 ng/mL, EF~8). These results were further
expressed in terms of fold change compared to their respective controls in Fig. 4.4b The
results suggest prominent combinatorial effect in terms of DNA fragmentation of
doxorubicin and **!I-rituximab at 2 ng/mL than the 0.5, 1 and 10 ng/mL of doxorubicin

(Fig. 4.4b) for getting highest apoptotic DNA cleavage.

r N
2.5
2.0
u
2 1.5
[5]
= i
L¥]
=
= 1.0+
[
0.5
0.0
\ Ratio of Samples with corresponding controls

Figure 4.4b Fold change in apoptotic DNA fragmentation of Raji cells as a ratio of enrichment

131

factor. (where 1: cells treated in PBS/ control cells, 2: Cells treated with 1.85 MBq of ~*I-rituximab

/5 pg of rituximab, 3: Cells treated with 0.5 pg/mL of doxorubicin in combination with 1.85 MBq of
31rituximab /0.5 pg/mL of doxorubicin, 4: Cells treated with 1 pg/mL of doxorubicin in
combination with 1.85 MBq of **'I-rituximab /1 pg/mL of doxorubicin, 5: Cells treated with 2
Hg/mL of doxorubicin in combination with 1.85 MBq of **I-rituximab / 2 pg/mL of doxorubicin and

6: Cells treated with 10 pg/mL of doxorubicin in combination with 1.85 MBq of **!I-rituximab / 10

pg/mL of doxorubicin)
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4.4.4 Effect of doxorubicin and *!I-rituximab on cleavage of PARP protein

This study was carried out to estimate the cleavage of PARP protein by ELISA method in
control and treated Raji cells (Fig. 4.5a). The results showed that there was a significant
increase (p<0.05) of PARP cleavage in cells treated with doxorubicin (2 nmg/mL) in
combination with *¥I-rituximab (EF~7.5) compared to their corresponding controls i.e.
doxorubicin (2 my/mL, EF~3.45) and *!I-rituximab (EF~2.75) (Fig. 4.5a). There was also
a significant increase (p<0.05) of PARP cleavage in combinatorial treatment of 0.5 and 1
ng/mL of doxorubicin. Further analysis of results in terms of fold change with respect to
their controls (Fig. 4.5b), showed highest amount of PARP cleavage at 2 ng/mL of

doxorubicin combination with ***I-rituximab.

Enrichment Factor PARP cleavage

04—l

Doxorubicin (1 g/mL) PBS
Rituximab (Spgml) - - + - - - - - - -
131 Rituximab(1.85MBq/mL) - - - - - - *+ + +

Figure 4.5a Estimation of PARP cleavage in Raji cells treated with doxorubicin in combination

with *!I-rituximab. (Where * p<0.05 and n=3).
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Figure 4.5b Fold change in PARP cleavage of Raji cells as a ratio of enrichment factor. (where 1:
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cells treated in PBS/ control cells, 2: Cells treated with 1.85 MBq of I-rituximab /5 pg of

rituximab, 3: Cells treated with 0.5 pg/mL of doxorubicin in combination with 1.85 MBq of **!I-

rituximab /0.5 pg/mL of doxorubicin, 4: Cells treated with 1 pg/mL of doxorubicin in combination

with 1.85 MBq of **!I-rituximab /1 pg/mL of doxorubicin and 5: Cells treated with 2 pg/mL of

131

doxorubicin in combination with 1.85 MBq of ~“I-rituximab / 2 pg/mL of doxorubicin)

4.4.5 Effect of doxorubicin and **!I-rituximab on expressions of proteins involved in

apoptosis and MAPK

The previous results from trypan blue, DNA fragmentation and PARP cleavage assays
showed efficacy of combinatorial approach of doxorubicin and **'I-rituximab. Hence, to
further illustrate the underlying molecular players and signaling pathways, regulation of
bclx! in control and treated cells was studied. Moreover, the PARP cleavage observed by
ELISA method was also verified by Western blotting (Fig. 4.6a). The results showed that

the expression of anti-apoptotic protein (bcIxl) was downregulated and cleaved PARP
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Figure 4.6a Expressions of apoptotic proteins in Raji cells treated with doxorubicin in combination

with 2! -rituximab
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Figure 4.6b Ratio of intensity of expression of apoptotic proteins by Western blotting with respect

to the beta actin (loading control). (Where * p<0.05 and n=3).
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was higher in the cells treated with **I-rituximab in combination with doxorubicin
(2 pg/mL) compared to the individual controls (Fig. 4.6a). Densitometry of bclxl and
cleaved PARP proteins from Western blotting was performed and expressed as a ratio of
protein of interest to the corresponding beta actin protein as a loading control (Fig. 4.6b).
It was found that maximum downregulation of bclxl and maximum cleavage of PARP

protein was observed in the combinatorial treatment compared to the individual controls.

Western blotting was also carried out for MAPK pathway proteins p44/42, p38
and their phosphorylated form in control and treated cells. An increase in expression of
p38 proteins was observed in cells treated with **'I-rituximab in combination with
doxorubicin compared to the individual controls, which was not much affected for
p44/42 (except marginal decrease in rituximab/**!1-rituximab controls, p<0.05) (Fig. 4.6c
& d). However, strong phosphorylation of p38 was observed in **!I-rituximab treated
cells while phosphorylation of p38 was lower in cells treated with **I-rituximab in
combination of doxorubicin. However, in the case of phospho p44/42 proteins (Fig. 4.6¢
& d) phosphorylation was lower in doxorubicin and combinatorial treatment.
Densitometry of p38, p44/42, phospho p38 and phospho p44/42 were analyzed and
expressed as a ratio of protein of interest to the corresponding beta actin protein as a
loading control (Fig. 4.6d). It was found that almost complete downregulation of phospho
p44/42 was observed in the combinatorial treatment. Likewise, it was observed that
phospho p38 was downregulated in the combinatorial treatment compared to the

B rituximab controls.
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Figure 4.6¢c Expressions of MAPK proteins in Raji cells treated with doxorubicin in combination
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Figure 4.6d. Ratio of intensity of expression of MAPK proteins by Western blotting with respect to

the beta actin (loading control)
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4.5 DISCUSSION

The dosage of doxorubicin administered is 60-75 mg/m? or 1.2-2.4 mg/kg at every three
weeks in cancer chemotherapy. However, these dosages cause toxicity to cardiomyocytes
(Zhang et al. 2012) and resistance to therapy (Slovak et al. 1988, Salmon et al. 1989,
Trock et al. 1997, Shen et al. 1987, Aas et al. 1996, Smith et al. 2006). To elucidate the
mechanism underlying the cytotoxicity in Raji cells after doxorubicin and ***I-rituximab
treatment, we have estimated cell death, apoptosis by DNA fragmentation and PARP
cleavage and, regulation of MAPK signaling pathways. Rituximab is known to cause
cytotoxicity in tumor cells involving various cellular signaling pathways (Emmanouilides
et al. 2002, Jazirehi et al. 2003, Jazirehi et al. 2005a and 2005b, Alas et al. 2001 and 2002
and Chow et al. 2002). Additional killing of lymphoma cells by **!I-rituximab will be
due to associated high energy beta radiation (0.6 MeV of **1). The enhanced magnitude
of damage is due to localization of radioisotope very close to cellular targets at membrane

and cytoplasm level (Kumar et al. 2013b).

The highest magnitude of cell death measured by trypan blue dye was observed
after treatment of doxorubicin (10 ng/mL) in combination with **'I-rituximab, compared
to other combinatorial treatments of doxorubicin (0.5, 1 and 2 ng/mL) and **I-rituximab.
However, the extent of DNA fragmentation was more in case of treatment of doxorubicin
(2 ng/mL) in combination with **!I-rituximab. The DNA fragmentation in the
combinatorial treatment of doxorubicin (10 ng/mL) was lower compared to
combinatorial treatment of 2 ng/mL. This might be due to combinatorial treatment of
doxorubicin at higher concentration result in higher apoptosis and thus number of cell
lysis at the advanced stage of cell death. The fragmented DNA from these lysed cells
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would be lost in the supernatant while harvesting the cells for DNA fragmentation
analysis by ELISA. Similarly, the effects of combinatorial treatments of 0.5 and 1 ng/mL
of doxorubicin were lower than that of 2 ng/mL. Thus the western blotting studies were
aimed to investigate efficacy of **!I-rituximab in combination with doxorubicin of
2 ng/mL concentration.

The result of cleaved PARP protein determined by Western blotting was similar to
the observation found in the estimation of PARP cleavage by ELISA method for the given
concentration of doxorubicin and **!I-rituximab. This apoptotic cell death is higher in the
combinatorial treatment which was validated with the apoptosis results of DNA
fragmentation. In Western blotting studies, downregulation of bcIxl and the
corresponding PARP cleavage confirms the apoptotic cell death (Fig. 4.7), which is in
agreement with observation of enhanced cytotoxicity in the NHL B cell line treated with
rituximab and drugs (cisplatin, adriamycin, vinblastine, 5-fluorouracil and paclitaxel)
(Emmanouilides et al. 2002, Jazirehi et al. 2003, Jazirehi et al. 2005a and 2005b, Alas et
al. 2001 and 2002, Chow et al. 2002).

In general, p38 are poorly activated by mitogens but strongly activated by
inflammatory cytokines and a wide variety of cellular stress inducers and its activation
occurs through phosphorylation. After activation, these cytosolic proteins translocate to
the nucleus and activate numerous proteins and/or transcription factors (Wagner et al.
2009, Johnson et al. 2002). So the increase in expression of p38 protein in the
combination of 2 ng/mL of doxorubicin with the *3I-rituximab might be due to the
radiation stress. The strong phosphorylation of p38 in **I-rituximab treated cells and

relatively weak phosphorylation was observed in combinatorial treatments, which
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correspond to the maximum apoptotic cell death (Fig. 4.7). Similar results have been
observed in the rituximab treated B-cell chronic lymphocytic leukemia cell line where
p38 has a role in induction of apoptosis (Mathas et al. 2000, Pedersen et al. 2002).

In contrary to p38, p44/42 (also known as ERK1/2) is the key transducers of
proliferation signals and is often activated by mitogens and its activation occurs through
phosphorylation of threonine and tyrosine residues (Wagner et al. 2009, Johnson et al.
2002). However, there is no change in p44/42 expression in the case of **I-rituximab.
The increase in cytotoxicity in case of **I-rituximab in combination of doxorubicin may
be due to a decrease in phosphorylation of p44/42. On downstream signaling, p44/42 is
known to inhibit belx! (Jazirehi et al. 2003) leading to cell death, which may explain the
association of the signaling pathway in enhanced killing of Raji cells treated with
B3 rituximab in combination with doxorubicin, which ultimately induce apoptotic cell
death. However, detailed mechanistic pathways need to be investigated.

There is a report that unlabeled rituximab used in combination with doxorubicin
(Chow et al. 2002) enhanced cell death. The author (Kumar et al. 2013b) has reported in
Chapter 3 that **I-rituximab is more potent in induction of apoptotic cell death than the
unlabeled rituximab. In this Chapter, the author has reported that combined treatment of
doxorubicin and **!-rituximab induced higher cell death than the corresponding controls.
Hence, it has concluded that doxorubicin has the potential to sensitize **I-rituximab

induced cell death in Raji cells involving MAPK signaling pathways.
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CHAPTER 5

Summary, Conclusions
and Future Directions
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5.1 SUMMARY OF THE THESIS

The use of external beam radiation is one of the therapeutic modalities for the treatment
of various types of cancer. However, beta radiation emitted from radiopharmaceuticals is
more effective in selected cancers (thyroid cancer, lymphoma etc). The y radiation has
limitations during cancer therapy because cancer cells have different status of p53,
antioxidant, hypoxia etc. The different stages and origins of tumors also play a major role
in treatment outcome. Alpha and beta radiation overcome most of the limitations, since
their effect is independent of oxygen level. Radioiodine is one of the oldest known
radionuclides used in therapy. The beta radiation emitted from radioiodine is used for
therapy, while y-rays are used for diagnosis. The effects of y and X-rays emitted from **|
on therapy are insignificant because it mostly escapes and deposit energy other than the
target sites. The mechanisms of cell death induced by beta radiation are not well
understood. Hence, the author has chosen tumor cells of various tissue origin (Raji, MCF-
7, A431 and U937 cells), which were irradiated with beta radiation emitted from **!I and
this effect was compared with an equivalent dose of y radiation. It was found that the
cellular toxicity and apoptosis was higher in the case of beta irradiated tumor cells
compared to the cells that received equivalent dose of y radiation. The differential
expressions of RAD51 and P21 genes have a major role in discriminating the effect of
beta and gamma radiation in cancer cells.

The scope of targeted delivery of radionuclides for cancer therapy is increasing
rapidly due to higher therapeutic gain. Hence, beat emitting radionuclides viz. **!1, " Lu,

%0y etc. were targeted to tumor cell receptors using suitable ligands. The targeted therapy

will not only enhance the effect of beta radiation but sometime effect get further
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enhanced due to the internalization of the radiolabeled ligands. There are various
antibody available in clinics which can be labeled with beta emitting radionuclides and
can be used for the treatment of various cancers. Bexxar and Zevalin are commercially
available *'1 and Y labeled antibody respectively, being used for the treatment of NHL.
Being mouse origin, these antibodies induce HAMA response. So, in this study
rituximab, a chimeric antibody was selected for radiolabeling with **'I and evaluated in
CD20 overexpressing cancer cells (Raji). Being chimeric in nature, HAMA response will
be minimum for the rituximab. The **!1 is easily available radionuclides amongst others
and is the oldest one used in the clinics. Thus, rituximab was labeled with **'1 by lodogen
method and characterized by HPLC. Cell binding and internalization study was carried
out in Raji cells. It was observed that cell binding decrease with the increase in time of
incubation. Here it was found that cellular internalization increase with the time of
incubation, which corresponds to the increase in cell death and apoptosis. The stability of
B rituximab bound with CD20 was analyzed in the cell supernatant media. It was
observed that there was a maximum of 10 % deiodination at 24 h time period of
incubation. The extent of cell toxicity induced by 3I-rituximab was compared to
unlabeled rituximab and it was concluded from the results that cellular toxicity and

apoptosis was more in *!I-rituximab compared to the rituximab.

Combining different therapeutic modalities impart the decrease of tumor
resistance against the cancer therapy, which has corroborated by synergistic or additive
effects. Considering the legacy of combining therapeutic approach, studies were carried
out to explore the possibility of synergistic effect of combining **!I-rituximab

(radioimmunotherapy) with doxorubicin (chemotherapy). Doxorubicin was chosen,
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because it is commonly used for the treatment of a wide range of cancers including
leukemia and lymphoma. However, there are evidences for doxorubicin resistance in
patients and associated side effects of myocardiopathy. These drug-resistance and
associated side effects, warrants the development of combinatorial approach for cancer
therapy. To overcome the resistance and enhance the efficacy in Raji cells, doxorubicin
was treated in combination with **!I-rituximab. Higher cell toxicity was observed in the
combinatorial treatment compared to the individual controls. It was found that cell death
was governed by the MAPK signalling pathways, which is corroborated with inhibition
of anti-apoptotic proteins. Downstream of these cellular signalling, the apoptotic DNA
fragmentation and cleavage of PARP proteins was observed, which are the hallmark

features of apoptosis.

The overall understanding at cellular and molecular level after various treatment
conditions is schematically shown in Fig. 5.1.

On the whole, the thesis provides basic understanding at cellular and molecular

level, the effect of beta radiation from 3!,

in diffused as well as selective targeting by
B3 rituximab and/or in combination with doxorubicin, which may be helpful in

developing better radio-immunotherapeutic strategies for cancer therapy.
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5.2 MAJOR CONCLUSIONS OF THE THESIS

1. Beta radiation emitted from radionuclides is more potent in induction of cell toxicity in

tumor cells compared to the equivalent dose and very high dose rate of y radiation.

2. RAD51 and P21 have major role in discriminating the effect of beta and gamma

radiation in tumor cells.
3. "¥|-rituximab enhanced Raji cells toxicity compared to the unlabeled rituximab.

4. Increase in Raji cell death corresponds to the extent of cellular internalization of the

B rituximab.

5. Efficacy of **!I-rituximab involves apoptotic cell death, where p53 play major role

during early incubation periods.

6. Combinatorial approach of doxorubicin and **!I-rituximab enhanced toxicity in Raji
cell line compared to the individual controls, which involve regulation by bclxl and the

MAPK signaling pathways.
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5.3 FUTURE DIRECTIONS

1. There is a need of detailed studies of the mechanism of DNA damage and repair
Kinetics of beta radiation and the equivalent dose of gamma rays, which may
determine the radiosensitivity of various cancer cell lines. The estimation of SSB
and DSB of DNA damage by comet assay will give an insight of nature of
damage. Moreover, deeper understanding about role of RAD51 and other DNA
damage response genes/proteins (like KU70/80) after beta radiation using
knockdown/inhibitors approach will further elucidate the underlying molecular
mechanism in cellular radiosensitivity.

2. Understand the effect of **!I-rituximab on cytotoxicity and underlying signaling
pathways, there is need to evaluate the efficacy in drug/radiation resistant cell
lines.

3. Validate the effect of **'I-rituximab and its combination with doxorubicin in

in-vivo mouse models.
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Cellular Internalization and Mechanism of
Cytotoxicity of '3!I-Rituximab in Raiji Cells
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ABSTRACT: Rituximab labeled with radioiodine (**'I-rituximab) has a large potential to be employed for targeted
therapy of non-Hodgkin’s lymphoma. Studies of parameters such as cellular internalization, stability of '*'I-rituximab
bound to CD20 receptor of tumor cells, and the mechanism underlying cytotoxicity induced by *'I-rituximab will
be useful for better clinical application. In this article we describe the efficacy of *!I-rituximab in CD20-expressing
Raji cells. Rituximab labeled with *'T was purified on a PD-10 column and characterized using high-performance
liquid chromatography and paper electrophoresis. Raji cells treated with "*'I-rituximab (1.85 MBq for 2 hours)
were washed then incubated. The culture medium collected from treated cells showed increased radioactivity over
a longer period (>6 hours), probably due to the deiodination/degradation of ''I-rituximab. The tumor cells treated
with P'-rituximab showed time-dependent internalization of radioactivity, and at 12 hours the radioactivity was
almost equally distributed in the membrane and cytoplasm. At 24 hours ~70% of the radioactivity was internalized.
Cellular toxicity after '3'T-rituximab treatment showed a time-dependent increase in toxicity as estimated by lactate
dehydrogenase. Tumor cells treated with *'T-rituximab showed significantly higher toxicity and apoptosis compared
with the those treated with the same concentration of unlabeled rituximab. The increased apoptotic death in cells
treated with "3'I-rituximab was associated with cleavage of poly ADP ribose polymerase and upregulation of p53
protein. This study provides a deeper understanding about the cellular internalization/stability of '*'I-rituximab bound
to the CD20 receptor and its efficacy in killing Raji cells.

KEY WORDS: "'T-rituximab, rituximab, lymphoma, toxicity, apoptosis, cellular internalization

I. INTRODUCTION radionuclides coupled to antibodies,*!° peptides,"

or other molecules'>!' that are widely used in the

Rituximab is a genetically engineered chimeric
monoclonal antibody against the CD20 receptor’
that was approved by the U.S. Food and Drug Ad-
ministration in 1997 for the treatment of non-Hodg-
kin’s lymphoma (NHL). CD20 is a 33- to 37-kDa
extracellular surface protein expressed during early
B-cell development.? Most human B-cell-lineage
malignancies express a large amount of the CD20
receptor protein.® Hence, CD20 is considered an
attractive and possible target for the treatment of
NHL.*> Most of the commercially successful mono-
clonal antibodies on the market or in the final stage
of development are unlabeled. The concept of “mag-
ic bullets,” coined by Ehrlich,® became a reality with
the use of specific antibodies conjugated to radio-
nuclides’ as targeting molecules. There are several

therapy of various diseases, particularly cancer.
Radioiodine ("*'T) has been largely used for tar-
geted therapy of thyroid disorders because of the
uptake of 'l by the differentiated thyroid tissues.'
It has the advantage of having both B- as well as
vy radiation and hence can be used for both imag-
ing and therapy. The average range (2.3 mm) of the
electrons emitted by "'l can lead to irradiation of
many neighboring tumor cells, and this cross fire
may exclude the necessity of a radiopharmaceutical
being present within each cell of the targeted tumor.
The advantages of '*'I-based radiopharmaceuticals
are many and include (1) easy availability at a rea-
sonable cost, (2) convenient half-life of ~8 days for
therapy, and, most important, (3) being amenable to
labeling with a variety of biomolecules because of

0731-8898/13/$35.00 © 2013 Begell House, Inc. www.begellhouse.com 91
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simple chemical reactions that do not alter their
bioreactivity. There are currently two radiolabeled
anti-CD20 monoclonal antibodies approved for
therapy by the US Food and Drug Administration.
Zevalin, a *°Y -labeled ibritumomab tiuxetan, was
approved in 2002 and "*'I-labeled Bexxar was ap-
proved in 2003—both for the treatment of NHL.'®
These antibodies are of mouse origin and may trig-
ger the human antimouse antibody response, thus
posing limitations to their efficacy. Hence, a chi-
meric monoclonal antibody such as rituximab has
been chosen for our study because it may exhibit
better therapeutic efficacy. The cell killing ability
of rituximab could be enhanced further with the
incorporation of therapeutic radionuclides such
as 'l targeted to highly radiosensitive lymphoma
cells. *'I-rituximab has been shown to be effective
in lymphoma patients'’; however, its characteriza-
tion and evaluation of cytotoxicity'®!"” in cancer
cells are limited in the literature. Hence, this study
aimed to study the cellular localization/stability of
Bl-rituximab bound with a CD20 receptor and the
molecular mechanism underlying the cytotoxicity
in Raji cells, a B-cell lymphoma cell line.

Il. MATERIALS AND METHODS

A. Materials

Chemicals and kits for assays were purchased from
Sigma Chemical Inc. (St. Louis, MO) unless other-
wise stated. Rituximab and the In Situ Cell Death
Detection Kit were purchased from Roche Diag-
nostics GmbH (Indianapolis, IN). 3T was obtained
from the Radiochemicals Section of the Bhabha
Atomic Research Centre, Mumbai, India.

B. Cell Culture

Raji (CD20 wild type, Burkitt lymphoma cell line)
and U937 (p53-ve human histiocytic lymphoma
cell line, CD20-ve) cell lines obtained from the
National Center for Cell Sciences (Pune, India)
were routinely cultured in Roswell Park Memorial
Institute 1640 medium supplemented with 10%
serum (Invitrogen, Carlsbad, CA), 2 mM r-gluta-
mine, and antibiotic solution. All routine culture
was performed in a humidified 5% carbon dioxide
atmosphere at 37°C, and cells were passaged every
alternate day.

C. Radiolabeling of Rituximab With 31|

Radiolabeling of rituximab was carried out using
the Todogen method.” Rituximab (100 ug), Na'*'l
(~1 mCi), and 100 pL of 0.5 M phosphate buffer
(pH, 7.5) were combined in a tube coated with lo-
dogen (1 pg) and mixed for 10 minutes. The reac-
tion mixture was purified on a PD-10 column (GE
Healthcare, Amersham, UK) using phosphate buf-
fer (0.05 M, pH 7.6) as the eluant. The labeling
yield and radiochemical purity were analyzed by
high performance liquid chromatography (HPLC,
JASCO, Japan) and with radiation detector (Ray-
test, Germany) using a TSKgel column (Tosoh
Bioscience, King of Prussia, PA) and paper elec-
trophoresis. For HPLC, 0.05 M phosphate buffer
(pH, 6.8) was used as the mobile phase.

D. Analysis of CD20 Expression by Flow
Cytometry

Raji and U937 cells were taken from the confluent
culture, fixed in 2% formaldehyde, and stain with
S5-uL fluroescein isothiocyanate—labeled mouse
monoclonal antibody to the human CD20 antigen
(procured from Invitrogen) in 100 pL staining buf-
fer (2% serum in phosphate-buffered saline [PBS])
for an hour. Cells were washed twice with stain-
ing buffer and analyzed in a Partec flow cytometry
system (Partec GmbH, Miinster, Germany) using
Flowjo software (Tree Star, Inc., Ashland, OR).

E. Cell Binding and Inhibition

Inhibition studies were carried out in Raji cells (1
x 10°) to demonstrate the specificity of the anti-
body. Raji cells were incubated with 0.037 MBq
of B!I-rituximab along with different amounts
(0.1-100 pg) of rituximab for 2 hours at 37°C. To
estimate the extent of nonspecific binding, 1 X 10°
U937 cells (a CD20-ve cell line) also were incu-
bated with "'I-rituximab for 2 hours at 37°C. In
the case of Raji cells, cell binding studies were
performed with varying amounts of "*'I-rituximab
(0.037, 0.37, 1.85, and 3.7 MBq, equivalent to
1, 10, 50, and 100 uCi, respectively) and treated
for 30 minutes, 2 hours, and 6 hours at 37°C. A
range of radioactivity was chosen to optimize the
suitable concentration of '3'I-rituximab. The cells
were washed thrice with cold PBS and radioactiv-
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ity was measured with sodium iodide doped with
thallium (Nal[TI]), a gamma counter. Cell binding
was calculated and expressed as the percentage of
cell binding ([radioactivity count in 30 seconds as-
sociated with cell/total tracer radioactivity count in
30 seconds] x 100). The percentage of cell binding
inhibition was calculated as:

(100 x [1 — {percentage of cell binding in the
presence of rituximab / percentage of cell
binding in the absence of rituximab} ]).

F. Treatment of Tumor Cells With 3']-
Rituximab

Raji cells (1 x 10°) added to 1.85 MBq of *'I-
rituximab were incubated for 2 hours. Cells were
harvested and washed thrice with PBS and further
incubated for 2, 6, 12, and 24 hours at 37°C in cul-
ture conditions. The dose delivered was calculated
by assuming that the energy deposited in the cells
by the beta particles was 100%, whereas it was
negligible for the gamma rays. The doses delivered
to the tumor cells by 1.85 MBq of "*'I-rituximab
were calculated based on the S value,?! which was
found to be 0.38 Gy for a 2-hour incubation period.
The cumulative dose received by cells during incu-
bation periods of 2, 6, 12, and 24 hours were 0.39,
0.40, 0.42, and 0.46 Gy, respectively.

G. Cellular Internalization of '?¥'I-Rituximab

The cells were initially incubated with 1.85 MBq
of B!-rituximab for 2 hours at 37°C, washed thrice,
and then further incubated in culture media for 2,
6, 12, and 24 hours. After incubation and washing,
the cell membrane was stripped with an acidic buf-
fer (200 mM sodium acetate in 500 mM sodium
chloride; pH, 2.5), incubated for 5 minutes at 4°C,
and centrifuged (1400 xg for 5 minutes). Cell pel-
lets were resuspended and washed twice with the
acidic buffer, and the supernatants were pooled.
Cell pellets were lysed in 1 N sodium hydroxide,
and the radioactivity associated was measured in
an Nal(Tl) gamma counter. The percentage distri-
bution of 'I-rituximab on the membrane (super-
natant fraction) and cytoplasm (cell pellet fraction)
was calculated as follows:

(Radioactivity in either supernatant or cell
pellets / [total radioactivity {supernatant + cell
pellets}] x 100).
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H. Radioiodine Rituximab Degradation/
Deiodination

The Raji cells were initially incubated with ''I-
rituximab for 2 hours at 37°C followed by washing
and further incubation in culture conditions. The
supernatant culture media were collected at dif-
ferent time periods to determine deiodination or
degradation. For this, 500 pL of media was mixed
with 2 mg of immunoglobulin (as a carrier) in ice-
cold 10% trichloroacetic acid (TCA). The mixture
was vortexed and centrifuged at 10,000 xg for 10
minutes. The supernatant was carefully transferred
and pellets were dissolved in 1 mL of 2 N sodium
hydroxide. The radioactivity in both fractions was
measured in an Nal(Tl) gamma counter and calcu-
lated as follows:

(Radioactivity in either supernatant or protein
pellets / [total radioactivity {supernatant +
protein pellets}] ) x 100.

For paper chromatography, a Whatman paper
strip was soaked in 0.025 M phosphate buffer (pH,
7.6) and allowed to partially dry in air. Cell super-
natant (20 pL) from each time point was spotted
onto a paper strip and underwent electrophoresis
at 245 V for an hour. The paper strip was dried and
cut into 1-cm pieces, and the radioactivity of each
piece was counted in an Nal(Tl) gamma counter.
To find the position of migration on the paper strip,
Bl-rituximab and "'l were used as controls. The
percentage of radioactivity at different spots was
calculated as follows:

(Radioactivity in either point of spotting [intact
or high molecular weight *'I-rituximab] or point
of radioiodide [deiodinated]/[total radioactivity
{intact + deiodinated + degraded}]) x 100.

I. Estimation of Cell Toxicity

1. Lactate Dehydrogenase Assay in Cell
Supernatant

The tumor cells were treated with *'T-rituximab
(1.85 MBq) or an equivalent amount of rituximab
(control) in complete medium in culture condi-
tions followed by washing of cells (as mentioned
earlier). After completion of different periods of
incubation, cells were centrifuged and the super-
natant culture medium was collected to estimate
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the release of lactate dehydrogenase (LDH). The
LDH assay was carried out according to the pro-
tocol described in the kit. In brief, the LDH assay
mixture was prepared by mixing equal volumes of
LDH assay substrate, cofactor, and dye just before
use. The reaction mixture was added to culture me-
dia (2:1, v/v) and placed in 96-well plates. They
were mixed well, covered with aluminum foil to
protect the mixture from light, and incubated for
25 minutes at room temperature. The reaction was
terminated by adding one-tenth of the volume of 1
N hydrogen chloride, and the absorbance was mea-
sured at 490 nm. The percentage of release of LDH
was calculated as ([optical density (OD) of treated
sample/OD of control sample] % 100).

2. Apoptotic DNA Fragmentation

To determine the magnitude of apoptosis, a DNA
fragmentation study was carried out according to
protocol described in In Situ Cell Death Detection
Kit. This method is based on the fact that during
apoptosis the fragmented nuclear DNA and his-
tone exudes to cytoplasm, which can be detected
by enzyme-linked immunosorbant assay (ELISA)
and expressed as an enrichment factor. Raji cells
(~1 x 10°) harvested after treatment were lysed for
30 minutes using a lysis buffer and centrifuged to
20,000 xg for 10 minutes. The supernatant was
carefully transferred to new tubes and stored at
-40°C until analysis. The ELISA plate was coated
overnight with antihistone antibody at 4°C fol-
lowed by incubation of 100 uL of cell lysates for 90
minutes. Thereafter, the wells were washed thrice
and incubated with anti-DNA horseradish peroxi-
dase for 90 minutes. The wells again were washed
thrice, and substrate solution was added and .in-
cubated for 20 minutes. The color developed was
quantified at 405 nm. DNA fragmentation was ex-
pressed as an enrichment factor, which is the ratio
of the OD of the treated and control samples.

J. Western Blotting

Raji cells were harvested after the desired treat-
ment and lysed in celLytic MT reagent, and protein
was estimated using the Bio-Rad Protein Assay
(Bio-Rad lab Inc. Hercules CA). Protein (50 pg)
was loaded on 10% sodium dodecyl sulfate poly-
acrylamide gel electrophoresis gel and transferred

onto a nitrocellulose membrane by electroblotting.
The membrane was processed for blocking using
5% nonfat milk protein (Cell Signaling Technol-
ogy, Danvers, MA) followed by incubation with
primary antibodies (poly ADP ribose polymerase
[PARP], p53, and B-actin) for 1.5 hours. The mem-
brane was washed with Tris buffer saline with
tween 20 followed by treatment with a secondary
antibody. The membrane was developed using a
BM chemiluminescence kit (Roche Diagnostics)
using ECL hyperfilm (GE Healthcare).

K. Statistical Analysis

Unless mentioned, results are mean + standard de-
viation of at least 3 independent experiments. P <
0.05 was considered statistically significant.

lll. RESULTS
A. Flow Cytometric Analysis of Cells

Flow cytometric data (Fig. 1a) shows 3.5% and
69.4% fluroescein isothiocyanate—positive cells in
U937 and Raji cell lines, respectively.

B. Specificity of '3'I-Rituximab With CD20-
Positive Tumor Cells

Rituximab was labeled with 'l using the Iodogen
method. The radioiodination yield was ~95% and
the radiochemical purity of *'I-rituximab was >99%
after purification in a PD-10 column, as determined
by HPLC and paper electrophoresis. The specific
radioactivity of "'I-rituximab was 0.37 MBgq/ug.
To demonstrate the unaltered specificity of the anti-
body (rituximab) after labeling with *'I, a competi-
tive binding inhibition study was performed in the
presence of rituximab. Raji cells were treated with
B! -rituximab (0.037 MBq) for 2 hours along with
increasing concentrations (0.1-100 pg) of rituximab
(Fig. 1b). Our results showed that with an increase
in the concentration of rituximab, the percentage of
inhibition was increased, which reached a saturation
(~90% inhibition) at concentrations of >50 pg ritux-
imab. These results suggest that the immunoreactiv-
ity of rituximab was retained after labeling with *'I.

To further confirm the specificity of "*'I-ritux-
imab to Raji cells with a CD20 receptor, the per-
centage of cell binding of "“'I-rituximab (0.037
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FIG. 1: a: CD20 expression analysis by flow cytometry in U937 (left) and Raiji (right) cell lines. b: Percentage of cell
binding inhibition in a Raji cell line incubated with 3'l-rituximab. c: Percentage of cell binding in Raji and U937 cell
lines incubated with 3'l-rituximab. d: Average counts per 10° cells of Raji incubated with *'I-rituximab.

MBgq; 2-hour incubation) was compared with that
in U937 (CD20-negative) tumor cells. Our results
showed that the U937 cells showed very low bind-
ing (<0.5%) compared with Raji cells (~12% bind-
ing) (Fig. 1c), further suggesting the specificity of
Bl-rituximab to tumor cells with CD20 receptors.

To optimize the time and concentration of '*'I-
rituximab required for optimal tumor cell binding,
Raji cells were treated with varying amounts of '3!1-
rituximab (0.037-3.7 MBq), and cells were harvest-
ed after different periods of incubation (0.5—6 hours)
(Fig. 1d). The maximum radioactivity per million
cells was observed for 2-hour incubation irrespec-
tive of the amount of "*'I-rituximab used. However,
we observed saturation of cell bound radioactivity at
1.85 and 3.7 MBq of 131I-rituximab, incubated for
2- hour, with one million cells. Hence, 1.85-MBq
radioactivity and a 2-hour period of incubation were
used for further experiments.

C. Cellular Internalization of *'I-Rituximab
To study whether the "'I-rituximab associated

with tumor cells was internalized (cytoplasmic)
or bound to the membrane, the membrane was

Volume 32, Number 2, 2013

stripped at different time periods of *'I-rituximab
treatment. It was observed that a major fraction
(~70% of total radioactivity associated with cells)
was membrane bound up to 6 hours (Fig. 2a),
whereas at 24 hours the membrane-bound radio-
activity decreased to ~30%. Furthermore, to in-
vestigate the stability of '*'I-rituximab bound with
CD20 receptors in Raji cells during the incubation
period (2-24 hours), radioactivity was determined
in culture medium (supernatant) and cell pellets
(Fig. 2b). Our results suggest that radioactivity in
the supernatant was increased from 59.85 + 1.55%
at 2 hours to 83.82 + 1.51% at 24 hours of incu-
bation , whereas the radioactivity associated with
cells decreased from 40.15 £ 0.369% at 2 hours to
16.17 + 0.12% at 24 hours of incubation.

D. Determination of Deiodination and
Degradation of Rituximab in Raji Cells
Labeled With '¥'|-Rituximab

From the observations described above, it is an ob-
vious speculation that the change in radioactivity in
the cell-bound fraction during the course of incu-
bation may be due to 3 reasons, either independent
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FIG. 2: a: Distribution of radioactivity in cell cytoplasm and on cell membrane in Raji cells after incubation with
31-rituximab b: Percentage of radioactivity associated with Raji cells and its supernatant media after incubation with

31]-rituximab.

or in combination: (1) detachment of *'I-rituximab
from the cell receptor; (2) degradation of "*'I-ritux-
imab, and (3) deiodination of "*'I-rituximab. Hence,
to prove the mechanism of changes in radioactivity
in the cell-bound fraction during incubation, the fol-
lowing experiments were performed. The superna-
tant culture media of Raji cells was obtained after
different time periods of "*'I-rituximab incubation.
The magnitude of degradation/deiodination of '*'I-
rituximab was estimated in these culture media by
TCA precipitation (Fig. 3a). It was found that the
radioactivity associated with TCA precipitate was
almost constant (90-95%) up to 12 hours of incu-
bation, which decreased to ~75% at 24 hours. The
observation from TCA precipitation was analyzed
further by paper electrophoresis (Fig. 3b). It was
found that the radioactivity associated with the
point of spotting remains high (~90-95%) for up to
6 hours, which subsequently decreased to 75-80%
at longer periods of incubation (12 and 24 hours).
However, the radioactivity in the iodide zone, which
represents free iodide, showed only ~10%, even at
the 24-hour time point.

E. Effect of ¥'I-Rituximab on Toxicity of
Raiji Cells

LDH, a marker of cell toxicity, is released from the
cells when the cell membrane is damaged and per-
meable. Cell toxicity of Raji cells treated with 1.85
MBq of “'I-rituximab after different incubation
periods (2, 6, 12, and 24 hours) was studied using
LDH assay (Fig. 4a). An equivalent concentration

(5 ng) of rituximab was used as vehicle control. It
was observed that cells treated with rituximab fol-
lowed by incubation showed an increase in LDH
release (1.5- to 3-fold), depending on the increase
in the length of the incubation period. However,
when the cells were treated with *'I-rituximab, 3-
to 7.5-fold increase in the release of LDH was ob-
served, which was significantly higher than vehicle
control (rituximab). These results suggests the ef-
ficacy of 'I-rituximab in Raji cells.

F. Effect of *'I-Rituximab on the Induc-
tion of Apoptotic Death in Raji Cells

To elucidate the underlying mechanism and mode
of cell death in Raji cells after *!I-rituximab treat-
ment, the magnitude of apoptosis was determined
by in situ cell death detection ELISA (Fig. 4b). Our
results showed that the enrichment factor of Raji
cells treated with rituximab increased from ~2.5-
fold at 2 hours to ~4-fold at 24 hours, whereas in
Raji cells treated with "'I-rituximab it increased
from ~2.5-fold at 2 hours to ~25-fold at 24 hours.

G. Effect of '¥'I-Rituximab on the Expres-
sion of DNA Damage and Apoptotic
Proteins in Raji Cells

The role of DNA damage and apoptotic proteins
in the mechanism underlying in induction of apop-
totic death was studied in Raji cells after *'T-ritux-
imab treatment (Fig. 5). In Raji cells treated with
Bl -rituximab, p53, a marker of DNA damage, was
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FIG. 4: a: Percentage of lactate dehydrogenase (LDH) released in Raji cells after incubation with "*'I-rituximab. b:

Apoptosis in Raji cells after incubation with '3'l-rituximab.

upregulated after 6 hours, which showed down-
regulation at 12- and 24-hour time points. PARP
which gets cleaved during apoptosis, showed a
cleaved fraction at 6 hours and a maximum cleav-
age at 24 hours of *'I-rituximab treatment. Com-
pared with cells treated with "'I-rituximab, cells
treated with rituximab showed lower expression of
p53 and cleavage of PARP at different time points.

IV. DISCUSSION

The objective of this work was to study the inter-
nalization and understand the fate of '*'I-rituximab
and the mechanism of cytotoxicity in Raji cells
treated with *'I-rituximab. We followed the Todo-
gen method for radiolabeling "*'T with rituximab.
In our study, radiolabeling yield was ~95%, which
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is similar to previous reports.'!® Moreover, we
have shown binding of "*'I-rituximab specific to a
CD20-positive tumor cell line, which is in agree-
ment with previous studies.’®"” The low binding
of B-rituximab to CD20-negative U937 cells
(<0.5%) is because of nonspecific binding of '*'I-
rituximab. The significantly higher binding of
Bl-rituximab to CD20-positive cells indicates its
positive aspect as a potential radiopharmaceutical.
In one previous study, the stability of antibodies
labeled with radioisotopes (*’I, **Re, !''In) was
studied up to 7 days in renal carcinoma and ovar-
ian cancer cells.?? Our results are in agreement with
this study, suggesting instability of '*'I-rituximab
bound with Raji cells with respect to incubation
time, which was explained based on the deiodin-
ation and degradation of radiopharmaceuticals.
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FIG: 5: Expression of p53 and poly ADP ribose polymerase (PARP) proteins in Raji cells after incubation with '3'I-

rituximab. B-Actin was used as the loading control.

However, deiodination and degradation in a pre-
vious study?* occurred during longer periods of
time than those in our study, which showed deio-
dination and degradation of "*'I-rituximab bound
to Raji cells at 24 hours, which may be due to the
higher energy of "'I. Study of cellular internal-
ization showed that radioactivity retained in tu-
mor cells decreased with the time of incubation;
its degraded/deiodinated products in supernatant
concomitantly increased with incubation time, as
estimated by TCA precipitation and paper elec-
trophoresis. The difference (15%) in the degraded
Bl-rituximab radioactivity observed at 24 hours
between TCA precipitation and paper chromatog-
raphy could be due to low molecular weight frag-
mented !T-rituximab, which is not precipitated by
the TCA and remains in the TCA supernatant.

Cellular toxicity by "*'I-rituximab was higher
compared with rituximab. Rituximab is known to
cause cytotoxicity in tumor cells involving cellular
signaling pathways.” However, additional damage
to tumor cells resulted because of high-energy beta
radiation (0.6 MeV), and the magnitude of damage
is enhanced further because of the localization of
radioisotopes close to cellular targets at the mem-
brane and cytoplasm (nucleus). It may be pertinent
to mention here that during kinetics of internaliza-
tion, B'I-rituximab is almost equally distributed
to the membrane and cytoplasm at 12 hours of
incubation (Fig. 2a). Even though beta radiation
emitted from *'I-rituximab has an average range
of 2.3 mm, at the time of equal distribution of *'I-
rituximab to the membrane and cytoplasm, there
will be the possibility of maximum damage to cel-
lular targets, including the nucleus. Hence, we may
expect higher tumor cytotoxicity at incubation pe-
riods of 12 hours or longer, which is similar to our
observation in cytotoxicity studies using LDH and
apoptosis.

To elucidate the mechanism underlying the
cytotoxicity of and apoptotic death in Raji cells
after 'I-rituximab treatment, we have studied
expression of p53 and cleavage of PARP. Our
results showed that in Raji cells treated with *'I-
rituximab, maximum expression of p53 was seen
at 6 hours; however, cleavage of PARP begins at 6
hours and was maximal at 24 hours (Fig. 5). The
DNA damage sensor protein p53 is known to be
upregulated early and is responsible for the induc-
tion of apoptotic machinery. Furthermore, it was
interesting to observe that tumor cells treated with
only rituximab showed a lower level of p53 up-
regulation and cleavage of PARP than cells treated
with P'-rituximab (Fig. 5), suggesting a greater
role of beta radiation from "*'I-rituximab in tumor
cell killing.

V. CONCLUSION

Our results showed that "*'I-rituximab has a syn-
ergistic benefit in terms of killing Raji cells when
compared with unlabeled rituximab, and the effi-
cacy of "*'[-rituximab involves apoptotic death as-
sociated with regulation of p53 and PARP.
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