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ABSTRACT

Sarcan Bozkir E. T., Development of Radiopharmaceutical Formulations for
Imaging of Non Hodgkin’s Lymphoma. Hacettepe University Graduate School of
Health Sciences Radiopharmacy Doctoral Programme, Ph.D. Thesis in
Radiopharmacy, Ankara, 2022. Non Hodgkin's Lymphoma (NHL) is the most
common subtype of lymphoma, which consists of tumour cells originating from B
lymphocyte cells. Burkitt's lymphoma is one of the most common subtypes of NHL,
and it is one of the most common type, especially in children. Treatment, diagnosis
and imaging can be obtained by targeting the CD20 epitope, which is available on the
surface of B lymphocytes and shows increased expression. In this study, CD20
specific, new generation humanized-monoclonal antibody “Obinutuzumab” was
radiolabelled with ¥Zr and formulations were developed. In-vitro and in-vivo studies
were carried out with the optimum formulation determined as a result of quality control
tests among these developed formulations. Ramos cells (CD20(+)) were used to
establish Burkitt's lymphoma in in-vitro and in-vivo studies, while HL60 (CD20(-) )
cells were used as the control group. In order to determine the in-vitro activity of ®Zr-
Obinutuzumab, immuno-reactivity and binding constant studies were performed.
Immuno-reactivity studies were performed on Ramos and HL60 cells using ¥Zr-
Obinutuzumab and *Zr-Tocilizumab (control) formulations. Following the data
obtained here, binding constant studies of the 3*Zr-Obinutuzumab formulation were
conducted on Ramos cells. In the light of the data obtained from in-vitro studies, in-
vivo studies were started. In-vivo studies were performed on 3 groups of female SCID
mice by taking PET/CT images and completing biodistribution studies. The resulting
data showed that the labeling efficiency and stability of 3°Zr-Obinutuzumab were high.
In the light of in-vitro studies, immuno-reactivity (%) and binding constant values
were found promising for 3°Zr-Obinutuzumab formulation. Although the results
obtained from in-vivo studies were not as high as expected, it suggested that the 3°Zr-
Obinutuzumab formulation is a promising agent for lymphoma and requires further
research.

Keywords: monoclonal antibody, zirconium-89, obinutuzumab, radiopharmaceutical,
immuno-PET, tocilizumab.

This thesis was supported by Nuclear Medicine Department at Swansea Bay
University Health Board and PhD student was supported by a “TUBITAK 2214-A
International Fellowship Programme for PhD Students” scholarship throughout 12

months .
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OZET

Sarcan Bozkir E. T., Non Hodgkin’s Lenfoma Goriintiillenmesinde Kullanilacak
Radyofarmasétik Formiilasyonlarinin Gelistirilmesi. Hacettepe Universitesi,
Saghk Bilimleri Enstitiisii, Radyofarmasi Doktora Program, Radyofarmasi
Doktora Tezi, Ankara, 2022. Non Hodgkin’s Lenfoma, B lenfosit hiicrelerinden
koken alan tiimor hiicrelerinden olusan lenfoma tiiriiniin en sik karsilasilan alt tiiriidiir.
B lenfositlerinin yiizeyinde bulunan ve artmis ekspresyon gosteren CD20 epitopuna
hedefleme yapilarak tedavi, teshis yapilabilmekte, goriintii alinabilmektedir. Bu
¢aligmada CD20’ye spesifik, yeni jenerasyon mAb olan “Obinutuzumab”, 3°Zr ile
radyoisaretlenmistir. Gelistirilen bu formiilasyonlar arasindan yapilan kalite kontrol
testleri sonucu belirlenen optimum formiilasyon ile in-vitro ve in-vivo caligsmalar
yapilmistir. Burkitt’s lenfomanin, in-vitro ve in-vivo ¢alismalarda olusturulmasi i¢in
Ramos hiicreleri (CD20 (+) ) ve kontrol grubu icin de HL60 (CD20 (-) ) hiicreleri
kullanilmigtir.  3°Zr-Obinutuzumab’in  in-vitro aktivitesinin belirlenebilmesi igin
immuno-reaktivite ve baglanma sabiti ¢aligmalari yapilmistir. Immuno-reaktivite
caligmalar1 i¢in Ramos ve HL60 hiicreleri tizerinde %°Zr-Obinutuzumab ve *Zr-
Tocilizumab formiilasyonlar1 kullanilarak karsilagtirllmali ¢aligmalar yapilmistir.
Burada elde edilen veriler ardindan ®Zr-Obinutuzumab formiilasyonunun Ramos
hiicreleri lizerinde baglanma sabiti ¢alismalar yiiriitiilmiistiir. In-vitro ¢alismalardan
elde edilen veriler 15181inda in-vivo ¢alismalara gegilmistir. In-vivo ¢aligmalar 3 grup
disi SCID fareleri lizerinde PET/CT goriintiileri alinarak ve biyodagilim ¢aligmalari
tamamlanarak yapilmistir. Sonug olarak elde edilen veriler, ¥Zr-Obinutuzumab’in
isaretleme veriminin ve stabilitesinin yliksek oldugunu gostermistir. In-vitro
calismalar 1s183inda immuno-reaktivite (%) ve baglanma sabiti degerleri *Zr-
Obinutuzumab formiilasyonu i¢in umut verici bulunmustur. Her nekadar in-vivo
calismalardan elde edilen sonuglar beklendigi kadar yiiksek olmasa da *Zr-
Obinutuzumab formiilasyonunun lenfoma i¢in gelecek vaadedici bir ajan oldugu ve
tizerinde daha fazla arastirma yapilmasinin gerektigi anlasilmistir.

Anahtar Kelimeler: Monoklonal antikor, zirkonyum-89, obinutuzumab,
radyofarmasdtik, immuno-PET, tocilizumab.

Bu tez, Swansea Bay Universitesi Saglik Kurulu, Niikleer Tip Departmant ile; doktora
tez Ogrencileri i¢in 12 ay siireyle “TUBITAK 2214-A Uluslararast Doktora Sirasi
Aragtirma Bursu” programi tarafindan desteklenmistir
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1. INTRODUCTION

Lymphoma is a type of cancer in which tumour cells originate from
lymphocyte cells and classified depending on the cell type that can be B or T
lymphocytes (1). Non-Hodgkin’s Lymphoma (NHL) is the most common subtype of
B cell lymphoma. The increased CD20 expression on the surface of B lymphocytes is
the most commonly used target epitope in drugs developed for diagnosis and therapy.
This transmembrane protein (CD20) has 33-35 kiloDalton (kDa) in size and it
expresses on the normal and malignant B lymphocytes. CD20 is also used for the
diagnosis and therapy as a targeting agent and/or therapy of NHL and other
autoimmune diseases (2). The high expression level which is less than or equal to 95%
of transmembrane protein present on the cell surface gives them high recognition
ability for monoclonal antibodies (mAbs) while allowing the connection of the
mechanism of effector dependent on Fragment Crystallizable (Fc) (3).

Antibodies (Abs)/immunoglobulins (Igs) are molecules which are synthesized
by lymphoid and plasma cells and consequently they react specifically to antigenic
epitopes as a result of antigenic stimulations in an organism. mAbs production have
started in 1975 when hybridoma technology was discovered by Kohler and Milstein
(4, 5). Murine, chimeric, humanized and human mAbs have been produced with
developing technology (respectively) and the immune response has decreased from
murine to human mAbs (6).

The use of mAbs and mAb-linked products have gradually been increasing
since the first mAb was approved in 1986. Besides their use for therapeutic purposes,
they can also be benefited for targeting due to their specificity for the target (7).
Although the purpose of these mAbs for cancer is primarily therapeutic, it can also be
used for the diagnosis by Positron Emission Tomography (PET), Single Photon
Emission Computed Tomography (SPECT) and optic imaging methods (8).

The use of radionuclides in medicine is mainly based on the concept of “Tracer
Principle” and "Magic Bullet". “Magic Bullet” concept which was developed by Paul
Ehrlich emphasizes how to use target molecules for the transport of the antibodies and
toxins to the cancer cells selectively (9, 10).

Radiopharmaceuticals, used in PET, SPECT imaging, consist of two parts

which are pharmaceutical and radionuclidic parts. Briefly, SPECT system allows the



detector to rotate 180°-360 ° around the patient and receives images with gamma
cameras in various positions by using gamma-emitting radionuclides. PET is the
system that transform gamma-rays which are emitted to two opposite directions with
511 kiloelectron volt (keV) energies from positron-emitting radionuclides to the
images and determines the distribution and provides the cross-sectional images. 11-
Carbon (''C), 13-Nitrogen (**N), 15-Oxygen (1°0), and 18-Fluorine ('*F) are the most
popular and conventional radionuclides for PET while 68-Gallium (*®Ga), 64-Copper
(®*Cu), 89-Zirconium (3°Zr) are the new radiometals for PET imaging. Also, these
radiometals are the most popular radionuclides for immuno-PET imaging (11, 12).

Immuno-PET is the method that combination of bio-molecules (widely mAbs)
and radionuclides having appropriate half-lives to mAbs. It is currently quite popular
method for diagnosis, imaging due to high precision and resolution of PET cameras
and specificity of mAbs (12).

The use of radiolabelled mAbs in NHL diagnosis and therapy started with the
use of 90-Ytrium (*°Y) labelled with Ibritumomab Tiuxetan. Later, images and therapy
were obtained by 131-Iodine ('*'T) labelled Tositumomab (13, 14). Until now, the 20
mADbs have been labelled with various radionuclides, and most of them are under the
early clinical trials (15). Radionuclide choice is a crucial decision for Immuno-PET
imaging. In recent years, 3°Zr is one of the most popular radionuclides in mAb
radiolabelling and researchers are interested in (10).

89Zr; is the radionuclide which has a half-life of 78.42 h, and nowadays it is
preferred frequently for tumour diagnosis with mAbs. Although having low positron
energy, a long half-life and high radiation dose, it provides long-term monitoring of
antibody and nanoparticles with slow clearance. 3°Zr, which is a product of cyclotron,
is produced in high amounts and 99% purity. Furthermore, their 395.9 keV positron
energy provides high resolution (16).

Obinutuzumab (Gazyva/Roche); is a humanized Type 2 mAb which is
approved by FDA on 26 February 2016 for lymphoma treatment. Obinutuzumab (Obi)
has been found more effective than rituximab, and also have more anti-tumour activity
and cytotoxicity than rituximab (17).

Yoon et al. (2018) studied different kinds of anti-CD20 mAbs which are

ofatumumab, Obi, rituximab, tositumomab and human IgG (as a control) and they



compared the data of biodistribution and PET images after radiolabelling with ¥Zr

(17). Biodistribution studies and micro-PET images were obtained at 1, 3 and 7th days.

.89 ) .
As a conclusion, Zr-labelled ofatumumab and Obi were found to be more specific to
tumour than rituximab and tositumomab. Obi (humanized) and ofatumumab (fully
human) are next- generation mAbs which are similar to tositumomab and rituximab,

respectively (17-19).

Zettlitz et al. (2017), compared the P7r and 1 radiolabelling CD20 specific

mAb fragments based on rituximab and Obi for immuno-PET imaging of a murine
lymphoma model. As a result, “7r labelled Ab fragments showed slightly higher
tumour activity and retention (Tumour/Blood) at 24 hours. P71 labelled antibody

: : 124 .
fragments obtained better images for small structure while 1 antibody fragments

showed higher image contrast due to lower background. Also, Obi fragments

outperform over rituximab fragments when "**I_labeled Obi and rituximab fragments
were compared (20).

Tocilizumab (RoActemra/Roche); is a humanized mAb which is firstly
approved in Japan in 2005 as an orphan drug. In 2009 Tocilizumab (Toc) was approved
for rheumatoid arthritis, systemic juvenile idiopathic arthritis treatment in Europe (21).
In this study, Toc was used as a control formulation.

In the base of these information mentioned above, Obi was radiolabelled with
$9Zr in different ratio of (mAb:DFO:3°Zr) and quality control tests were performed in
this study. After the optimum formulation was determined, formulation and quality
control tests were followed by in-vitro and in-vivo studies. Ramos cells were used as
a main cell line which is CD20 (+) cells that forms Burkitt’s Lymphoma which is a
subtype of NHL while HL60 cells were used as control cell line which are CD20 (-).
8Zr radiolabelled Obi was evaluated in Ramos and HL60 cells and their immuno-
reacitivity and binding constants were compared. ¥Zr-Toc was also prepared to
compare the immuno-reactivity with 8Zr-Obi in Ramos cells. As the last stage, in-
vivo studies were performed on 15 female Severe Combined Immuno Deficient
(SCID) mice. 15 mice were divided into three groups as Ramos cells injected, HL60
cells injected and control groups. PET/CT images were obtained in all groups and after

that, biodistribution studies were performed.



This study is a collaborated thesis study between Turkey and the United
Kingdom (UK). It has great importance (for the studies to be conducted Nuclear
Medicine practice in Turkey in the near future) to learn radiochemistry and
radiolabelling of mAbs with 8°Zr radionuclide from whom having valuable expertise
scientifically and clinically. In addition, since there are very limited studies in the
literature with the antibody Obi labelled with %Zr, our study still add a novelty to the
literature. Furthermore, stability, immuno-reactivity and binding assay studies (in-
vitro) on the 3°Zr labelled Obi formulations and their in-vivo observations are the

innovative sides brought to the literature.



2. GENERAL INFORMATION

2.1. Radiopharmacy and Radiopharmaceuticals

Radiopharmaceuticals are the radioactive drugs used for diagnosis and
treatment that do not cause a pharmacological response in the patient. The
radiopharmaceuticals consist of two parts, the radionuclidic and the pharmaceutical
part.

Pharmaceutical part; generally is chosen according to the preferential
localization in the organs and physiological function of the organs (11). This part is
the target agent that enables the radiopharmaceutical to reach the targeted organ and
tissue. This molecule should have the appropriate half-life and properties with the
radionuclide to be used in the labelling. It is expected that the molecular structure will
not decompose after labelling and have a suitable half-life (11).

Radionuclidic part; is the atom whose nucleus undergoes spontaneous decay
and emits one or more ionizing radiation (11). In this part, radionuclidic decomposition
provides the detection (diagnose, imaging) and/or therapy by irradiating in the organ
or region where the pharmaceutical part is localized (11).

Radiopharmaceuticals are used in nuclear medicine for diagnosis (95%) and
for (5%) treatment. Radiopharmaceuticals administered to the body for diagnostic
purposes; It provides obtaining physiological images of the relevant organ and system
and is used in the evaluation of the functions of many organs and tissues in this way
(11).

The use of radionuclides in medicine is mainly based on the concept of “tracer
principle” and "magic bullet". “Magic Bullet” concept developed by Paul Ehrlich
emphasizes how to use target molecules for the transport of the antibodies and toxins
to the cancer cells selectively (9). Nowadays, besides the gamma cameras, SPECT and
PET; hybrid systems including SPECT/Computed Tomography (SPECT/CT),
PET/CT as dual imaging systems are being used for diagnostic purposes in Nuclear

Medicine applications (9).



2.2. Imaging Methods in Nuclear Medicine

Imaging methods used in nuclear medicine is intrinsically a technique showing
the body’s biochemistry as a result of the gamma rays emitted by the applied
radiopharmaceuticals by the scanners (Gamma camera, SPECT, PET) by detecting and
processing them. Gamma photons emitted in one direction from radiopharmaceuticals
administered to the body are detected by SPECT detectors and processed in the
computer unit, based on the principle of forming a cross-sectional image (22). The
agents radiolabelled by gamma emitting radionuclides need to use in SPECT, which

are detected by gamma-camera or SPECT instruments (Figure 2.1).

Figure 2.1. SPECT camera.

SPECT have been used clinically from early 1970s. SPECT is a system that
allows the detector to rotate 180°-360 ° around the patient and receives images with
gamma cameras in various positions. SPECT images are taken by using gamma-
emitting radionuclides. The low resolution of SPECT cameras and lack of anatomical

detail in SPECT images have increased the tendency to use PET cameras (12).

2.3. Positron Emission Tomography

PET is the most common non-invasive imaging technique in nuclear medicine,
based on the radiopharmaceuticals that are labelled with positron emitting

radionuclides such as '8F, 3N, 0. These are traditional PET radionuclides and '**1,



8Ga, 89Zr, %*Cu are recent and under investigation PET radionuclides (9, 23). The PET

camera is shown in Figure 2.2.
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Figure 2.2. PET camera.

PET imaging have some advantages compared to the other imaging techniques,
especially, to SPECT (Table 2.1). PET has better specificity and sensitivity, and also
it shows higher resolution and contrast than SPECT (24, 25).

Table 2.1. PET imaging advantages and disadvantages (26).

Advantages Disadvantages
No collimator required Most of the radionuclides are produced

from cyclotron
Biologically interesting radionuclides Cyclotron cost
are used : ''C, °0, BN

Radiopharmaceutical amount High cost of radiochemistry and imaging
can be measured in a region of the body
Spatial resolution About 5 mm

2.3.1. Working Principles

Positron emitting radionuclides, such as '8F, 3N, 130, 1241, 8Ga, 3°Zr, **Cu etc.,

are used in PET imaging and those positrons from the radionuclides travel and are



rapidly annihilated with an electron. After that, two 511 keV gamma rays via the travel

indirectly to the opposite positions (180 ©) (23) (Figure 2.3).
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Figure 2.3. PET imaging working principle (23).

2.3.2. Radionuclides in PET Imaging

PET imaging radiopharmaceuticals are generally based on small radionuclides
with short half-lives (27). These are '8F, *N, 30O, ''C called as conventional
radionuclides (Table 2.2), most of them in clinical and preclinical stage (28) and some
of them are registered by pharmacopoeias. In addition to conventional radionuclides,
radiometals (*Zr, °*Cu) and also other radionuclides ("°Br, ®®Ga) show increasing

popularity and existence in preclinical and clinical stage (Table 2.2).



Table 2.2. Conventional and new radionuclides used in PET (29).
Radionuclide Half-life

e 20.4 mins
BN 9.96 mins
50 2.03 mins
18F 109.8 mins
%8Ga 68 mins
%4Cu 12.8 hs

1241 4.2 days
Hn 2.8 days
87r 78.4 mins
T6Br 16.2 hs
82Rb 1.273 mins

2.4. Immuno-PET

Immuno-imaging was developed in early 1990s (30). Immuno-PET is based on
the detection of bioactive molecules labelled with positron emitting radionuclides. It
is like PET imaging agents but, with the difference that the pharmaceutical part
consists of mAbs, mAb fragments or proteins (31). Especially, combination of mAbs
and PET radionuclides is attractive formulations/radiopharmaceuticals for immuno-
PET imaging because it provides high sensitivity and resolution (12). On the one hand,
positron-emitting radionuclides used for immuno-PET show an appropriate emission
for optimum resolution and quantitative verification. On the other hand, they can easily
bind to mAbs with high efficiency as well. As mAbs can circulate (in the body) over
a long time, they can be labelled and monitorized via radionuclides with a long half-
life (12).

The positron of radionuclides travel a few millimeters depending on the energy
and density of radionuclides. Afterwards, annihilation process is occured with electron
and positron encounters and 2 photons with 511 keV are emitted in opposite directions
(12).

Immuno-PET provides better understanding of diseases due to several
advantages of combination of mAbs and radionuclides (10). Various positron emission

radionuclides are still under investigation for immuno-PET while some of the
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radionuclides with long half-life are getting popular for immuno-PET, such as %Cu,

897y, 124, 86y 7By (12) (Table 2.3.).

Table 2.3. Radionuclides used in immuno-PET (12).

. Energy
Radionuclide Production Ha.l Hife (B
(min) (keV) (%)
87r 89Y(p,n) 78.4 897 22.7
64Cy 64Ni(d,2n) 12.7 653 17.4
64Ni(p,n)
86y 86Sr(p,n) 14.7 1,221 11.9
7By 75As(3He,2n) 16.2 871 63
76Se(p,n) 990 5.2
124 124Te(p,n) 100.3 1,535 118
124Te(d,2n) 2,138 109
125Te(p,2n)

2.4.1. Radionuclides in Immuno-PET

The considered radionuclides for immuno-PET should match with several
aspects: The duration for labelling and transportation, the methods for stable coupling,
image quality and quantification with bioactive molecules (31). Positron-emitting
radionuclides be used for immuno-PET show an appropriate emission for optimum
resolution and quantitative verification, while they should easily be bound to mAbs
with high efficiency as well. As mAbs can circulate (in the body) over a long time,
they can be labelled and monitorized via radionuclides with a long half-life. Recently,

: " : : ) 89
the most commonly used positron-emitting radionuclides for this purpose are Zr,

64Cu, "I radionuclides (12).

The main limitation for immuno-PET is the half-life of the most of the PET
radionuclides used in clinics. Their half-lives are shorter than mAbs’ biological half-
lives. In this purpose, limited radionuclides can be used in immuno-PET. These are:
87r, %4Cu, '?41 etc. Other radionuclides such as ®Ga, '8F etc. with shorter half-lives

can only be used with mAb’s fragment or other bioactive molecules which have shorter
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biological half-lives (32). Among them, ¥Zr shows increasing popularity in labelling
to mAbs, recently (15).

897r is an attractive radionuclide besides, it is a long half-life positron emitter.
It is under investigation for decades, and several preclinical and clinical studies on
87r-mAbs such as %Zr-cetuximab (33); ¥Zr-ibritumomab tiuxaten (34); %Zr-

rituximab (35); 3Zr-trastuzumab (36); 3°Zr-J591; 3°Zr-c-mAb U36 (37) are ongoing.
2.4.2. Zirconium-89

897r is a transition radiometal and it decays to Y by 23% positron emission
and 77% electron capture (EC) (Figure 2.4). It has a long physical half-life of 3.3 days,
allowing its use as an immuno-PET radionuclide especially for labelling of mAbs and
similar molecules with a long biological half-life (38). It is produced by cyclotron. The
first study on the 3°ZP radiolabelled mAb was carried out in 1986 with the *Zr
produced by ¥Y(p,n)  3°Zr reaction (19).

897r t,,=78.41h
22.3% p*
89my 76.6% EC
t;p= 15.66s
100% 909.9 KEV

89Y
3

Figure 2.4. Decay schema and energy of Zr and daughter radionuclide of ¥Zr (39).

87r is produced by several reactions using a cyclotron. 3°Y(p,n) »%Zr;
89Y(d,2n) "3Zr reactions can be used in $°Zr production, however the most common
reaction is ¥Y(d,2n) Tz, (32).
897r has many advantages for radiolabelling of mAbs and its long biological

half-life matches with mAbs’ half-lives. In addition, 3°Zr also shows high sensitivity



12

and long resolution in PET. However, it has also some disadvantages such as high
gamma energy and limited availability (Table 2.4) (12, 40).

While 3Zr is getting more attention as a research field; purification methods
after its production and the properties as bifunctional chelating agents for
radiolabelling are under investigation with increasing interest (39). In this field, the
most important thing is the stability of *Zr radiolabelled molecules, and of course, the
chelating agent. Among many chelating agents used in other radiolabelling processes
with other radionuclides, ¥Zr has some differences due to its structure. 8Zr shows
stability at +4 oxidation state. If all the studies about the chelating agents are taken
into consideration for ¥Zr radiolabelling, p-isothiocyanatobenzyl-desferrioxamine
(DFO-p-Bz-NCS) is the most popular and stable bifunctional agent. The other
advantage of this agent is the availability on the market. It provides high stability and
efficiency in addition to the easy labelling methods and commercial availability (41,

42).

Table 2.4. Advantages and disadvantages of ¥Zr (10).

Advantages Disadvantages
Long half-life (3.3 days) Limited availability
(which is suitable with molecules with
long biological half-life)

High sensitivity High gamma energy
High resolution -

2.5. Cancer and Lymphoma

Cancer is a life-threatening disease characterized by abnormal and uncontrolled
cell growth. Cancer has a great potential to metastases in the body via the lymph or
bloodstream to many organs such as the breast, liver, brain, bone etc. The ranks of
cancer causing death is an important health problem all around the world. World
Health Organization (WHO), mentioned that in 2019, cancer ranks 2nd in the list of
causes of death before the age of 70 in the world. The cancer incidence and mortality
is growing day by day. 19.3 million new cases and 10 million death caused by cancer,

were estimated by GLOBOCAN 2020 (43).
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Lymphoma is a type of cancer in which tumour cells originate from
lymphocyte cells and are classified depending on which of the B and T lymphocytes
are affected (1). Stashenko et al. firstly identified CD20 in 1980 as a B-cell marker.
CD20 antigen is expressed on most of the B-cell lymphomas (3). CD20, the
transmembrane protein, is 33-35 kDa in size and is expressed in normal and malignant
B lymphocytes. This transmembrane protein is used for targeting and therapeutic
purposes in diagnosis and/or treatment of NHL and many autoimmune diseases (2).
The high expression level and presence of this membrane protein on the cell surface
provides a high level of recognition by mAbs while also allowing it to bind to Fc-
dependent effector mechanisms (3, 44).

NHL presented in 544,000 new cases and 260,000 deaths in 2020. Many
countries have showed increasing incidence rates between 1980-1990, however it does
not increase in these days (43). According to the UK Cancer Research Institute, 14,100
new NHL patients are diagnosed every year in the UK. Burkitt's lymphoma, the NHL
type in children, is the most common type of cancer in children in the UK (45).
According to the Turkey cancer statistics in 2016, NHL is the 6th most common cancer

type in Turkey (46).
2.5.1. Lymphoma Types

Lymphomas are mainly categorized in two groups: NHL and Hodgkin’s
Lymphoma (HL) and all of these originate from two types of white blood cells which
are B cells and T cells (47) (Figure 2.5).

HL is the uncommon type of lymphoma. In this type, large abnormal tumour
cells which called Hodgkin Reed Sternberg cells, are the noticeable cells to diagnose
HL. Basically, HL consists of 4 main subtypes; nodular sclerosis, mixed cellularity,
lymphocyte-rich and lymphocyte-depleted HL (47).

On the other hand, NHL is the most common type of lymphoma. All the
subtypes of NHL are divided in B and T cell lymphoma. However, B cell types are
more common and it is about the 80% of all NHL events (47).

Burkitt's lymphoma is one of the three most common NHL subtypes in children
(48). Burkitt’s Lymphoma, known as a childhood NHL, accounts for 40% of

lymphoma in children. Burkitt’s lymphoma is a type of cancer that progresses rapidly,
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and therefore early diagnosis is important (49). Pediatric lymphomas are more

aggressive and fast-growing than lymphomas in adults (47, 50).
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Figure 2.5. Lymphoma types and classification schema.

2.5.2. Diagnosis and Imaging of Lymphoma

’Ga is one of the radionuclide which can be used in imaging of lymphoma.
7Ga scintigraphy is based on the ®’Ga accumulation in the lymphoma cells by binding
to transferrin receptors. This radionuclide improves the specificity for the diagnosis of
lymphoma. However, scans with ¢’Ga taken 7 to 14 days and the high doses of ’Ga
radioactivity are the limitations of ¢’Ga diagnosis and imaging of lymphoma. Also,
PET shows higher specificity and sensitivity in NHL and HL compared with ¢’Ga
scanning (51, 52).

Thallium-201 (*°'T1) is another radionuclide used in lymphoma for detecting

the active tumour rather than thymic rebound over the decade, although it has been
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mainly used in myocardial perfusion. However, it was found that ’Ga shows better
sensitivity than 21Tl (53, 54).

BF- Fluorodeoxyglucose (FDG) is one of the most effective
radiopharmaceuticals to diagnose the lymphoma as well as other cancer types. This
metabolic imaging technique target the glucose metabolism and affect the transfering
radiolabelled FDG into the cells (53, 55).

""C-methionine,  ''C-choline, = '3F-fluorocholine  are  the  other
radiopharmaceuticals considered for lymphoma diagnosis and imaging, however, they
have not been used due to their widespread use and advantages of the '8F-FDG PET
(53).

2.5.3. Immuno-PET Imaging of Lymphoma

Most of the radiopharmaceuticals for imaging of lymphoma are focused on
CD20 surface antigen. These radiopharmaceuticals consist of radiometals and mAbs
which are used as targeting part. Rituximab, cetuximab, ibritumomab tiuexatan,
tositumomab etc. have been radiolabelled with several radionuclides for decades to
use as CD20 over expressed lymphoma imaging agents. It is followed by other mAbs
for the lymphoma such as CD30, CD38 overexpressed types etc. (56).

2.6. Monoclonal Antibodies

mADb production studies started due to the hybridoma technology discovered
by Kohler and Milstein in 1975. According to this method, hybridomas formed by
combining B cells of mice immunized with antigen and myeloma cancer cells are
obtained (5).

mAbs have an average molecular weight of 150 kDa, contain 2 heavy and 2
light chains, and these two chains stay together with disulfide bonds (44, 57). In every
chain, there are fixed and variable regions (57). The Fab part (the part containing the
heavy and light chain) is the region where the antigen binds, while the Fc part is the

fixed fragment and the region where the receptors bind (Figure 2.6) (58).
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Figure 2.6. mAb types (59).

Their clinical use has been limited due to the high immunogenicity of the first
generation mAbs related to their murine origin (6). Basically, three problems have
been encountered with murine mAbs. These are; 1) Interaction of the mouse Fc part
with the human Fc part; 2) Short half-life in serum; 3) Development of human anti-
mouse antibodies (59).

Chimeric, humanized and fully human mAbs have been produced with
developing technologies and as a result, immune response has decreased as can be seen
in Figure 2.6 (6).

The first chimeric antibodies were produced in 1980s and one of the chimeric
antibody, rituximab, was approved by Food and Drug Administration (FDA) for the
treatment purpose of B-cell originated NHL in 1997 (13). After that, the usage areas
of mAb and mAb-related products increased day by day. In addition to their use for
the treatment, they can also be used for targeting purposes due to their target specificity
(Table 2.5) (7).

Currently, there are around 300 mAbs in clinical research for more than 200
cancer types, 34 of which have been approved by the FDA and the European
Medicines Agency (EMA) (44, 60). Until now, around 20 mAbs have been labelled

with various radionuclides, and most of them are under the early clinical trials (15).
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Table 2.5. Several mAbs approved by FDA initially (13, 61).

mAb Type Target FDA Approval

Year

Rituximab Chimeric CD 20 1997
Trastuzumab Humanized HER2 1998
Alemtuzumab Humanized CD 52 2001
Ibritumomab Murine CD 20 2002

Tiuxetan

Tositumomab Murine CD20 2003
Bevacizumab Humanized VEGF 2004
Cetuximab Chimeric EGF 2004

Rituximab is the first chimeric mAb with proven therapeutic efficacy for NHL
and approved by the FDA. It followed by humanized mAbs such as Trastuzumab,
Alemtuzumab, and Bevacizumab and were approved to treat different types of cancer
(13). Besides using antibodies for NHL treatment, Ibritumomab Tiuxetan and
Tositumomab can also be used for radionuclidic therapy by labelling with a
radionuclide. (13, 14). Developing technology provided the human and humanized
mAbs such as "Ofatumumab", which received FDA approval in 2009 and
"Obinutuzumab", which received FDA approval in 2013 and were produced to use in
NHL treatment (62).

Although the purpose of these mAbs, conjugated with several molecules or
unconjugated, for cancer is primarily therapeutic (Figure 2.7) (63), they can also be
used for the diagnosis by radiolabeling and fluorescent agent labelling with PET,
SPECT and optic imaging methods (8).
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Figure 2.7. Different types of conjugated mAbs (63).

2.6.1. mAbs Used in Lymphoma

CD20 antigen is specific to B cell which is expressed in mature B cells and
most of the NHL. Rituximab, tositumomab, obinutuzumab, ofatumumab are the mAbs
are spesific to B cells and recognize the CD20 antigen in the surface of B cells.
Rituximab, ocrelizumab, ofatumumab are Type 1 CD20 antibodies while
obinutuzumab and tositumomab are Type 2 CD20 antibodies (64). Their binding and
death mechanisms in CD 20 are different (Figure 2.8).

These mAbs bind the small loop of the CD20 antigen on the cell surface of B
cells. The way antibodies bind to this antigen can be divided into two main groups.
First group, ofatumumab and rituximab, causes complement-dependent cytotoxicity
and antibody-dependent cell mediated cytotoxicity by inducing the redistribution of
CD20 in the plasma membrane. Second group, tositumomab and obinutuzumab, show
minimal complement-dependent cytotoxicity and strong antibody-dependent cell
mediated cytotoxicity. They show increasing direct antitumour effect on CD20 in B
cell surface. (65). Obinutuzumab binds to the CD20 at lower density than rituximab
(64).
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Ofatumumab
Complement-mediated bin:ingu site
lysis Rituximab,

tositumomab,
obinutuzumab
binding site

........

Antibody structure
Murine variable
sequence

Yy

Chimeric antibody Human antibody
(rituximab) (ofatumumab)

Antibody binding induces
antiproliferative signaling, apoptosis,
and cell-growth inhibition

Figure 2.8. Anti CD20 mAbs ( Rituximab, Tositumomab, Obinutuzumab and
Ofatumumab) activation mechanism (65).

2.7. %°Zr Radiolabelled mAbs

87r is the ideal radionuclide for mAbs due to long half-life and it is also
labelled with high yield and purity with low production costs (37, 66). 3°Zr labelled
mADbs show high stability as long as bifunctional chelator is conjugated to mAbs, in
this purpose DFO is the most common chelating agent for #Zr labelled mAbs (Figure
2.9) (19).

o’
S::)‘}\ 89,4+
_—
Aqueous Buffer Aqueous Buffer
pH 8.8-9.0 pH 6.8-7.5
37°C, 30 min RT, 60 min
W
S
~ P
mAb mAb-DFO $9Zr-DFO-mAb

Figure 2.9. Schema of ¥Zr radiolabelling of mAb (67).
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Chelators and their coordination properties, linkers and the conjugation
reactions may be/present as highly effective parameters on labelling efficiency,
stability and biodistrubition of 3°Zr labelled mAbs (68). Different kinds of chelating
agents have been under investigation for *Zr radiolabelling. The most used
bifunctional chelating agents are Desferrioxamine (DFO) (Figure 2.10) and DFO
derivatives (Table 2.6). The other popular chelators such as DTPA, DOTA etc. are not

suitable for 8°Zr radiolabelling due to +4 oxidation state of 3°Zr (68).

Table 2.6. Different derivatives of DFO used in ¥Zr-radiolabelling.

Chelators References
DFO-1-hydroxy-2-pyridone (HOPO) (69)
p-SCN-Bn-DFO (70)
DFO-Suc-N (37)
DFO-AHA (42)
DFO-Sq (71)
Bromoacetyl-DFO (72)

H
FN
N o \/;)l\
OH

‘N
o)\

Figure 2.10. DFO schematic representation (73).
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The first animal study was reported in 1997 by Meijs et al. (74). The first
clinical study was done by Borjesson et al. In this study, *Zr radiolabelled c-mAb U36
was studied to detect head and neck cancer patients (66). It is followed by many studies
which carried out on the #Zr radiolabelled mAbs in preclinical and clinical with great
success (68). Several preclinical and clinical studies of ¥Zr-mAbs such as %Zr-
cetuximab (33); 8°Zr-ibritumomab tiuxaten (34); 3°Zr-rituximab (35); 8Zr trastuzumab

(36); 39Zr-1591; 3Zr-c-mAb U36 (37) are ongoing (Table 2.7).

Table 2.7. %Zr-radiolabelled mAbs in preclinical and clinical stages (27, 28).

Products Trade name of Cancer type Reference
mAb
897r- cetuximab  Erbitux NHL (75)
897r- Zevalin NHL (34)
ibritumomab
tiuxetan
89Zr-rituximab Rituxan NHL (76)
89Zr trastuzumab  Herceptin Breast cancer (77)
89Zr-huJ591 . Prostate cancer (75)
8Zr-c-mAb U36 cmAb U36 Head and neck (66)
squamous cell
carcinoma
897r- Bexxar NHL (17)
tositumomab
89Zr-pertuzumab  Omnitarg Breast cancer (78)

2.8. ¥Zr Radiolabelled mAbs and Non Hodgkin’s Lymhoma

Various CD20 targeted and FDA approved mAbs are used in the treatment of
NHL and five of them have been tried to be labelled with ¥Zr. First of them was
ibritumomoab tiuxetan radiolabelled with 3°Zr. (34, 73).

Perk et al. (2006), studied *Zr-ibritumomab tiuxetan (Zevalin) to evaluate the
8Zr for labelling procedures and future radiopharmaceuticals and to compare with
WY -Zevalin. It is provided that ¥Zr-Zevalin was labelled with high yield and purity.
When the distribution of 3°Zr-Zevalin and *°Y-Zevalin compared, *Zr showed higly

similar biodistribution with *°Y-Zevalin (34).
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89Zr-rituximab is popular to use for the diagnosis of lymphoma. Natarajan et
al. (2012), worked with ¥Zr radiolabelled rituximab to image the tumour model for
longer period. This study showed that ®Zr-rituximab is a promising
radiopharmaceutical for lymphoma, especially NHL imaging due to high specific
activity, purity and stability for 5 days in human serum. According to the result
obtained from this study, ¥Zr-rituximab can be used to diagnose of NHL. %Zr-
rituximab is in the clinical stage for FDA approval (79). This study followed by
radiation dosimetry study of #Zr-rituximab by Natarajan et al. (2015) as a supporting
evidence for potency for NHL imaging (80).

Yoon et al. (2018), worked on CD20 antibodies by radiolabelling with 3°Zr.
Rituximab (chimeric) and tositumumab (murine) antibodies are the CD20 site specific
mAbs as previous generation while obinutuzumab and ofatumumab are the newest
CD20 specific mAbs for lymphoma. In this study, those mAbs were radiolabelled with
$9Zr and than evaluated by PET/CT imaging and biodistribution studies. As a result of
this study, researchers mentioned that all 3°Zr radiolabelled anti CD20 mAbs have a
great potential for lymphoma diagnosis, and especially new generation of mAbs which
are ofatumumab and obinutuzumab have a great potential for lymphoma diagnosis and

imaging (17).
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3. MATERIALS and METHODS

3.1. Materials and Equipment

All materials, chemicals and instruments used in this research have been listed

in Table 3.8 and Table 3.1.

Table 3.1. Chemicals.

Absolute Ethanol Sigma-Aldrich
Acetonitril Sigma-Aldrich
Desferrioxamine (DFO)-p-Bz-NCS Macrocyclic
DiMethyl Sulfoxide (DMSO) Sigma-Aldrich
Fetal Bovine Serum (FBS) Gibco
Formaldehyde Sigma-Aldrich
Hydrochloric Acid (HCI) Sigma-Aldrich
HL 60 Cells American Type Culture Collection
(ATTC, CCL-240)

L-Glutamine 200 mM (x100) Gibco
Methanol Sigma-Aldrich
Phosphate-Buffered Solution Tablets  Sigma-Aldrich
Penicillin/Streptomycin Gibco

(10,000 Unit.m1! / 10,000 png.ml')

Ramos Cells (RA 1)
(ATTC, CRL-1596)

American Type Culture Collection

Resin Hydroxamate Sigma-Aldrich
Roswell Park Memorial Institute Gibco

(RPMI) 1640 Medium

Saline (Sodium Chloride 0.9%) B - Braun
Sodium Carbonate (Na2CO3) Sigma-Aldrich
Sodium Bicarbonate (NaHCO3) Sigma-Aldrich
Tociluzumab (RoActemra) Roche

Obinutuzumab (Gazyva)

Roche, Basel

Oxalic Acid

Sigma-Aldrich




Table 3.2. Equipments and softwares.
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Biorender

Cell Counter Luna II Automated Cell Counter
Cell Counter Slide Luna Cell Counter Slides
Centrifuge Thermo Scientific Espresso

Class II Cabinet MicroFlow Peroxide Advanced Bio

Safety Cabinet-Class I1

Dose Calculator

Capintec, INC CRC-25 PET

Gamma-Counter Perkin Elmer Wizard 3
Geiger Miiller Berthold LB 124
ITLC SG Paper Agilent

Laura Chromatography Software
v5.0.7.56

Nano Drop Devonix DS-II Spectrophotometer
Nano Positron Emission Mediso
Tomography/Computed

Tomography

(PET/CT)

Nano Positron Emission Mediso Multicell
Tomography/Computed

Tomography (PET/CT) Imaging

Chamber

(Three Mice Chamber)

pH-Meter Mettler Toledo

Prism

Radio High Pressure Liquid Agilent 1200 Series with
Chromatography Lab Logic Gamma-Ram-4
(RHPLC)

Radio Thin Layer Chromatography  Lab Logic Scan-RAM
(RTLO) Experience&Expertise
Superdex 200 10/300 GL Size GE, USA

Exclusion Chromatography Column

Thermo Mixer Eppendorf Thermomixer C

3.2. Characterization Studies on mAbs

In order to determine Toc and Obi amounts, enzyme linked immunosorbent

assay (ELISA) and sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS

PAGE) tests were aimed to use. But, due to the confidentiality agreement between

Roche and Singleton Hospital Nuclear Medicine Department/Swansea and University
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Hospital of Wales PETIC /Cardiff, tests could not be performed in this research. Only

the general methods were given in the following paragraphs.
3.2.1. ELISA

ELISA is the biological assay used commonly for the detection and
quantification of peptides, proteins, Abs and mAbs. It is mainly based on the
interactions between antibodies and antigens and it depends on their affinity and
specificity. Direct, indirect and sandwich capture are several detection methods used
in ELISA. Sandwich ELISA assay is the most commonly used type due to the high
sensitivity and specificity.

96 well plates are coated with CD20 antigen in buffer solution, containing BSA
and the antigens are incubated overnight. Then, Abs at different concentrations diluted
in BSA/TBS are added to the plates and incubated for 2-3 hours. It is followed by
incubation of Horse Radish Peroxide (HRP) conjugated anti-human IgG for an hour
and after that, plates are washed and incubated with tetramethyl benzidine (TMB) at
room temperature (25°C) for 30 min. Measurements are completed at 450 nm with the

ELISA plate reader (81, 82).
3.2.2. SDS PAGE

Abs are analyzed in SDS-PAGE consisting of 3-8% Tris-Acetate gel.
Molecular weights of Abs are determined by SDS PAGE before radiolabelling process.

3.3. 3°Zr Production and Purification

897r was produced on cyclotron by the bombarding (p,n) of target yttrium foil,
and it was sent via transfer tunnel as a solid disc into the hot cell. The solid disc
includes different metals in addition to the ¥*Zr and the concentration of 3Zr is
generally in between 0,1-1%. Therefore, °Zr should be purified from the foil.

Before the separation and purification processes of %°Zr, the key point is
washing all of the materials which will be used, with 6 M 37% HCI and water,
respectively. The reason was the importance of the washing process, i.e: it blocks the

binding of metals to the ions and other substances.
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Several different chemicals were prepared for using at purification process:

Deionised water (15,5 ml) (a)

1 M oxalic acid (320 mg oxalic acid: 4 ml water) (3 ml) (b)
30% H202 (0,1 ml) (c)

2 M HCI (6 ml) (d)

2 M HCI (12 ml) (g)

- Ion exchange cartridge column (resin hydroxamate) (f),

Ion exchange cartridge column preparation:

- 1250 mg resin was weighed out and poured into the cartridge.

- The cotton was put on top of the powder, and the cartridge lid was closed.
- After the lid closure, the column was washed by

1) 75 ml acetonitrile 2) 10 ml (0,9%) saline 3) 2 ml HCI (2M), respectively.

- Finally air was pumped with a syringe several times.

897r was separated from yttrium disc by using a resin hydroxamate column and
washing with HCI and oxalic acid. The purpose of using oxalic acid was obtaining
89Zr-oxalate. 2 M HCI and H,O; solutions were used to collect the last remaining 3°Zr
in the column.

After all items were prepared, they were placed on cassette systems in the hot
cell for ¥Zr purification (Figure 3.1). Finally, the hot cell was closed for the solid disc
placing into the reaction vial by using a hot cell handle, and the system was ready to
start by software.

After the completion of this purification process, ¥Zr-oxalic acid solution

needs to be neutralized for radiolabelling of mAbs.
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Figure 3.1. The cassette system which is used 3°Zr purification in hot cell.

( (a) Water, (b) Oxalic acid, (c) H202, (d) HCIL, (e) Empty vial, (f) Resin hydroxamate column, (g) HCI,
(h) Reaction vial, (i) Ytrrium waste vial, (j) ¥Zr vial-1, (k) ¥Zr vial-2, (1) ¥Zr vial-3) (Cardiff
University, Positron Emission Tomography Imaging Centre).

3.4. 3Zr Formulation Studies

7 different formulations were prepared. The main formulation was %Zr-Obi;
but, in order to obtain the optimum molar ratio of (mAb:DFO-p-Bz-NCS:%Zr) and

consequtively the highest radiolabelling efficiency, 5 different ¥Zr-Obi formulations
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were prepared (Table 3.3). In addition to 3°Zr-Obi formulations, ¥Zr-Toc formulation

was also prepared as a control formulation for in-vitro and in-vivo studies.

Table 3.3. Molar ratio and composition of prepared formulations.

Ab:DFO-p-
Formulation (mAb 0-p

Antibody Formulation Bz-NCS:¥Zr)
Codes (Molar Ratio)
Formulation 1 %°Zr-Obi Obinutuzumab #Zr- 1:10:10"!
Obinutuzumab
Formulation 2 %°Zr-Obi Obinutuzumab #Zr- 1:1: 10!
(DFO 1) Obinutuzumab
Formulation 3 %°Zr-Obi Obinutuzumab #Zr- 1:15:10!
(DFO 2) Obinutuzumab
Formulation 4 %°Zr-Obi Obinutuzumab #Zr- 1:10: 2.10™!
®Zr 1) Obinutuzumab
Formulation 5 %°Zr-Obi Obinutuzumab #Zr- 1:10: 1.4.10"!
(*Zr 2) Obinutuzumab
Formulation 6 %°Zr-Obi Obinutuzumab #Zr- 1:10: 0.6 .10!
(®Zr 3) Obinutuzumab
Formulation 7 %Zr-Toc Tociluzumab  ¥Zr- 1:10:10"!
(Control) Tociluzumab

3.5. %Zr Radiolabelling Process

897r antibody labelling with 8Zr process was carried out in two steps which are
1) DFO-p-Bz-NCS and antibody conjugation (Figure 3.2 and Figure 3.3), 2) ¥Zr
incubation of DFO-p-Bz-NCS-antibody conjugate (Figure 3.4). The amounts of the
antibodies and other chemicals were calculated according to the Vosjan et al. labelling
protocols (83) shown in Table 3.10. Briefly, mAb solutions between 2-10 mg.ml! were
used in 1 ml volume and pH were adjusted to 8.9-9.1 by exchanging solution for DFO-
p-Bz-NCS (in DMSO)-mAb conjugation were carried out at 550 rpm for 30 min. It
was followed by ¥Zr incubation for 1 hour by gently shaking. (83).

3.5.1. DFO-p-Bz-NCS -Antibody Conjugation

Before conjugation process, mAb’s pH should be adjusted to pH 9 (pH 8.9 -
9.1). Vosjan et al. (2010) stated that pH has great importance at every step (83). For
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the conjugation of mAbs and DFO-p-Bz-NCS at the highest rate, the medium must be
alkaline and the pH must be adjusted to 9 and at the same time buffer solution was
used for solvent exchange. At this point, the buffer solution use is important. NaHCO3
should be used as a buffer solution for labelling because precipitate may form after pH
adjustment if NaxCOs was used (84). After the Obi- DFO-p-Bz-NCS and Toc- DFO-
p-Bz-NCS conjugations were completed [in (1:10) (mAb: DFO-p-Bz-NCS) ratio], the
PD-10 column was prepared and used to remove the free DFO-p-Bz-NCS. After that,
DFO-p-Bz-NCS -Obi conjugates were measured by nanodrop to determine the mAb
concentration spectrophotometrically and DFO-p-Bz-NCS-Obi samples were
collected and mixed to label with #Zr.

25 ul Obi stock solution ( 25 mg. ml™") and 10 ul of Toc solution ( 20 mg. ml-
1 were prepared seperately and adjusted to pH 8.9-9.1 with 100 pl NaHCOs buffer.

Solutions were measured in nanodrop to find the concentrations of mAbs after
this process. Then DFO-p-Bz-NCS amount could be calculated according to the Obi

and Toc concentrations depending on the pH adjustment.

- DFO-p-Bz-NCS was solved in DMSO with 0.005 M concentration.

- DFO-p-Bz-NCS in DMSO was added to Obi and Toc solutions, and
incubated at 37°C and stirred at 550 rpm for 1 hour.

- After the completion of the reaction, the PD-10 column was used for the
separation of unconjugated DFO-p-Bz-NCS. Several washings were done,
and all eluates were collected to measure conjugated mAbs (DFO-p-Bz-
NCS-Obi and DFO-p-Bz-NCS-Toc) by nanodrop and the pure eluates
were mixed for 3°Zr labelling. This mixed solution was measured mAb

conjugates by nanodrop once more for the calculation of 3°Zr activity.
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mAb solvent exchange and pH adjustment

epH of mADb solution was adjusted to pH 9 by using NaHCO3
eSolvent exchange using NaHCO3

DFO-p-Bz-NCS solved in DMSO

DFO-p-Bz-NCS (in DMSO) was added to mAb
solutions (pH 9) and incubation for 1 hour at 550
rpm

PD-10 column was used to collect DFO-p-Bz-NCS-
mAb conjugate

Figure 3.2. Preparation Flow-chart for DFO-p-Bz-NCS and mAbs (Obi and Toc)

conjugation.
o N
2
5_/\"&»‘ Ho-r
Hi (o]
_OH NCS
\V R
NH, — 37°C
550 rpm
1 hour

pH=9

ij/ v
W ° 3
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M .OH H H*
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Figure 3.3. DFO-p-Bz-NCS and mAb conjugation.
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3.5.2. ¥Zr Radiolabelling

[Antibody molarity: 3°Zr activity (MBq)] ratio should be (10:1) according to
the several studies (83, 84). 3°Zr production and purification processes were explained
in Section 3.3. After that, 3°Zr should be neutralized with Na,CO3 for radiolabelling
of mAbs.

0.5 M Na,COs was used for neutralization of ¥Zr in oxalic acid and pH should
be adjusted to 7 (between 6.8 and 7.2). 0.5 M NaxCO3 was pipetted drop by drop and

mixed until pH reaches 7. Neutralized %Zr was used for Toc and Obi
radiolabelling. Required volumes were used according to the Toc and Obi amount. The
ratio was always kept in molar ratio of (1:10) (3*Zr:mAb).

8971 (in Na2CO3) and Obi and Toc solutions were incubated for 1 hour at room

temperature (25 °C) (RT) by gently shaking in the reaction vial.

g—ﬁ "ég ;ZE_ \ (/ 892r+4@

"™ o i K- Room
o NK/\/\ )il Tsf Temperature
NN pH= 6,8-7,2
30-60 mins
y v
N
4 \V 4
o i
¢ o
o
" NN,O . HIIH_
WHJLN

Figure 3.4. %Zr radiolabelling of mAb schema.

3.6. Quality Control Tests

Radiochemical purity ( by RTLC, RHPLC) and stability tests were carried out

as quality control tests as follows:
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3.6.1. Radiochemical Purity

The 3°Zr-Obi and 3°Zr-Toc should not contain free *Zr or ¥Zr- DFO-p-Bz-
NCS more than 5%. These impurities were detected by RTLC and RHPLC analysis
(85).

Radio-TLC

RTLC analyzes were carried out with SG (covered with silica gel)
chromatography papers. ¥Zr-Obi, ¥Zr-Toc and free 3°Zr were applied to SG papers
and then, they were placed into a tank containing the DMSO solution. After the
development time, chromatography papers were removed and measured by gamma-
scintillation. 3°Zr-Obi, ¥*Zr-Toc and if exist ¥Zr- DFO-p-Bz-NCS and free Zr were
detected (85).

Radio-HPLC

Size exclusion chromatography was performed size exclusion column. pH 7.4
phosphate buffer was used as mobile phase and each samples were analyzed for 60
min. These analyzes were performed by HPLC with a radioactivity detector running

with Laura chromatography software v5.0.7.56 (84).

3.7. Stability

9.25 MBq %Zr-Obi was incubated in 5 ml saline solution (NaCl 0.9%) at 37°C
and samples were withdrawn at 4%, 24t 48t 60t 72t and 90" hours (86). Samples
were analyzed by RHPLC using size exclusion column. RHPLC chromatograms, ¥Zr

bound Obi and free 3°Zr were reported by using Graph Prism.

3.8. In-vitro Cell Culture Studies

In vitro cell culture studies were carried out with at CD20 (+) Ramos cells
(Burkitt’s Lymphoma/ NHL) and CD20 (-) HL 60 cells (leukemia). These two cell
cultures were suspension cell type.

Ramos cells were grown in Roswell Park Memorial Institute (RPMI)-1640

medium containing 1% Penisillin-Streptomisin, 20% Fetal Bovine Serum (FBS) and
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1% glutamine while HL 60 cells were grown in RPMI-1640 medium containing 1%
Penisillin-Streptomisin, 10% FBS and 1% Glutamine.
Immuno-reactivity, binding assay studies were carried out for both cell types

and results were compared with each other (78, 86, 87).
3.8.1. Immuno-reactivity Studies

Immuno-reactivity studies were carried out depending on the studies of
Lindmo et al, 1984 and Natarajan et al, 2012 (79, 87). Six different concentrations
(5.10%; 4.10%; 3.10%; 2.10°; 1,5.10°; 0,5.10° cells.ml! ) of cells were prepared for both
Ramos and HL 60 cells (n:3). 50 ul of 3°Zr labelled Obi in 1kBq ( 10 ng of Obi)
radioactive concentration was added to each samples and incubated at 37°C, 300 rpm
for 2 h (Figure 3.5). After incubation, samples were centrifuged and washed with PBS,
two times. Cell pellets and supernatants were measured by gamma-counter and
immuno-reactive fractions were determined by linear regression analyzes by plotting
of (total/spesific) activity versus inverse cell concentration (1/ cell concentration) and

1/y intercept was calculated.

g ‘ 50ul *°Zr-Obinutuzumab
50ul *°Zr-Tocilizumab

37°C
Ramos Cells

32 HL60 Cells ' ' bk

\ / \VA \/ \
| Y V
5.10° 4.10 3.108 2.10° 1.5.10° 0.5.10° in 500 ul
e/l Nls/ml lis/ml  celis/ml [ PBS

Created in BioRender.com bio

Figure 3.5. Immuno-reactivity study schema (created in BioRender.com).

3.8.2. Binding Assay Studies

Competitive binding assay was employed on Ramos cells. Cells were incubated
with 6.16. 10° M %Zr-Obi solution (Table 3.11) in the presence of different
concentrations (6.16. 10°— 6.16. 10"!! M) (Table 3.12) of unlabelled Obi as competitor
at 4 °C for 1.5 h. The cells were washed with PBS twice and the supernatant was

removed; pellets were assayed in a gamma-counter. The percentage of *Zr-Obi bound
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in the presence of competitor/non-competitor (B/Bo .100) was plotted against the log

concentration of added competitor (79). Dissociation constant (Kd), and median

effective concentration (ECso) were determined by GraphPad Prism.

Table 3.4. Obi molarity calculation.

Antibody

Measured Vol Molarity Moles
Sample (mg.ml") ) Mass M) (n)
& ll (Dalton)
Obi Pure 25 20 14606472  0,00017116 3.42E-09
Obi Measured
on nanodrop 2 100 146064,72  1,37E-05 1,37E-09
in (Na2CO3)
Obimeasured ) 100 14606472 6,16E-06  6,16E-10
on nanodrop
Table 3.5. Obi concentration calculation.
Samples Concentration Antibody Mass Molarity
(mg.ml ") (Dalton) M)
1 0.9 146064,72 6,16E-06
2 0.09 146064,72 6,16E-07
3 0.009 146064,72 6,16E-08
4 0.0009 146064,72 6,16E-09
5 0.00009 146064,72 6,16E-10
6 0.000009 146064,72 6,16E-11

3.9. In-vivo Animal Studies

In-vivo animal studies were carried out at the Cardiff University, University

Hospital Wales (UHW), Radioactivity Animal Laboratory under Martin Ruthardt’s

Project Licence (P1DDB264F, 28 Sep 2017-26 Sep 2022).

In order to carry out these studies, I attended the animal handling course in

Turkey under the training of Ankara University (ANKUSEM) and received the
certificate number “ANK. S. 17. BR. 05. 0193 (Attachement-1). Also, in order to

carry out the same studies in the UK, I attended another animal handling course under

the training of Charles River UK Ltd in the UK, achieved the exam and received the
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certificate from the Royal Society of Biology with the number of “BI0/2020/725”
(Attachment-2).

Studies were performed on 15 female SCID mice and they were divided into
three groups and 5 mice were used in each group. 2 million Ramos live cells per mice
were injected intraveneously by tail vein in the first group; 2 million live HL 60 cells
per mice were injected intraveneously by tail vein in the second group, and the last
group was the control group without any cell injection. Animals were checked daily,

and after 1 week, 3Zr-Obi was injected into the mice (Table 3.5).
3.9.1. PET/CT Imaging Studies

Nano PET/CT images were taken at the most appropriate time for image
acquisition, and then biodistribution studies were performed. PET/CT images were

taken after 6 days of #*Zr-Obi injection.
3.9.2. Biodistrubition Studies

Biodistribution studies were performed immediately after the obtaining of
PET/CT images. Biodistribution studies were carried out by removing organs
(skeleton, lung, spleen, heart, liver, knees, hips, shoulders, brain, kidney) from the

animals in each group and measuring them with a gamma-counter.



Table 3.6. Summary of the #Zr-Obi injections into animals with different cancer
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models.
. Syringe Injection Injection Ren.laining

Mouse Injected .. ) Syringe

Details Tracer Cells g\f[t];‘;)ty Z:;;ume ;l;:l::le) Activity

] (MBq)

Mice 1 87r-Obi  Ramos 1.93 (at 16:39) 65 16:45 0.38 (at 16:46)
Mice 2 $7r-Obi  Ramos 2.09 (at 16:11) 65 16:15 0.31 (at 16:16)
Mice 3 87r-Obi  Ramos 1.99 (at 16:18) 65 16:23 0.30 (at 16:24)
Mice 4 $7r-Obi  Ramos 1.85 (at 16:25) 65 16:28 0.35 (at 16:29)
Mice 5 87r-Obi  Ramos 1.99 (at 16:32) 65 16:37 0.37 (at 16:38)
Mice 1 87r-Obi  HL 60 1.96 (at 16:50) 65 16:52 0.30 (at 16:52)
Mice 2 87r-Obi  HL 60 1.82 (at 16:54) 65 17:01 0.30 (at 17:01)
Mice3  ®Zr-Obi HL 60 1.69 (at 17:03) 65 17:05 0.34 (at 17:06)
Mice 4 87r-Obi  HL 60 1.84 (at 17:08) 65 17:10 0.50 (at 17:11)
Mice 5 87r-Obi  HL 60 1.53 (at 17:13) 65 17:27 0.29 (at 17:28)
Mice 1 87r-Obi  Control 1.97 (at 15:45) 65 15:52 0.52 (at 15:54)
Mice 2 $7r-Obi  Control 2.03 (at 15:58) 65 16:00 0.38 (at 16:02)
Mice 3 $7r-Obi  Control 2.06 (at 16:05) 65 16:07 0.56 (at 16:08)
Mice 4 87r-Obi  Control 1.83 (at 17:26) 65 17:31 0.21 (at 17:32)
Mice 5 87r-Obi  Control 0.99 (at 17:26) 65 17:27 0.29 (at 17:28)

3.10. Statistical Analyzes

Statistical analyzes were performed to evaluate whether there is a statistical

difference between the results obtained or not. Since the number of data obtained from

the experiments was less than 30, non-parametric test methods were applied in the

evaluations. According to the number of groups compared; Mann Whitney U-test was

used to compare two groups, and Kruskal Wallis Analysis of Variance was used to

compare three or more groups. To express the differences within the same group,

standard error (SE) was used in the results of cell culture and in-vitro studies, and

standard deviation (SD) was used in the results of other studies. When comparing the

differences between the groups, p<0.05 was considered statistically significant.
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4. RESULTS

4.1. Characterization Studies on mAbs

4.1.1. ELISA

The ELISA test, which was performed by following the procedures as
described in Section 3.2.1, is one of the antibody recognition tests. Although it is one
of the tests planned to be carried out within the scope of the thesis, this test could not
be performed due to agreement between F. Hoffman-Roche Company and Nuclear
Medicine Department/Singleton Hospital and PETIC/University Hospital of Wales. In
the confidentiality agreement signed, it was agreed not to carry out analysis on the
"Obi" antibody, which was found under the name of "Gazyva" on the market and not
to give any knowledge to the third parties. Therefore, this analysis could not be

performed.
4.1.2. SDS-PAGE

The SDS-PAGE test, which was performed by following the procedures as
described in Section 3.2.2, is one of the antibody recognition tests. Although it is one
of the tests planned to be carried out within the scope of the thesis, this test could not
be performed due to agreement between F. Hoffman-Roche Company and Nuclear
Medicine Department/Singleton Hospital and PETIC/University Hospital of Wales. In
the agreement signed, it was agreed not to carry out analysis on the "Obi" antibody,
which was found under the name of "Gazyva" on the market and not to give any

knowledge to the third parties. Therefore, this analysis could not be performed.

4.2. %Zr Production and Purification

Initially, solid target activity was measured, and it was found as 1669 MBq at
12:59 pm. Radionuclide 3°Zr was obtained in 3 different vials in oxalate form with
different doses and afterwards, the highest dose was chosen for use (Table 4.1). In this
process, adjusted doses and volumes were crucial for the labelling process. After the
separation process, those 3 different vials (1000 pl each) were measured to calculate
$9Zr activity to be used in radiolabelling. 3rd reaction vial was used (because of the

highest concentration requirement) and from this vial 200 ul solution was taken and



38

used for neutralization. Activity and volumes of %Zr before and after neutralization

are shown in Table 4.2.

Table 4.1. Reaction vials and their activity/time (MBq).

Sample Radioactivity Time
(MBq) (p.m)

Solid Target 1669 12:59
1.Rxn Vial 0,02 14:47
2.Rxn Vial 390 14:47
3.Rxn Vial 560 14:47
Y Waste Vial 76 14:54

Table 4.2. 3Zr activity before and after neutralization.

Radioactivity Volume Spesific Activity

(MBq) (ul) (uLMBq™)
89Zr
(Before neutralization) 38.9 200 5.1413
897r

33.5 446 13.3134

(After neutralization)

4.3. %Zr Formulation Studies

The optimum molar ratio of the composition of (mAb:DFO-p-Bz-NCS:¥Zr)
and the obtained highest radio-effecient formulation was Formulation 2 with (1:10:10

1 molar ratio.

4.4. ¥Zr Radiolabelling Process

4.4.1. DFO-p-Bz-NCS -Antibody Conjugation

Obi- DFO-p-Bz-NCS and Toc- DFO-p-Bz-NCS conjugations were performed
as explained in Section 3.5.1. Obi and Toc concentrations before and after pH
adjusment/solvent exchange and necessary DFO-p-Bz-NCS volumes were
summarized in Table 4.3. After DFO-p-Bz-NCS-Obi and DFO-p-Bz-NCS-Toc
conjugation, nanodrop measurements ( for concentration calculation) were done and

results are shown in Table 4.4.
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Table 4.3. Formulations of mAbs and total volume measurements before and after
pH adjustment and solvent exchange.

(mAb:DFO-p-

Formulation Bz-NCS:¥Zr)  mAbs in solution MeasuII:Ie d ?7(;;
(Molar Ratio) (mg.ml) — (u
Original calculated amount of 25 20
. 10-10-1 Obi Pure (P1AD3543-002-05)
Formulation 1 1:10:10 measured on nanodrop 8.26 100
(in NaHCO3)
Original calculated amount of 25 16
. 11001 Obi Pure (P1AD3543-002-05)
Formulation 2 1:1:10 measured on nanodrop 4.21 100
(in NaHCO3)
Original calculated amount of 25 16
Formulation3  1:15:10" Obi Pure (P1AD3543-002-05)
measured on nanodrop 417 100
(in NaHCO3) ]
Original calculated amount of 25 16
Formulation4  1:10:2.10" Obi Pure (P1AD3543-002-05)
measured on nanodrop 430 100
(in NaHCO3) '
Original calculated amount of 25 16
Formulation 5  1:10:1.4.10"! Obi Pure (P1AD3543-002-05)
measured on nanodrop 3.89 100
(in NaHCO3) '
Original calculated amount of 25 16
Formulation 6  1:10:0.6.10"! Obi Pure (P1AD3543-002-05)
measured on nanodrop 406 100
(in NaHCO3) '
Original calculated amount of 20 10
Formulation 7 nl Toc Pure
1:10:10
(Control) measured on nanodrop 405 100

(in NaHCO3)




Table 4.4. Obi and Toc amounts for pH adjustment and DFO-p-Bz-NCS conjugation.
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Formulation Sample Measured Vol igts‘stdy Molarity Moles DFO-p-Bz- DFO-p-Bz- DFO-p-Bz-
% -1
*) (mg.ml)  (ul) (Dalton) M) (n) NCS (M) NCS (ml) NCS (ul)
Measured on
nanodrop 8.26 100 146064.72  5.65503.10°  5.65503 .10° 5.65503 .10° 0.011310055 11.31005
Formulation 1 (in NaxCO3)
(Obi) Measured on
casured o 4.08 50 146064.72 279328 .10°  1.39664 .10° 1.39664.10°% 0.0002793282  2.793282
nanodrop
Measured on
i nanodrop 421 100 146064.72  2.88.10° 2.88.10° 2.88228 .10 0.000576 0.576456793
Formulation 2 .
. (in Na2CO3)
(Obi) y i
casured on 2.05 100 146064.72  1.40.10° 1.40 .10° 1.40349 .10° 0.000281 0.280697488
nanodrop
Measured on
) nanodrop 4.17 100 14606472  2.85.10° 2.85.10° 4.28235 .10° 0.008565 8.564697
Formulation 3 .
. (in NaxCO3)
(Obi) M red on
casurec.o 2.32 100 146064.72  1.59.10° 1.59 .10° 2.38251.10°8 0,004765 4.765011
nanodrop
Measured on
) nanodrop 432 100 14606472  2.96.10° 2.96 .10° 2,95759. 10 0,005915 5915186
Formulation 4 .
. (in Na2CO3)
(Obi) y T
casured o 2.32 100 14606472  1.59.10° 1.59.10° 1,59. 10° 0,003177 3,176674
nanodrop
Measured on
) nanodrop 3.89 100 146064.72  2.66.10° 2.96 .10° 2.66.10° 0,005326406  5,326406
Formulation 5 .
. (in NaxCO3)
(Obi) Measured on
casured o 2.32 100 14606472  1.59.10° 1.59.10° 1.59.10° 0,003176674  3,176674
nanodrop
Measured on
Formulation 6 nanodrop 4.06 100 146064.72  2.78 .10° 1.2.10° 2.78 .10 0,00555918 555918
(Obi) (in Na:COs)
Measured on
2.32 100 14606472  1.59.10° 1.59.10° 1.59 .10° 0,003176674  3,176674

nanodrop




Table 4.4. Obi and Toc amounts for pH adjustment and DFO-p-Bz-NCS conjugation (continued).
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Formulation ¢\ Measured Vol ‘I:‘l‘;ts‘sb"dy Molarity Moles DFO-p-Bz- DFO-p-Bz-NCS  DFO-p-Bz-
% -1
*) (mg.ml™) (ub (Dalton) ™M) (n) NCS (M) (ml) NCS (ul)
Measured on
nanodrop 4.05 100 144987.06 2.79335.10°3 2.79335.10° 2.79335.10%  0.005586705 5.586705
Control (in Na2CO3)
Formulation — Measuredon o, 80 144987.06 1.11734.10° 0.89387.10° 0.89387.10°8 0.001787746 1.787746
(Toc) nanodrop

(* : Formulation ingredients were given in Table 3.10).
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4.4.2. ¥Zr Radiolabelling

897r radiolabelling of Obi and Toc were performed according to the method
explained in Section 3.5.2. °Zr acitivity was measured after total amount of Obi- DFO-
p-Bz-NCS and Toc- DFO-p-Bz-NCS determinations. The amounts of Obi and Toc and

required 3°Zr volumes are shown in Table 4.5.

Table 4.5. %Zr and mAb amounts for radiolabelling.

Measured Vol 1(:121“11 ¢ DFO-p- Required lzjlg)llr?rosi tion
Formulation mAbs mAbs Bz-NCS  ¥Zr activity P
(mg.ml")  (ul) mAbS \Moles) (MBq) (mAb: DFO-p-
& a (ng) q Bz-NCS:*Zr)

Formulation1 4,08 50 204 13.7 20,4 1:10:10°!
Formulation2  2.05 100 205 1.4 20.5 1:1:10"
Formulation3  2.32 100 232 238 232 1:15:10°!
Formulation 4  2.32 100 232 15.9 46.4 1:10: 2. 10°!
Formulation 5  2.32 100 232 15.9 33.1 1:10: 1.4.10°!
Formulation 6 2.32 100 232 15.9 15.5 1:10: 0.7 .10!
(Fc"znmt‘r‘ﬁ)“"“ T e 80 129.6 13.0 13.0 1:10:10°

4.5. Quality Control Results

4.5.1. Radiochemical Purity

Radio-TLC

RTLC analyzes were done as explained in the Section 3.6. RTLC results
showed that 3°Zr-Obi and ¥Zr-Toc formulations could be radiolabelled with the yield
of 100%. Free 3°Zr, 3°Zr-Obi and %Zr- Toc RTLC results are shown in Figure 4.1,
Figure 4.2 and Figure 4.3.
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Figure 4.1. Free ¥Zr RTLC chromatogram.
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Figure 4.2. ¥Zr-Obi RTLC chromatogram.
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Figure 4.3. ¥Zr-Toc RTLC chromatogram.

Radio-HPLC

RHPLC analyzes were done as explained in the Section 3.6. RHPLC results
were shown in Figure 4.4. Results showed that 3°Zr-Obi and ®Zr -Toc were
radiolabelled successfully, and also their labelling yields (ROI%) were found within
the limits (Table 4.6). Our results are found parallel to the previous studies (88). Free
87r, Obi-stock and Toc-stock solutions also were analyzed to provide a better
understanding of the ¥Zr -Obi and ¥Zr -Toc peaks. The chromatograms showed free
87r peak observed around 40th min whereas *Zr labelled antibodies, proteins etc.,

peaks were generally obtained in between 20th and 30th min (83, 84, 89).
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Our results were also in good aggreement with this data: #Zr -Obi and 3°Zr -Toc

peaks were found around the 25th min while free 8°Zr was obtained at the 40th min.

Table 4.6. ROI (%) values of each formulations.

ROI (%)
mAb:DFO-p-Bz-
Formulation NCS:¥Zr Impurity (*) ¥Zr-mAb Free ¥Zr
(Molar Ratio)
Formulation1  1:10:10" 2.27 97.73 0
Formulation2  1:1:10" 87.28 12.72
Formulation 3 1:15:10"! 5.47 94.53 0
Formulation 4  1:10:2.10"! 91.2 8.2
Formulation5  1:10:1.410 94.70 2.50
Formulation 6 1:10: 0.6. 10! 100 0
Formulation 7 1:10:10"! 100 0

(Control)

(*) The impurities are thought to come from the ingredients of commercial product ( from other
excipients etc.).
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4.6. Stability

Stability tests were performed as explained in section 3.7. ROI values are given
at Table 4.7 and Figure 4.6; stability results of #Zr-Obi are given at Figure 4.7 and
RHPLC peaks are shown at Figure 4.8.

Table 4.7. Stability test results of Zr-Obi formulation by RHPLC.

Time (h) ROI (%)
Impurity Free *Zr ¥Zr-mAb ¥Zr-mAb/Total
0 3.76 0 96.24 96.24
4 3.68 0 96.32 96.32
24 3.87 5.64 90.49 94.13
48 5.20 14.96 79.84 84.21
60 3.54 28.98 67.48 69.95
72 4.87 42.62 52.51 55.19
90 4.53 48.98 46.50 48.70

After 4 h incubation, ROI (%) of 3°Zr-Obi was observed in 96.32% while free
87r was not observed. However, (3*Zr-Obi/total) activity ratio was found 94.13% at
24th h which meant a minimal decomposition of #Zr-Obi found around 24th. The ratio
decreased each time point after 24th h and 84.21% was found at 48th h. A significant
difference was found among 69.95 %, 55.19 % and 48.4% at the time points of 60th,
72th and 90th h, respectively (p<0.05).

-
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Figure 4.5. Stability results in saline (0.9% NaCl) after 96 h incubation at 37°C (n:3).
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Figure 4.6. Stability results of 3Zr-Obi incubated at 37°C in saline (0.9% NaCl)
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a) Radio-HPLC traces. b) Integrated ROIs from Radio-HPLC traces expressed as % of total ROI area.
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Figure 4.7. RHPLC peaks of #Zr-Obi stability tests (continued).
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4.7. In-vitro Cell Culture Study Results

4.7.1. Immuno-reactivity Studies

Immuno-reactivity studies were performed as described in Section 3.8.1.
Results are summarized in Table 4.8 and Table 4.9. Immuno-reactivity graphs were
depicted at Figure 4.8, Figure 4.9 and Figure 4.10, showing the binding fraction of *Zr
-Obi and ¥Zr-Toc with CD20 (+) Ramos cells and *Zr-Obi with HL 60 cells.
According to the results, ¥Zr -Obi with Ramos cells showed high immuno-reactivity
(60.9161%) as expected; however, 3Zr-Toc with Ramos cell did not exhibit any
significant immuno-reactivity (2.3806%). On the other hand, when %°Zr-Obi with
Ramos cells ( CD20 (+)) and ¥Zr -Obi with HL 60 cells (CD20 (-)) were compared
with each other, the data proved that Obi has specificity only for the CD 20 (+) cells
(Table 4.11).
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Table 4.8. Immuno-reactivity results of #Zr-Obi and ¥Zr-Toc in Ramos and HL 60
cells (mi: million).

Cell Formulation Cell Inverse Cell Activity
Type Concentration Concentration (Total/Specific)
(mi cell.ml'))  (mLmicell'’) (kBq)
10 1 2.254040
8 0.125 2.295126
Ramos PZr-Obi ¢ 0.166 2.624033
Cells 4 0.25 4.614268
3 0.333 3.948665
1 0.1 9.188495
10 1 44.479363
8 0.125 55.061930
Ramos ®Zr-Toc 6 0.166 43.267151
Cells 4 0.25 49.475844
3 0.333 36.084956
1 0.1 34.811948
10 1 10.541530
8 0.125 17.609610
HL 60 ®Zr-Obi 6 0.166 17.343640
cells 4 0.25 15.190360
3 0.333 25.774940
1 0.1 18.193060

Table 4.9. Immuno-reactivity values of studied formulations.

Formulation r 1/r Immuno-reactivity (%)
89Zr-Obi — Ramos Cells 1.6416 0.609116 60.9161

8Zr-Toc — Ramos Cells  42.005 0.023806 2.3806

89Zr-Obi — HL 60 Cells  16.141 0.061954 6.1954

(r: correlation coefficient).
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Figure 4.8. Inmuno-reactivity determination of ¥Zr-Obi with Ramos cells (n:3).
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Figure 4.9. Immuno-reactivity determination of 3°Zr-Toc with Ramos cells (n:3)
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Figure 4.10. Immuno-reactivity determination of ®¥Zr-Obi with HL 60 cells (n:3).

4.7.2. Binding Assay Studies

The binding assay was only performed for °Zr-Obi on Ramos cells to show its
affinity to CD 20 (+) Ramos cells. Binding assay results are summarized in Table 4.10
and Table 4.11. According to the results, it was observed that the binding increased
with the increasing concentration, with ECso 16.1 pM, but there was a treshold value.
On the other hand, the Kd value was found to be 27.3 nM. When this limit value was
reached, the percentage of binding did not increase despite the increasing

concentration (Figure 4.12).



Table 4.10. Obi concentration and competitor values.
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Concentration Antibody Mass Molarity
Samples (mg.ml") (kDa) (mol. L) Log (B)
1 0.9 146064,72 6,16E-06 -5,210302975
2 0.09 146064,72 6,16E-07 -6,210302975
3 0.009 146064,72 6,16E-08 -7,210302975
4 0.0009 146064,72 6,16E-09 -8,210302975
5 0.00009 146064,72 6,16E-10 -9,210302975
6 0.000009 146064,72 6,16E-11 -10,21030297
Table 4.11. Binding assay results of Zr-Obi with Ramos cells.
Concentration (mg.ml™!) Log (B) 37;30)
(1]
0.9 -10,210419 103,641224
0.09 -9,2104193 101,248923
0.009 -8,2104193 94,563705
0.0009 -7,2104193 72,4955277
0.00009 -6,2104193 56,7730074
0.000009 -5,2104193 24,203273
(B:Competitor, Bo:Non-competitor).
150+

g 100+

)

@

@ s0-

0 T T T 1
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Figure 4.11. Binding activity of *Zr-Obi with Ramos cells

(B:Competitor, Bo:Non-competitor) (n:3).
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4.8. In-Vivo Animal Study Results

4.8.1. PET/CT Imaging Studies

Animal studies were performed as explained in Section 3.9.1. Nano PET/CT
images of 3Zr-Obi for Ramos and HL 60 cells and control group are shown in Figure
4.12 and Figure 4.13 and Figure 4.14. Images showed that *Zr-Obi was uptaken
primarily in the spleen, as expected because of lymphoma cells. However, the
interesting part of these images was spleen uptake found for all mice, although spleen
uptake was expected only for Ramos cell injected mice. Both control and HL 60 cells
injected mice have also shown spleen uptake, although the same uptake amount was
not observed for Ramos cell injected mice.

897r-Obi, injected dose per gram (ID/g) % values per organs were calculated
(Figure 4.15). The only significant differences have been observed in between livers
of Ramos injected mice and control group, and HL60 injected mice and control group
(p<0.05). However, there was no difference observed in liver uptake between Ramos
cell injected mice and HL60 cell injected mice (p>0.05) (Figure 4.16). Finally, there

was no significant difference observed in other organs between groups (p>0.05).
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Figure 4.12. Nano PET/CT images of Ramos cell injected mice six days after 3°Zr-
Obi injection

(a: coronal b: right c: left d: transaxial images).

R - update disabled

Figure 4.13. Nano PET/CT images of HL 60 cell injected mice six days after 3°Zr-
Obi injection

(a: coronal b: right c: left d: transaxial images).
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Figure 4.14. Nano PET/CT images of control mice six days after Zr-Obi injection

(a: coronal b: right c: left d: transaxial images).
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Figure 4.15. Percentage of ID/g value for each organ of each group of female SCID
mice.
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4.8.2. Biodistribution Studies

Biodistribution studies were perfomed as described in Section 3.9.2. and
results are given in Figure 4.17 and Table 4.12. The uptake of ¥Zr-Obi/Ramos cells
injected animals were not significantly different from animals injected with HL 60

cells and designated as the control group (Figure 4.30) (p>0.05).



Table 4.12. Biodistribution results of 3°Zr-Obi injected mice in different animal groups.
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(mBq) (mBq) (p.m) Spleen  Liver Kidney Lung Brain Femur Heart
Mouse 1 Ramos 18.82 1.62 0.44 16:14 23914 166174 25714 1100.6 208.2 1468.6 1272.8
Mouse 2 Ramos 20.54 1.69 0.45 16:14 2409.6 158659 24784 1760.4 232.1 1975.6 9525
Mouse 3 Ramos 19.68 1.55 0.41 17:30 2570.2 147727 25039 1376.7 283.5 18444 1081.0
Mouse 4 Ramos 18 1.71 0.46 17:30 29683 16995.1  2548.8 17733 2154 2021.6 1009.1
Mouse 5 Ramos 19.59 1.5 0.41 17:30 1963.8 14471.1  2287.8 17003 235.8 1800.6 950.7
Average 2460.6 157444  2470.1 15422 235.0 1822.1 1053.2
Mouse 1 HL 60 19.15 1.66 0.44 12:35 2555.0 16654.7 20653 12502 206.7 23149 1025.6
Mouse 2 HL 60 21.1 1.34 0.36 12:55 23313  14577.8 23353 1569.8 163.9 1527.7 508.5
Mouse 3 HL 60 18.23 1.19 0.37 12:05 27317 13714.1  2360.2 2088.1 174.6 1834.8 799.4
Mouse 4 HL 60 17.63 1.35 0.38 13:20 27348 15562.0 2719.0 12739 2114 17943 469.7
Mouse 5 HL 60 20.18 1.32 0.42 13:20 3093.1 16608.1  2301.9 901.7 250.7 1953.5 1268.9
Average 2689.1 154233 23563 1416.7 2014 1885.0 814.4




Table 4.12. Biodistribution results of #Zr-Obi injected mice in different animal groups (continued).
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. Whole T Measured Activity (CPS)
Injected InjectionTime
Injected Weight Mouse
Mouse Activity . 21.04.21
Cells (2 Activity Spleen  Liver Kidney Lung Brain Femur  Heart
(mBq) (p-m)
(mBq)
Mouse 1  Control 17.1 1.65 0.46 13:20 32594 17048.5 2757.8 1875.4 242.0 2108.1 1239.2
Mouse 2  Control 20.52 0.7 0.2 14:58 1297.5 7075.5 1211.7 621.9 75.7 793.5 552.0
Mouse 3 Control 19.46 1.45 0.4 14:58 2489.1 14140.4 2296.2 1070.2 306.2 1758.6 1840.3
Mouse 4 Control 18.67 1.62 0.44 14:48 2657.5 17235.4 2643.6 1631.3 150.2 1869.8 1411.2
Mouse 5  Control 18.28 1.5 0.39 16:14 2244.9 12755.8 2028.6 1516.4 253.2 1594.3 1334.3
Average 2389.6 13651.1 2187.5 1343.0 205.4 1624.8 1275.4
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Figure 4.16. Biodistrubition results of 3°Zr-Obi in different animal models (HL60
cells, Ramos cells and control groups).
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S. DISCUSSION

Cancer is one of the diseases that occurs due to uncontrollable cell division and
causes deaths at the highest numbers worldwide. Lymphoma is a type of cancer
frequently encountered in adults and childhood, originates from lymphocyte cells, and
is classified according to whether B or T type depending on the affected cells. NHL,
the most common subtype, showed an increasing incidence, especially between 1980-
1990, and it is still the most common type of lymphoma today. According to 2020
data, 544,000 new NHL cases were detected, while 260,000 deaths occurred. Burkitt's
lymphoma is the most common subtype of NHL in children in the world and the most
common subtype in children in the UK (45). In Turkey, according to 2016 statistics,
NHL is the 6th most common cancer type (46). Considering all these reasons and the
fact that early diagnosis makes a significant difference, within the scope of this thesis,
it is aimed to develop mAb type radiopharmaceutical formulations to be used in the
early diagnosis of NHL.

Immuno-PET, developed in the 1990s, is one of the detection methods for
imaging radiopharmaceutical biodistribution with PET, obtained as a result of
labelling of bioactive molecules with radionuclides. Combining mAbs, the most
commonly used bioactive molecules with PET radionuclides, is a fascinating research
field because of its high sensitivity and resolution. In addition, mAbs can rather easily
be labelled with radionuclides and have appropriate emissions for optimum resolution.
In addition, the radionuclide %°Zr has been used for labelling of mAbs, which has a
favourable half-life and has therefore gained increasing popularity (38, 90) recently.
Therefore, it is planned to label mAbs in this study.

CD20 antigen-specific mAbs used in the diagnosis/treatment of lymphoma;
rituximab, tositumomab, obinutuzumab, ofatumumab etc., have clinical therapeutic
uses. Among all these used mAbs, "Obi", which is relatively new in the market, has
very limited studies on it and is still being done, has been chosen in this research.
Unlike rituximab, which is available in the market and has radionuclidic labelling
property, obinutuzumab shows high antibody-dependent cell-mediated cytotoxicity
and can bind to CD20 antigen at a lower density than rituximab.

Among the limited studies on obinutuzumab, only one study has recently been

reported on labelling with 3°Zr radionuclide. Yoon et al. (2018), in this study, labelled
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obinutuzumab and ofatumumab (new generation), rituximab and tositumomab
(previous generation) mAbs, and compared with the Raji cells. Additionally, in-vivo
studies have been performed on tumours created by subcutaneous injection of Raji
cells. In this research, Obi, approved by the FDA 3 years ago for the use in the
treatment of lymphoma, was used for the early diagnosis of Burkitt's lymphoma, a
subclass of NHL. CD20 (+) and Ramos cells forming Burkitt's lymphoma and CD20
(-) HL60 cells were used as the control group to evaluate the efficacy of the
radiopharmaceutical formulation developed as a result of labelling obinutuzumab with
8Zr. To prove the effect of 3Zr-Obinutuzumab formulation on Burkitt's lymphoma,
tocilizumab, showing no CD20 specificity, was also labelled with 3°Zr.

In this section, several identification tests SDS-PAGE, ELISA, UV
spectrophotometry analyze should be performed on Obi and Toc, as pharmaceutical
part of the radiopharmaceutical formulations, before the production of ¥Zr and the
labelling of antibodies. However, the product of Obi, which is available in the market
under the name of "Gazyva", was given as a gift by the "Roche" company, for only
this thesis studies. A mutual agreement was signed promising that no analysis that
would fall within the scope of reverse engineering should not be performed on the
"Gazyva". For this reason, recognition tests necessarily carried out on pharmaceutical

parts (mAbs and conjugates) could not be included in this thesis.

5.1. %Zr Production and Purification

87r production was carried out in cyclotron using the %Y solid target by
Cardiff PET Research and Imaging Centre, University Hospital of Wales. After (p,n)
bombardment of the solid target, the extraction and purification of 3°Zr from the solid
target were carried out. The most important part before extraction was acid wash of all
materials used in extraction process. It is important in terms of preventing of #Zr, as
a radio-metal, from binding to possible metal ions and other substances remaining in
the materials.

The materials to be used in the production of ®Zr in oxalic acid were carefully
prepared and **Zr was obtained in cassette system set up in the hot-cell as shown in
Figure 3.11. Finally, ¥Zr was neutralized and its pH was adjusted to pH 7 to label

mADbs. Neutralization of #Zr was done as described in Section 3.5.2.
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Lin et al. (2016), compared the both form of 3°Zr-oxalate and 3°Zr-chloride for
mADb labelling (91). As stated in this study, 3°Zr is widely produced from yttrium foil
target with 3°Y (p,n)*Zr reaction which was used in our 3°Zr production. As mentioned
in many studies, ¥Zr-oxalate is succesfully produced with this reaction and target type
(91-93). ¥Zr-oxalate form is frequently used in mAb labelling (84). Therefore, ¥Zr-

oxalate has been used in this research, also.

5.2. %Zr Formulation Studies

897r radiolabelling of mAb process was basically carried out in 2 steps. The
first step is the conjugation of mAb and DFO-p-Bz-NCS, bifunctional chelating agent.
The second step consists of adding 3°Zr to the DFO-p-Bz-NCS -mAb conjugate
solution and then radiolabelling occurs. The reason for being a 2-step process is
primarily to increase the binding rate by providing mAb-chelating agent conjugation.

Formulation studies were carried out as described in Section 3.4. Based on the
(mAb: DFO-p-Bz-NCS:%°Zr) ratios used in literature (83, 84), formulations were
prepared in different ratios of DFO-p-Bz-NCS and 3°Zr in order to determine the main
897r-Obi formulation and to observe the effects of these ratios on the labelling
efficiency. In addition, 3°Zr-Toc was specified as the control formulation and was

compared with #¥Zr-Obi formulation for in-vitro and in-vivo studies.

5.3. %Zr Radiolabelling Process

The prepared formulations and their ratios (mAb: DFO-p-Bz-NCS:89Zr) were
given in Table 3.10. The first important point in this step is the adjustment of the pH
of the mAbs. At this point, the unknown ingredients of the commercial preparation
"Gazyva-Roche" solution were changed to NaHCO3 and its pH was adjusted to 8.9-
9.1; otherwise the conjugation could not be achieved and the labelling with 89Zr would
not be successful. If Na2CO3 has been used instead of NaHCO?3 as a buffer solution,
precipitation would be observed. Depending on all these data, the prepared
formulations were not studied at different pHs. Instead, it was aimed to determine the
results of different molar ratios of formulations prepared with only one (mAb: DFO-
p-Bz-NCS:89Zr) composition obtained from the literature, which was also referred as

the radiochemistry of the labelling. In this purpose, 7 different formulations (one of
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them was control formulation) were prepared and different DFO amounts were used
in Formulation 1, Formulation 2 and Formulation 3. Table 4.17 shows formulation
amounts before and after pH change and purification process. After pH adjustment,
purification was carried out to obtain conjugated DFO-p-Bz-NCS-mAb only, thereby
removing unconjugated DFO-p-Bz-NCS, unconjugated antibodies, etc., and in this
way, undesirable impurities coming from Gazyva were removed.

Among the others, there were several reasons for choosing the formulation of
87r-Obi in the ratios of (mAb: DFO-p-Bz-NCS:¥Zr) (1:10:10") as the main
formulation. The most important reason was the labelling efficiency. This
radiolabelling efficiency was determined with radiochemistry studies. In addition,
Vosjan et al. published the radiolabelling process in the same ratio of 3°Zr-mAb
formulation with the high radiolabelling efficiency in the “ Nature Protocol” in 2010
(83). Knight et al. also reported a study about ¥Zr-mAb radiolabelling and it has also
been shown that by reducing the amount of radionuclide (micro level), the highest
radioactivity can be achieved at the same ratio and with the high efficiency (84). Our
results were found paralell to both literature (17, 20).

In this study, 6 different formulations of 3°Zr-Obi were prepared in different
ratios of (mAb: DFO-p-Bz-NCS:¥Zr).8Zr-Obi and %°Zr-Toc were also prepared as the
main and control formulations. As it was mentioned previously, the optimum ratio of
(mAb: DFO-p-Bz-NCS:¥Zr) was determined as (1:10:10°!), however we prepared
different ratios of them to verify this data. These results are discussed at the Section
5.4.1. in RHPLC results part. Our results were in good agreement with previous

findings (83).

5.4. Quality Control Tests

5.4.1. Radiochemical Purity

Free 3°Zr can be found as a radiochemical impurity showing the labelling
insufficiency in different Obi and Toc formulations. RHPLC analyzes determines the
free Zr (radiochemical impurity) while RTLC shows the free 3°Zr.

In order to determine the optimum ratio of (mAb: DFO-p-Bz-NCS: ¥Zr) in
87r labelling of Obi, 6 different ratios of (mAb:DFO-p-Bz-NCS: 3°Zr) were prepared

and RHPLC analyzes were carried out. In addition, free 3°Zr was determined for ¥Zr-
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Obi and ¥Zr-Toc formulations in the same ratio of (mAb: DFO-p-Bz-NCS:%Zr) by
using RTLC and RHPLC.

Radio-TLC

After the formulation preparations stated in the Section 3.6.1, the optimum
897r-Obi and 3°Zr-Toc formulations were chosen and RTLC analyzes were performed
as described in Section 3.6. To obtain better understanding of the differences between
free 3°Zr; 3°Zr-Obi and ¥Zr-Toc, RTLC analyzes of them were performed and the
results were given in Section 4.5. The results showed that ¥Zr-Obi (main formulation)
and ¥Zr-Toc (control formulation) do not have any *Zr impurities, that means our
formulations, in the common ratio obtained from literature, showed 100% labelling

yields. In order to verify these data, RHPLC analyzes were also carried out.

Radio-HPLC

RHPLC analyzes were performed on the formulations prepared in different
(mAb: DFO-p-Bz-NCS: 3°Zr) ratios of main and control formulations were specified
in Section 3.6. RHPLC analyzes for main and control formulations were performed to
confirm the obtained RTLC results and to obtain more detailed and quantitative data.
Whereas, the reason for the other formulations was to determine the effect of different
(mAb:DFO: ¥Zr) ratios on the labelling effiency.

RHPLC analyzes were performed as stated in Section 3.6. and the results
obtained are given in Section 4.5. Comparison of labelling efficiency (%) of
formulations prepared using diffent ratios (mAb: DFO-p-Bz-NCS: ¥Zr) are given in
Figure 4.18. As observed, no free °Zr was observed in the ratio (1:10:10°") (mAb:
DFO-p-Bz-NCS: ¥Zr) of Formulation 1 like the frequently used molar composition in
the literature (83) and molar ratio used by the R&D laboratory of Wales PET and
Imaging Research Center in UHW.

Whereas, 12.72% free ¥Zr was found in Formulation 2 which has (1:1:10")
ratio of (mAb: DFO-p-Bz-NCS: ¥Zr) (the free %°Zr ratio obtained was not in
acceptable limit (5%) (83) ). This result may be a proof of the importance of the ratio
of DFO-p-Bz-NCS used as a bifunctional chelating agent in the labelling of mAb and
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897r. We concluded that **Zr could not bind at the desired ratio in the absence of
sufficient chelating agent and would remain in the form of free ¥Zr.

Free 8°Zr was not detected in Formulation 3 which was in the ratio of (1:15:10-
" (mAb: DFO-p-Bz-NCS: ¥Zr). Considering that, there were no factors affecting the
labelling efficiency from other parameters, this amount of free #Zr might have occured
as a result of the labelling of the uncojugated DFO-p-Bz-NCS with a certain amount
of ¥Zr due to the excess amount of DFO-p-Bz-NCS in mAb:DFO conjugate. These
results showed the importance of the ratio of DFO-p-Bz-NCS and the bifunctional
chelators, to mAb-3°Zr.

Additionally, Formulations 4, 5, 6 were prepared with ¥Zr amount necessary
for 8Zr labelling efficiency and were detected. When the ratio was (1:10:2.10"") (mAb:
DFO-p-Bz-NCS: %Zr), 8.2 % of free ¥Zr was observed; while 2.5% of free %Zr was
determined with (1:10:1.4 .10™!) ratio of (mAb: DFO-p-Bz-NCS: ¥Zr). In formulation
4 and 5, more ¥Zr volume (and so the activity) was used in labelling than the routine
method. It showed the overused 3°Zr amount depleted the DFO-p-Bz-NCS sites to be
bound, causing the presence of free 3°Zr.

In the last formulation of ¥Zr -Obi, Formulation 6, with (1:10: 0.7 .10™") ratio
of (mAb: DFO-p-Bz-NCS:%°Zr), less ¥Zr amount was added for labelling and no free
897r was found in RHPLC. It was observed that, all ¥Zr was bound to DFO-p-Bz-NCS
and also less 3°Zr bound to the DFO-p-Bz-NCS than the routine formulation ratio.
Depending on the data obtained from above mentioned determinations; optimum
saturation could be achieved with the ratio of (1:10:10") for (mAb: DFO-p-Bz-
NCS:3Zr) composition.

Obi stock solution, Toc stock solution, 8°Zr -Obi and *Zr -Toc formulations
were analyzed in order to get better understanding of the difference in the RHPLC
results of the prepared main, other and control formulations. Accordingly, the peak
observed in the Obi solution and forming at the 21st minute was determined and this
peak was interpreted originating from Obi solution as impurity. Since the “Gazyva”
preparation was used (available on the market and used in the clinic), the peak
observed at the 21st minute was interpreted could be from the other excipients in this
product. In addition, the place of this peak overlapped with the expected peak of mAb.
It is known that peak at the 40th minute is the mAb Obi peak. This information was
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obtained by comparing the Obi stock sample with the ¥Zr-Obi solution peak. 2%
impurity from Gazyva solution was also observed in the main formulation but it

remained within the acceptable limits (35).

5.5. Stability Studies

Stability studies were carried out on the optimum Formulation 2 obtained after
the formulation studies mentioned in the Section 3.4. and specified in Section 4.3.
Stability studies were performed as specified in Section 3.7. and the results obtained
were indicated in Section 4.6. In the stability tests, saline (0.9% NaCl) solution was
used and samples were withdrawn between 0-96th h and analyzed by RHPLC.
Although the impurity (mentioned in the results) might be the other substances coming
from the “Gazyva” preparation, they were taken into account in the quantitative
analysis. While there was no free #Zr at Oth and 4th h; the #*Zr -Obi ROI % values at
the Oth and 4th h were 96.24 % and 96.32 %, respectively. The diffence between Oth
and 4th h of samples taken from 3°Zr -Obi, was found to be statistically insignificant
(p<0.05).

In the analysis performed at 24th h, the ROI value of free ¥Zr was found to be
5.64 %, while ¥Zr -Obi ROI decreased to 90.49%. At the end of the 24th h, minimal
degradation has been observed to start (p>0.05).

The degradation rate of free 3°Zr at the end of the 48th and 60th h were 14.96%
and 28.98%, respectively. It was followed by 42.62 % and 48.98 % of free 3Zr ratio
at 72th and 90th h.

As can be seen in the results, °Zr -Obi started to exhibit serious degradation at
the end of 24th h and the degradation increased gradually. In literature, only one study
exists evaluating the stability of %°Zr-Obi in similar conditions. Yoon et al. (2018)
studied on %°Zr radiolabelled different mAbs, and one of them was Obi. The ¥Zr-Obi
stability test was performed in human serum, which was a different solution from our
experiments, and incubated at 4 °C and 37 °C after 24, 48, 72, 120 and 168 hs. Samples
were taken and incubated for 5 min, at 23 °C in 10 mM diethylentriamepaentaacetic
acid (DTPA) and analyzed by TLC. After that, samples were analyzed after 5 and 7%
days and results showed that 3Zr-Obi radiochemical purity of ¥Zr-Obi was higher
than 95% at 37 °C for 5 days. The ratio decreased at the day 7 as 91% radiochemical
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purity. On the other hand, #Zr-Obi showed better stability at 4°C, and radiochemical
purity was found more than 95% for 7 days (17).

A different protocol was used in that study compared with our stability test
protocol. However, differences between the studies are significant. In our research,
$97Zr-Obi showed only 24 h stability and after that minimal degradation started although
Yoon et al. found different results and 5 days stability. These differences might come
from the usage of different procedures for stability studies or the labelling procedure.
For example, in our study, NaHCO; was used as a buffer solution, while Yoon et al.
used HEPES solution. In our research, the Vosjan et al. (2010) method published at
“Nature Protocol” was followed for the labelling procedure (83).

Due to the limited studies on 3°Zr-Obi, we also evaluated other studies related
with the stability of *Zr radiolabelled mAbs. White et al. (2020) studied on an another
mAb, 3°Zr-Bistrongomab (Bsg). In this study, stability tests were also performed in
saline at 37 °C for 144 h. Minimal degradation of Zr-Bsg started after 48 h (free ¥Zr:
4.8%) (86).

Perk et al. (2006) also studied on the 3°Zr radiolabelled mAb, Zevalin, and
evaluated stability in saline for 48 h at room temperature. Radiochemical purity was

found as 95.6%, and it showed that 3°Zr-Zevalin is stable for 48 h (34).

5.6. In-vitro Cell Culture Studies

In-vitro studies were carried out in two main steps; while Ramos cell line was
used as the main group causing Burkitt’s Lymphoma; HL 60 cell line was used as the
control group. Since, Obi is the pharmaceutical part of the formulation and has CD 20
affinity therefore, its main target was CD 20 (+) Ramos cells. CD 20 (-) HL 60 cells
were selected as the control group. Measurements of the affinity of #°Zr-Obi to Ramos

cell culture was compared with #Zr-Toc formulation.
5.6.1. Immuno-reactivity Studies

Immuno-reactivity studies were performed as described in Section 3.8.1. and
the results are shown in Section 4.7.1. Using the 3Zr-Obi and ¥Zr-Toc formulations
at the same concentration and activity, Ramos and HL 60 cells were prepared at six

different concentrations. Affinity of 3°Zr -Obi to cells, was measured and its affinity
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was interpreted by comparing it with 3°Zr-Toc (control) formulation which has no
affinity to the cells.

In this study, the immuno-reactivity of 3°Zr-Obi (main formulation), was found
to be 60.9161% on CD20 (+) Ramos cells and 6.1954% on CD20 (-) HL 60 cells. The
value of 60.9161% obtained here was a desirable high value indicating the high affinity
of Obi to CD20 (+) cells considering the overall high percentage value of immuno-
reactivity compared to the literature (78, 79, 86). Likewise, the value of 6.1954% found
in CD20 (-) cells proved that Obi did not show any affinity for HL 60 cells and
exhibited low immuno-reactivity on CD 20 (-) cells.

In addition, the immuno-reactivity of 3°Zr-Toc (control formulation) and 3°Zr -
Obi (main formulation) on Ramos cells were compared to prove that the Obi’s affinity
observed on Ramos cells was not due to non-spesific binding. While 3°Zr -Obi showed
60.9161% immuno-reactivity value; the 3*Zr-Toc formulation had 2.386% immuno-
reactivity. The results showed that the immuno-reactivity value obtained on Ramos
cells of #Zr-Obi was not a non-spesific binding. While the immuno-reactivity of 3°Zr-
Obi and %Zr-Toc were compared for Ramos cells, ¥Zr -Obi’s affinity was also
compared in different cell lines which were HL 60 and Ramos. The results obtained
from these data proved that 3°Zr-Obi showed affinity to CD20 (+) Ramos cells, while
it had no affinity to HL 60 cells which was CD 20 (-).

Yoon et al. (2018)'s report supported our immuno-reactivity results. In their
study, the immuno-reactivity assay was performed for anti CD20 mAbs such as Obi,
ofatumumab, rituximab, tositumomab on Raji cells which have also CD20 (+) cells
like Ramos cells (17, 94). In this study, 67% immuno-reactivity was found for 3°Zr-
Obi, and 76%, 40% and 79% immuno-reactivities were detected for Zr-ofatumumab,
rituximab and tositumomab, respectively (17). In our study, ¥Zr-Obi’s immuno-
reactivity to Ramos cells was found 60.61%, which is close to Yoon et al.’s results.
The differences between the immuno-reactivity values might be related with different
cell lines even if they are both CD20 (+) type, they might have different CD20
epitopes.

As aresult of these data, immuno-reactivity results are good enough to continue
to the next step which is binding assay. Therefore, binding assay of %Zr-Obi

formulation on Ramos cells could also be carried out.
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5.6.2. Binding Assay

As described in Section 3.8.2, it was aimed to find the binding constant and to
obtain the binding graph by applying to the Zr®°-Obi formulation in the Ramos cell
line. Obtained results are given in Section 4.7.2. Competitor binding assay was used
in this section, and K4 and ECso values were determined by competitor (B) binding
assay. In this part, competitor assay was important due to avoiding from nonspesific
binding of Obi to Ramos cells. Therefore, different concentrations of unlabelled Obi
were incubated in 6 samples of the same concentrations of Ramos cells and after that
the same concentration of 3°Zr-Obi was added and determination were carried out. So,
in this part the unlabelled Obi was competitor (B) whilst the non-competitor (Bo) was
897Zr-Obi. Competitive binding occurs with the addition of non-competitor after
primarly incubating cells of competitive ones. Thus, the binding constant was
calculated by excluding specific binding.

In the light of the data, the ECso value was found to be 16.1 uM. This value,
showed the Obi could bind to target only 50%. The effects of drug/antibodies etc. are
the fraction of drug-receptor relation, and when all receptors bind drug/antibody
caused the maximal effect (95). This ECso value showed the mild concentration which
produced the biological effects of drugs/antibodies etc. (96, 97). ECso value also
showed the potency, and it meant potent drugs have lower ECso value. These data are
gerenally used for in-vitro or in-vivo measurement of cells or animals (98).

Additionally, the other determined parameter was the Kd value, states the
binding affinity between the small or macro molecule and the receptor (98). Therefore,
this value is generally used to compare different pharmaceuticals conducted in the
same experimental setup. (96). The Kd value, obtained in the same way, was 27.3 nM.
Although the obtained graph was not an ideal one, it showed the increased binding
with the increasing %Zr-Obi concentration. According to the obtained graph, it can be
said that Zr®-Obi at the concentration of 0.9 mg.ml! reached approximately the
maximum binding and a slight plateau line was obtained. In an ideal graph, it is
expected that the maximum and minimum binding concentrations can be determined
and the plateau line can clearly be observed. The ideal graph could not be observed in
our experiments although they were repeated two times at different concentrations,

and the graph approaching to the ideal graph is given in Figure 4.26.
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The same method was performed by Marquez et al. (2014) for the binding
study. But, the similar results could not be obtained in our study (78). What we
expected with this study was to be able to see the slow increasing in binding with the
increasing concentration at the beginning in the graph. In the final, there would be no
change in binding even if the residual concentration increased and, it would be detected
clearly by seeing the plateau lines on the graph. Whereas, in the graph obtained,
binding increased depending on the increasing 3°Zr-Obi concentration, although we
could not clearly see the plateau line at the beginning and at the saturation stage.

Accordingly, ECso value could not be calculated exactly. There might be
various reasons for this. Although the experiments were repeated several times,
expected graph could not be obtained. One of the reasons for this might be an
insufficient choice of concentration points. In order to determine these values, 6
different concentrations were prepared according to the literature. The desired data
was obtained by taking 6 sample points and the binding constant was determined. It
was in agreement with the literature. The graph obtained clearly showed that the
binding increased depending on the concentration, but unfortunately it did not clearly

exhibit the limit values.

5.7. In-vivo Animal Studies

In-vivo animal studies were performed under two parts: PET/CT imaging and
biodistribution, although planned as three parts. It was planned to continue in-vivo
studies with histology part. However, histological studies could not be done due to the
COVID-19 pandemic situation and radiation protection principles in the UK (i.e.
radioactivity in organs should decay and become non-radioactive for histology

experiments).
5.7.1. PET/CT Imaging

Nano PET/CT images of 3°Zr-Obi for Ramos and HL 60 cells and control group
are shown in Figure 4.27, Figure 4.28 and Figure 4.29. Spleen uptake was shown in
all groups although the spleen uptake was expected only for Ramos cell group. ID/g
% value per each organ of each group are shown in Figure 4.30. Considering the organs

ID/g % value compared between groups, differences were found in the livers of the
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HL60 cell injected group and control group and, also, between Ramos cell injected
group and control group.

In this study, Ramos cells injected into animals were expected to cause Burkitt's
lymphoma, while mice injected with HL60 cells were expected to develop leukemia.
Accordingly, cells were expected to proliferate in the spleen and subsequently in
lymph nodes and bone marrows. Since the prepared formulation 3°Zr-Obi is a CD20
specific formulation, it was expected to be uptaken only by the group injected with
CD20 over-expressed Ramos cells. However, the data obtained showed that there was
no significant difference between the control group, the group injected with HL60 cells
and the group injected with Ramos cells. At this point, two different possibilities were
considered. The first was that the injected cancer cells did not cause the expected
disease in mice and histological studies should be performed to clarify this situation.
The second possibility was that Obi in the injected formulation demonstrated
therapeutic efficacy on mice injected with Ramos cells and was thought to have
developed Burkitt's lymphoma. On the contrary of this hypothesis, Zettlitz et al. (2017)
mentioned that ¥Zr radiolabelled radiopharmaceuticals showed higher uptake in
kidneys, liver and spleen which are clearance organs due to residualizing feature of
$97r. Additionally, it was also specified spleen uptake was observed only in SCID mice
unlike the Balb/C mice due to abnormal structure and smaller size in SCID mice (99).

The main reason for these comments is the percentage of immuno-reactivity
obtained in Ramos cells of the ¥Zr-Obi formulation in in-vitro studies and the absence

of immuno-reactivity in HL60 cells.
5.7.2. Biodistribution Studies

Biodistribution analysis of #Zr-Obi formulation is given in Table 4.25. After
the injection to the mice, the remaining activity in the injection and the total activity
were calculated. Count per seconds (CPS) measurements of individual organs in the
mice in each group were calculated by gamma-counter and is shown in Figure 4.31.

Lymphoma and leukemia tumour models, were expected to develop after
injection of Ramos and HL 60 cells, in spleen and lymph nodes. However, as shown
by the immuno-reacitivity results in Section 4.7.1 after 3Zr-Obi injection, an uptake

was expected to be observed in only Ramos cell injected animal models. But,
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biodistribution data obtained in both cells injected animals (Ramos and HL60 cells
injected) and control group showed the same uptake. It was determined that there was
no significant difference in between the groups (p<0.05). This situation can be
interpreted in several ways: The first hypothesis was systemically injected tumour cells
(Ramos and HL 60) did not induce lymphoma cancer in animals. Because, if the
injected cancer cells could form a cancer model in animals, it would be expected that
the mice injected with Ramos cells will show a significant uptake, especially in the
spleen and lymph nodes. However, the biodistribution results, obtained and calculated
for each organ, did not show any significant difference among three different groups.
In this part, expanded spleen was expected and also lymph nodes were expected to
multiply in Ramos cell injected mice causing Burkitt’s lymphoma. But, neither spleen
expansion nor an increase in lymph nodes was observed. It is expected that this
hypothesis will be clarified with the completion of histology studies. However, the
situation during the pandemic and due to limited time in UK, histology studies could
not be performed. As a continuation of these studies, histology studies are planned to

perform when the suitable conditions are obtained.
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6. CONCLUSION

The data obtained from 3°Zr labelled Obinutuzumab and in-vitro and in-vivo
studies performed in this doctoral thesis are as follows:
897r-Obi has been labelled by using the DFO-p-Bz-NCS chelating agent with high
radiochemical purity and high stability,

- 89Zr-Toc was prepared with high radiochemical purity, as a control formulation for
n-vitro studies,

- RTLC and RHPLC results of 3Zr-Obi and 3°Zr-Toc showed high radiochemical
purity,

- Stability studies of 3*Zr-Obi showed that the formulation was stabile for 24 h and
(3Zr/total) activity was determined as 94.13% at the end of 24th h. Degradation
began to be observed after 24 hours.

- Immuno-reactivity and binding assay studies have been carried out by in-vitro
studies.

- Immuno-reactivity of ¥Zr-Obi were found 60.95% and 6.14% in Ramos (CD20 +),
and HL60 (CD20 -), respectively. Also, 3Zr-Toc was evaluated in Ramos cells and
its immuno-reactivity was found 2.38%.

- Comparative results of immuno-reactivity proved the high specificity of 3Zr-Obi
to CD20 (+) Ramos cells.

- Binding constant studies were performed on %Zr-Obi formulation. Ramos cells and
the ECso value was determined as 1.6.10"2 uM.

- In-vivo studies were carried out with three groups of female SCID mice, and
PET/CT images were obtained and followed by biodistribution studies.

- PET and biodistribution studies did not reveal a significant difference among three

groups.

As aresult, ¥Zr-Obi (Obi mAb:DFO-p-Bz-NCS:*Zr) (1:10:10"!) was found to
be a promising radiopharmaceutical for lymphoma diagnosis despite the in-vivo
studies were not found as expected. Besides the formulation, it was also proven that
$7Zr is a promising radionuclide for immuno-PET imaging and further
histopathological studies should be carried out in order to enlighten the uptake of cell

culture mechanism related with the cancer type.
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