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CLONING, PRODUCTION, PURIFICATION, AND CHARACTERIZATION
OF GRANULOCYTE-COLONY STIMULATING FACTOR (G-CSF)

SUMMARY

Hematopoiesis is a crucial process for producing white blood cells in the body.
Hemopoietic Stem Cells (HSC) differentiate into a variety of blood cells. The common
myeloid progenitor cells, which are destined from HSC, differentiate into mast cells
as well as granule carrying granulocytes called an eosinophil, basophil, and neutrophil.
The differentiation process of HSC to a variety of blood cells is strictly regulated by
many small proteins called cytokines; such as interferon, interleukin, and growth
factors. Generation of different cells lines at different rates is depending on the cellular
demand and homeostasis. Therefore, each cell has some unique cytokine that maintain
its homeostasis; for instance, Colony Stimulating Factors (CSF): Macrophage CSF,
Granulocyte-Macrophage CSF, Granulocyte CSF, and Multi potential-CSF, and IL-3.

Neutrophils, the most abundant type of leukocytes in the circulation, are the first cells
that arrive at the inflamed or the infected tissue and fight against the invaders such as
bacteria, viruses, and fungi. These phagocytic cells have unique morphology: they
have lobulated nuclei and granules that carry many anti-bacterial enzymes, proteases,
proteins to assist movement of the neutrophils. They phagocyte the foreign cells and
destroy them by either using those granules or forming superoxide radicals. Besides,
neutrophils destroy them by exocytosing them or their proteins such as DNA proteins
granules to the environment. Furthermore, granules and these proteins may form
Neutrophil Extracellular Traps (NETs) to trap invaders. Therefore, they are
significantly essential in innate immunity.

Differentiation of neutrophils from HSCs is strongly modulated by a number of
cytokines, yet one of the most important of these cytokines is Granulocyte Colony
Stimulating Factor (G-CSF). It is a small mature protein composed of 174 amino-acids
with 4 a-helixes and 2 disulfide bonds and harbors an O-glycosylation site. Each of
the disulfide bonds are required for the biological activity of G-CSF. G-CSF dimerizes
with a cytokine receptor, G-CSF receptor (G-CSFR), with a stoichiometry of 2:2
(ligand-receptor). When G-CSF dimerizes with its receptor, a number of signaling
pathways including JNK/STAT, PI-3K/AKT, and Ras/MAPK are activated. By those
pathways, survival and proliferation of neutrophils is increased, development of
neutrophils from progenitor cells are induced, and their migration towards blood
circulation from the bone marrow is stimulated. On the other hand, suppressor of
cytokine signaling 3, SOC3, is a negative regulator of the G-CSF signaling pathway.
In addition to neutrophils, G-CSF has an impact on immune system cells such as T-
cells, dendritic cells, monocytes. In addition to this, they also have an impact on
nervous system cells such as neurons, astrocytes on various processes, as in the case
of regulating Treg cell and Type II dendritic cell production, cytokine production, and
neuropoiesis, respectively.
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Although there is a strictly controlled homeostasis of neutrophils, their levels in blood
might be low in particular conditions. This abnormally low number of neutrophils in
the body has been clinically named as neutropenia. Neutropenia can be the main
disease, such as severe congenital neutropenia, or may develop as a secondary
outcome due to a disease such as drug-induced neutropenia and chemotherapy-induced
neutropenia. Moreover, sometimes neutropenia can be seen with elevated fever, in
other words, febrile neutropenia. Either way, neutropenia causes failure of innate
immunity when the body faces an infection or inflammation since there are not
sufficient neutrophils to destroy invaders.

After, scientists have cloned recombinant human growth factors and elucidated their
significant roles for the production of blood cells from progenitors, growth factors
started to be used in treatment of hemopoietic diseases. One of those growth factors,
which has been used as a therapy since 1991 by the approval of FDA, is G-CSF or in
its well-known name, filgrastim in the US. This treatment was firstly used for the
patients receiving chemotherapy and then developed neutropenia, which is a disease
that could affect the duration and severity of chemotherapy of the patients. Therefore,
filgrastim is one of the main biologic medicines which has many biosimilars globally

In line with the above explanations, this thesis aimed to obtain active human G-CSF
from human brain glial U87-MG cell line and construct the pET-30a(+)::hG-CSF
plasmid for prokaryotic systems. The production of hG-CSF using a Escherichia coli
strain, BL21 (DE3) and purification of it from inclusion bodies by a simple method in
AKTA Avant chromatography systems were other goals. We also intended to confirm
and compare the identity and purity of G-CSF with the reference product by peptide
mapping, intact mass analysis, capillary electrophoresis, SEC-HPLC, circular
dichroism and host cell protein assay methods.

For this purpose, the G-CSF gene CSF3 has been cloned from the brain glioblastoma
U87-MG cells, placed into the pET-30a(+) cloning vector and in conclusion created a
pET-30a(+) ::hG-CSF plasmid. E. coli BL21(DE3) strain has selected as the host for
the production with IPTG induction. The best growth conditions for this cell strain
with pET-30a(+) ::hG-CSF plasmid has been determined.

This experiment has also shown that hG-CSF stays at the inclusion bodies in the cell
lysate. Thereafter, inclusion bodies have been washed with wash buffer, solubilized
with solubilization buffer and refolded with step-wise dialysis afterwards. The
purification of target protein from protein lysate is achieved by cation exchange
chromatography while analyzed by sodium dodecyl sulfate gel electrophoresis (SDS-
PAGE) and the detection of the target protein is analyzed by immunoblotting techniques.
The molecular weight estimation and comparison with the reference product is achieved
with intact mass analysis via LC/MS. According to this analysis, both monomer
recombinant hG-CSF is similar to reference product.

The primary structure of the purified target protein is achieved by peptide mapping
analysis on LC-MS/MS. As a result, SV-8 GLU-C and digested h-GCSF and reference has
same primary structure. On the other hand, secondary structure of both reference protein
and purified hG-CSF was analyzed by Circular Dichroism (CD). The two spectra appeared
to be the same and represented an alpha-helix rich structure.

Then, oligomeric state of both reference protein and G-CSF was detected by high-
performance liquid size exclusion chromatography (HPLC-SEC) and indicated that both
proteins exist as monomer in solution. On the other hand, HPLC SEC is used for
concentration determination, which is estimated as 0.1 mg/ml per growth. CE-SDS
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showed that our G-CSF has >95% p Host cell protein ELISA shows that, there is no
significant host cell protein remained in the final G-CSF product.

The biological function of our G-CSF is tested via determination of activation of one of
the proteins on the MAPK pathway, Extracellular signal-regulated kinase 1/2 (ERK), by
phosphorylation on human monocytic cell, THP-1. As a result of this experiment, G-CSF
product, activates the MAPK and it is an active protein.

As a result of these experiments, the cloning and purification used for hG-CSF, the
main ingredient of the filgrastim drug, was successful. It was shown that the final
product retained its folded form and its similarity with the reference product was
demonstrated by characterization technique. Also, its biological function was tested.
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GRANULOSIT-KOLONI UYARICI FAKTORU (G-CSF) KLONLANMASI,
URETIiMI, SAFLASTIRMA VE KARAKTERIZASYONU

OZET

Hemopoez, viicudun kirmizi ve beyaz kan hiicreleri tiretmesi siirecidir. Uzun stire canli
kalan Hemopoietik Kok Hiicreleri (HKH) cesitli kan hiicrelerine farklilasabileme
yetenekleri olan 6zel hiicrelerdir. HKH’dan farklilasan ortak miyeloid progenitor
hiicreler, mast hiicrelerine veya eozinofil, bazofil ve notrofil adi verilen graniilleri
tagilyan graniilosit hiicrelerine farklilasirlar. HKH'nin ¢esitli kan hiicrelerine
farklilasma siireci, interferon, interlokin ve biiylime faktorleri gibi sitokin adi verilen
bircok kiiciik protein tarafindan siki bir sekilde diizenlenmektedir. Talep ve
homeostaza bagl olarak, farkli oranlarda farkli hiicre hatlar iiretilir. Bu nedenle, her
hiicre tipinin kendilerini diizenleyen bir ya da birkac sitokini vardir. Bu sitokinlere
ornek olarak Koloni Uyaric1 Faktorler (CSF) olan Makrofaj CSF, Graniilosit-Makrofaj
CSF, Graniilosit CSF ve Coklu potansiyel-CSF verilebilir.

Kan dolagimindaki en bol 16kositlerden olan nétrofiller, iltihaplanmas ya da enfekte
olmus dokularda bakteri, viris ve mantar gibi istilacilara karsi savasan ilk savunma
hiicreleridir. Bu fagositoz kabiliyetleri olan hiicreler benzersiz bir morfolojiye sahiptir.
Cok-loblu c¢ekirdekleri vardir ve birgok anti-bakteriyel enzimi, proteazlari,
notrofillerin hareketine yonelik yardimci proteinleri ve benzeri proteinleri tasiyan
graniillere sahiptir. Yabanci hiicreleri fagosit hiicre icine alip bu graniillerdeki
enzimler ile veya siiperoksit olusumunu fagosom ile birlestirerek yabanci hiicreleri
yok ederler. Ayrica, ndtrofiller graniilleri ve g¢evreye ekositoz yapabilirler. Ustelik,
DNA’daki histon proteinleri benzeri niikleik asit proteinlerini ve DNA’nin kendisini
ekositoz yaparak Notrofil Hiicre Tuzaklari, NET'ler olusturup; kendileri oliirken
istilacilart NET’e tuzaga diisiirip baska hiicreler tarafindan yok edilmesini
kolaylastirirlar. Bu nedenle, dogal bagisiklik sisteminde rol alan son derecede 6nemli
hiicrelerden birisidir.

Notrofillerin HSC'lerden farklilagsmasi bir dizi sitokin tarafindan giiclii bir sekilde
modiile edilir, ancak bu sitokinlerin en 6nemlilerinden biri Graniilosit Koloni Uyarici
Faktordiir (G-CSF). 4 a-sarmalli ve 2 distlfit bag1 olan G-CSF, 174 amino asitten
olusan ve bir O-glikosilasyona bdlgesi barindiran kiiciik bir proteindir. Disiilfit
baglarinin her biri G-CSF’in biyolojik aktivitesi i¢in 6nemlidir ancak Thr!3?
bolgesindeki glikolizlenmenin bu aktivite i¢in 6nemi yoktur¢ G-CSF bir sitokin
reseptorii olan G-CSF reseptorii (G-CSFR) ile 2: 2 (ligand-reseptorii) stokiyometrisi
ile dimerize olur¢ G-CSF reseptorii ile dimerlestiginde, JINK / STAT, PI-3K / AKT ve
Ras / MAPK gibi ¢esitli sinyal yolaklar1 aktive edilir. Bu yollarla, nétrofillerin hayatta
kalmasi1 ve proliferasyonu artar, notrofillerin progenitér hiicrelerden gelisimi
indiiklenir ve kemik iliginden kan dolagimina gdg¢leri uyarilir. Notrofillerin yani sira,
G-CSF'niin T hiicreleri, dendritik hiicreler, monositler gibi bagisiklik sistemi hiicreleri
ile néronlar ve astronitler gibi sinir sistemi hiicrelerinde, bazi hiicrelerin liretimini
destekleme, sitokin tliretimini destekleme ndropoezi destekleme gibi gesitli stiregler
iizerinde bir rolii bulunmaktadir.
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Homeostaza gore siki bir sekilde kontrol edilmesine ragmen, notrofillerin miktarlar
belirli kosullar nedeniyle normal durumdan daha diisiik olabilir. Viicuttaki bu anormal
disiik sayidaki nétrofil durumu klinik olarak nétropeni olarak adlandirilmistir.
Notropeni agir konjenital ndtropeni (AKN) gibi ana hastalik olabilir veya ilaca baglh
notropeni ve kemoterapiye bagli ndtropeni gibi asil bir hastaliktan sonra ikincil bir
hastalik olarak gelistirilebilir. Ustelik bazen ndtropeni yiiksek ates ile de goriilebilir.
Her durumda, nétropeni, viicut bir enflamasyon ya da enfeksiyon ile kars1 karsiya
kaldiginda anlik koruma saglayan dogustan gelen bagisiklik sisteminde bozukluklara
neden olur ¢iinkii isgalcileri yok etmek i¢in yeterli fagositotik nétrofil hiicreleri viicutta
bulunmamaktadir.

Hematopoetik biiylime faktorlerinin olgunlasmis kan hiicrelerinde ve hematopoietik
kok hiicrelerdeki etkileri rekombinant olarak izole edilip agiklanmaya baslayinca bilim
insanlar1 onlar1 tedavi olarak kullanmaya da bagladilar. Bu klonlama ile tedavi olarak
giinlimiizde de kullanilan biiyiime faktorlerinden biri de 1991 yilinda FDA tarafindan
onaylanan ve Amerika Birlesik Devletleri’nde Filgrastrim adiyla bilinen G-CSFtir.
Bu tedavi ilk olarak kemoterapi alan ve daha sonra nétropeni gelistiren hastalar i¢in
kullanilmis ve giiniimiizde azalan nétrofil ile ilgili bircok hastaliga karsi1 6nemli bir
tedavi haline gelmistir. Bu nedenle filgrastim, kiiresel olarak bir¢cok biyobenzerine
sahip olan ana biyolojik ilaglardan biridir.

Yukaridaki agiklamalar dogrultusunda, bu tez insan beyni glial U87-MG hiicre
hattindan insan G-CSF sekansini elde etmeyi ve prokaryotik sistemler i¢in pET-30a
(+):: hG-CSF plazmidini olusturmay1 amaglamistir. Bir E. coli susu, BL21 (DE3)
kullanilarak hG-CSF'nin iiretimi ve AKTA Avant kromatografi sistemlerinde basit bir
yontemle inkliizyon cisimciklerinden saflastirilmasi diger hedeflerdir. Ayrica peptit
haritalama, dekonvolut kiitle analizi, kapiler elektroforez, SEC-HPLC, sirkiiler
dikroizm ve konak hiicre protein tahlil yontemleri ile G-CSF'nin kimligini ve safligin1
referans iirlinle dogrulamay1 ve karsilastirmak amacglanmistir.

Bu amacla, ilk 6nce U87-MG hiicrelerinin RNA izole edilmis ve basariyla izole edilen
RNA’lar cDNA'ya ¢evrilmistir. Bu ¢cDNA’lerden elde edilen hG-CSF geni pET30a
(+) vektoriiniin i¢ine basariyla klonlanmis, sonug¢ olarak bakteri sistemlerinde
kullanilacak bir bir pET-30a (+)::hG-CSF plazmidi olusturulmustur. E. coli BL21
(DE3) susu, IPTG indiiksiyonlu iiretim icin konakg¢i olarak secilmis ve transforme
edilmistir. pET-30a (+)::hG-CSF plazmidi igeren hiicreler i¢in en iyi biiylime kosullar
belirlenmistir.

Bu deneyler ayrica hG-CSF'nin hiicre lizatindaki inkliizyon cisimciklerinde kaldigim
da gostermistir. Bu nedenle, daha sonra pellette kalan inkliizyon cisimcikleri yikama
tamponu ile yikanmis, ¢ozlindlirme tamponuyla ¢oziinmiis ve daha sonra diyalizle
yeniden katlanmistir. Hedef proteinin protein lizatindan saflastirilmasi katyon degisim
kromatografisi ile yapilmis, analizi sodyum dodesil siilfat jel elektroforezi (SDS-
PAGE) ve hedef proteinin tespiti immiinoblotlama teknikleriyle yapilmistir.

Saflastirilan hedef proteinin molekiiler agirlik tahmini ve referans {iriinle molekiiler
agirhik karsilastirmast LC -MS yoluyla intakt kiitle analizi metodu ile
gergeklestirilmistir. Bu analize gore, hG-CSF ve referans {iriin 18800 Da molekiiler
agirliga sahip monomer proteinlerdir.

Saflastirilmis hedef proteinin birincil yapisi, LC-MS / MS iizerinde peptid haritalama
analizi ile elde edilmistir. Sonug olarak, SV-8 Glu-C enzim ile kesilen hGCSF ve
referansi ayn1 amino asit sekansina sahip oldugu goriilmiistiir. Ote yandan, hem
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referans proteinin hem de saflastirilmis hG-CSF'nin ikincil yapist sirkiiler dikroizm
(CD) ile far-UV (<260 nm) araligind analiz edilmistir. Her iki 6rnegin spektrumu
benzer ve alfa-sarmal acisindan baskin bir oldugu gézlemlenmistir.

Monomer olmas1 gereken G-CSF'nin oligomerik durumu, yiiksek performansli sivi
boyutu dislama kromatografisi (HPLC-SEC) ile saptanmis ve refereans ile
karsilastirilmistir. Ote yandan, HPLC SEC konsantrasyon tayini i¢in kullanilmis ve
konsantrasyonu 1litre bakteri kiiltlirtinden 0.109 mg/ml olarak hesaplanmistir. CE-
SDS ise G-CSF iiriinlimiiziin >% 95 safliga sahip oldugunu gostermistir. Her iki
proteinin, ¢ozelti iginde monomer olarak var oldugunu gosterilmistir. E£. coli konak
hiicre proteini ELISA tayini ile G-CSF f{iriinlinde 6nemli bir konakg¢1 hiicre proteini
kalmadig1 gosterilmistir.

G-CSF'mizin biyolojik islevi, insan monositik hiicresi THP-1 {izerinde fosforilasyon
ile MAPK yolagindaki proteinlerden biri olan Hiicre Dis1 sinyalle diizenlenen kinaz
1/2 (ERK) aktivasyonunun belirlenmesi yoluyla test edilir. Bu deney sonucunda G-
CSF f{iriinii, MAPK'y1 aktive eder ve aktif bir proteindir.

Karakterizasyonu tamamlanan G-CSF f{irliniiniin biyolojik islevi, insan monositik
hiicresi THP-1 {izerinde, MAPK yolagindaki proteinlerden biri olan ekstraseliiler
sinyalle diizenlenen kinaz 1/2 (ERK) fosforilasyonla aktivasyonunun belirlenmesi
yoluyla test edilmistir. Bu deney sonucunda G-CSF iiriiniimiiziin stimiilasyonu ile
THP-1 hiicrelerindeki p-ERK miktar1 artmistir. Sonug¢ olarak kendisinin aktif bir
protein oldugu gozlemlenmistir.

Bu deneylerin sonucunda, filgrastim ilacinin ana maddesi olan hG-CSF ig¢in kullanilan
klonma ve saflastirma basarili olmus, son iiriiniin katlanmis halini korudugu ve
referans iirlin ile olan benzerligi karakterizasyon teknikleri ile gosterilmistir, biyolojik
fonksiyonu test edilmistir.
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1. INTRODUCTION

1.1 Hematopoiesis

Hematopoiesis or sometimes referred to as Haematopoiesis is a term that describes
blood cell formation. This name was coined by merging the two Greek words; Hemato,
which means the “blood” and poiesis, which refers to “formation”. This formation
involves the commitment and differentiation processes of the stem cells into different
blood cell types. Hematopoiesis predominantly occurs in the bone marrow; yet, it also

minorly occurs in the liver, thymus, and spleen tissues.

The development of blood cells begins initially with multipotent Hematopoietic Stem
Cells, HSCs. These long-lasting self-renewal progenitor cells have a regulated
quiescence and a capacity to rebuild the entire adult hematopoietic system. Yet, HSCs
are rare cells, approximately one in a million cells within the bone marrow (Birbrair
& Frenette, 2017; Rankin & Sakamoto, 2018). They give rise to all types of blood cells
in the bone marrow; differentiate into one of the two hematopoietic progenitors, either
(1) a common lymphoid progenitor cell, CLP, or (ii) a common myeloid progenitor
cell, CMP. The CLP cells will differentiate into either natural killer cells (NKC) or
lymphoblasts with special genetic and functional profiles. When lymphoblasts depart
from the bone marrow to the bloodstream, those cells will become either naive B-cell,

naive T-cells, or dendritic cells, DC.

Approximately two-thirds of the hematopoiesis is dedicated to myelopoiesis which is
a process where common myeloid progenitor cells differentiate into the cells that
circulate in the blood. (Birbrair et.al., 2017; Borregaard, 2010). Common myeloid
progenitor cells, destined from HSCs, differentiate to myeloblast, and eventually, they
enter either the granulocyte linage or the promonocyte linage. This granule containing
granulocyte linage gives rise to either neutrophilic band cells, eosinophilic band cells,
or basophilic band cells. Once band cells enter the blood circulation, they maturate and
become neutrophils, eosinophils, basophils, respectively. Meanwhile, the
promonocyte developed from myeloblast becomes a circulating macrophage precursor

monocyte. When monocyte migrates to a tissue, it becomes tissue-resident and is



named as a macrophage. Aside from myeloblast, the common myeloid progenitor cells
also differentiate either erythrocyte, mast cells, or megakaryocytes (Birbrair &

Frenette, 2017; Borregaard, 2010).

Different cell lines are generated at different rates depending on the demand. In the
case of inflammation or infection, the blood cell formation process increases
immensely. Yet, this process is strictly regulated by many factors such as
Hematopoietic Growth Factors, HGF. For instance, Erythropoietin stimulates
erythrocyte production; GM-CSF acts on myeloblast to increase the number and the
function of mature eosinophils, and monocytes, and neutrophils; G-CSF, stimulates
the differentiation of granulocytes towards the neutrophil linage and maturation of the
neutrophils (Hauke & Tarantolo, 2000). Since these factors are significant in the
production of fighting cells against infection or inflammation, some of those growth
factors have already been cloned and produced for clinical use by recombinant

technology (Hauke & Tarantolo, 2000; Ketley & Newland, 1997).

1.1.1 Neutrophils

Neutrophils, also identified as heterophil, neutrocytes, or polymorphonuclear cells, are
the first innate immune cells that have recruited and localized into the tissue from the
bloodstream in response to an inflammation or infection by bacteria, fungi, and
viruses. In humans, the extremely abundant leukocytes rolling in the circulation,
approximately 50-70% of the leukocytes, are neutrophils (Doeing et. al., 2003). They
are generated from myeloid precursors cells located in the bone marrow through
several stages mentioned in Section 1.1. Although more than 10!' human neutrophils
are being generated each day in a healthy human; they are short-lived cells, whereby
following their migration to the circulation, they live approximately 1.5 hours in mice
and 8 hours in humans (Borregaard, 2010). Nevertheless, a study, which was published
by Pillay et. al. in 2010, suggested that the lifespan of human neutrophils is
approximately 5.4 days (Pillay et al., 2010).

Even if their lifespan has some debates, once postmitotic neutrophils are produced,
they are stored at the bone marrow, where this is termed as bone marrow reserve
(Birbrair, 2020; Rankin, 2010). Approximately 1-2% of the neutrophils are circulating
while others reside in the bone marrow reserve under normal homeostatic conditions.

This release from reserve to bone marrow is strictly regulated via two CXC chemokine



receptors; CXCR2 and CXCR4. CXCR4 interacting partner, CXCL12, which is
expressed by bone marrow cells are produced while CXCR2 ligands are
downregulated to keep neutrophils in the bone marrow (Kd&hler et al., 2011; Summers
et al., 2010). To release them into the circulation, CXCR4 interaction with CXCL12
is disrupted, CXCR4 production is downregulated and CXCR2 ligand on bone marrow
cells is upregulated (Rosales, 2018).

Since neutrophils exhibit a rapid homeostatic turnover, there is a delicate balance
between their production, storage, death, and migration to the blood circulation (Figure
1.1). Granulopoiesis, the development of neutrophils, is regulated via various
transcription factors such as and growth factors. The main growth factor that
influences neutrophil development is G-CSF. Under inflammation or infection, these
cells that remain at storage are mobilized into the blood and the number of neutrophils
increases vastly (Summers et al., 2010). This process is called emergency
granulopoiesis. IL-1, tumor necrosis factor (TNF), and colony-stimulating factors
stimulate the granulopoiesis and their movement to blood circulation in emergency
granulopoiesis. Even-though homeostatic granulopoiesis takes place in bone marrow,
emergency granulopoiesis can be supported by spleen and liver (Nauseef &

Borregaard, 2014).

Along with other members of granulocytes, neutrophils have an atypical morphology.
Their nucleus has segmented to multi-lobulated nuclei as they diapedesis through the
endothelial cells to the tissue when the tissue has infected (Niemiec et al., 2015).
Furthermore, it carries three to five lobulated nuclei and carries granules that are the
key elements for fighting against pathogens. There are three forms of granules
discovered in neutrophils: primary granules, secondary granules, and tertiary granules.
Primary granules, which are well-known as azurophilic or peroxidase-positive
granules, are the first granules that emerge during development and they are the major
storage sites for proteases and toxic compounds such as cathepsins, serine proteases
(neutrophil elastase) and myeloperoxidase (MPO), respectively (Witko-Sarsat et. al.,
2000). It is the major microbicidal compartment; yet, they are not considered as
lysosomes because they do not contain lysosome-associated membrane proteins
(LAMP) on their membrane surface (Cieutat et al., 1998). Secondary granules, so-
called special granules, contain antimicrobial molecules, complement activators, and

enzymes (such as cathelicidin, lactoferrin, collagen, and gelatinase B). Similarly,



tertiary granules contain lactoferrin and matrix metalloprotease 9 (gelatinase B) yet
they also carry proteins for supporting movement through connective tissues. In
addition to granules, there are easily mobilized secretory vesicles present in the
neutrophils. Upon neutrophil activation, cell adhesion proteins carried by those
vesicles are transported to assist neutrophils for adhering to endothelial cells (Hager

et.al., 2010; Kolaczkowska & Kubes, 2013; Lacy, 2006; Witko-Sarsat et al., 2000).

When the foreigner microorganisms intrude on physical barriers, macrophages and the
resident in the tissues and endothelium itself generate signals named chemoattractants
such as chemokines for endothelial cells at the infected zone to the secrete the adhesion
proteins on their surfaces (Witko-Sarsat et. al., 2000). At this time, neutrophils, which
are rolling in the circulation, are attached and captured by the endothelial cells by these
adhesion proteins. 3 types of protein groups have a role in this attachment and capture:
selectins, Intracellular Adhesion Molecules (ICAM) on endothelial cells surfaces, and
leukocyte integrins. Thereafter, neutrophils are extravasated into the infected tissue
through endothelial cells (Borregaard, 2010; Witko-Sarsat et al., 2000). In this tissue
infiltration, for example, accumulation of the excessive amount of foreigner
substances in the tissue activated neutrophils are seen in many diseases such as
rheumatoid arthritis (RA), vasculitis, cystic fibrosis (CF), inflammatory bowel disease

and chronic lung disease (Eyles et. al., 2006).

When neutrophils are introduced with pathogens, they can eliminate them by several
antimicrobial actions (Figure 1.1). The first action is the phagocytosis of the
pathogens. They are endocytosed into a formed membrane named phagosome, then
those phagosomes are destroyed by either activating the reactive oxygen mechanism
or using anti-bacterial proteases, such as cathepsins, lactoferrins found in their
granules. Phagocytosis reduces the life-span of neutrophils because it gains plenty of

toxic compounds from pathogens.

Secondly, those granules and superoxide can be secreted into the extracellular
environment; therefore, proteases and toxic compounds inside the granules can
execute extracellular intruders (Kolaczkowska & Kubes, 2013; Witko-Sarsat et al.,
2000). This process is termed as degranulation. Moreover, these granules carry
vasoactive peptides, such as histamine, which activates the endothelial cells to become
leakier (Kenne et al., 2019). Therefore, this exocytosis leads to a rise in the

extravasation of some immune cells.
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Figure 1.1: Development, recruitment, and activation of neutrophils from stem cells
to itself. They differentiate and maturate in bone marrow, then released into
circulation. Under inflammation or infection, it is attached to endothelial cells and
sequestered into inflammation or infection zone. It destroys invaders by either
phagocytosis, superoxide production, or degranulation, NETs. Abbreviations: HSC,
Hemopoietic stem cell; CLP, common lymphoid progenitor; CMP, common myeloid
progenitor; GMP, granulocyte/macrophage progenitor. (Adapted from Eyles et. al,
20006).

The third way of neutrophils to cope with pathogens by releasing neutrophil
extracellular traps (NETs), which is a also cell death type named NETosis (Brinkmann

et al., 2004). These traps are made of decondensed chromatin, core DNA proteins (i.e.



histones), proteases (i.e. cathepsins), and enzymes (i.e. MPO). It was mentioned that
both ROS generation and autophagy are required for chromatin formation therefore
NEtosis (Remijsen et al., 2011). NETs trap pathogens and immobilize them; hence,
pathogens cannot spread more and become a facile target for phagocytosis (Brinkmann
et al., 2004; Kolaczkowska & Kubes, 2013; Papayannopoulos & Zychlinsky, 2009).
Interestingly, recently NETs have been mentioned to have a role in some
pathophysiological processes such as vascular diseases (ie. atherosclerosis and venous
thrombosis) and inflammatory pathologies, (ie. gout and pancreatitis)(Rosales, 2018).
In the absence of infection or inflammation, maturated neutrophils roll in the
circulation and they undergo programmed cell death, apoptosis, naturally. Apoptosis
is important for keeping neutrophil homeostasis in balance. It has been stated that
apoptotic neutrophils are cleaned-up from circulation through the liver, spleen, and
bone marrow (Bratton & Henson, 2011). In these places, they are engulfed by
macrophages. As neutrophils age, the expression of CXCL4 protein on the cell surface
rises. This expression is presented to be the reason why they go back to their home,
bone marrow. (Bratton & Henson, 2011; Summers et al., 2010). The phagocytosis of
apoptotic neutrophils in the spleen, bone marrow and liver by macrophages triggers
the production of G-CSF in return and maintain neutrophil homeostasis (Bratton &

Henson, 2011; Summers et al., 2010).

On the other hand, in the case of inflammation, inflammatory tissue-resident
macrophages engulf the apoptotic neutrophils. This phagocytosis cause macrophages
to suppress pro-inflammatory expressions and stimulate anti-inflammatory
expressions. Consequently, this action slows down inflammation. Interestingly, this
engulfment via peripheral macrophages decreases the expression of Interleukin-23
(IL-23), which is one of the regulators of G-CSF. Thus, G-CSF production reduces,
and subsequently, granulopoiesis and neutrophil released from bone marrow declines
(Rankin, 2010; Witko-Sarsat et. al, 2011). As a note, if the phagocytosis system is
overwhelmed, neutrophils undergo secondary necrosis. Their cell cytotoxic molecules

are engulfed by macrophages, of which induces the pro-inflammatory cytokines.

Recently, it has presented by many papers that, neutrophil counts increase vastly in the
blood of cancer patients, even-though how does is occurs is still blur. This high number
of neutrophils in blood is associated with a poor outcome (ie. Aggressive or advanced

level of cancer, poor patient survival). Therefore, neutrophil to lymphocyte ratio



(NLR) could be used for a simple indicator of many types of cancer. Yet, some clinical

authorities do not accept it (Rosales, 2018). NLR is still a controversial problem.

1.1.2 Neutropenia

The term neutropenia has been described for the condition where there is an abnormal
amount of low levels of neutrophil found in the human body (Hsieh et.al, 2007). When
the neutrophil number decreases, the first line of the immune system starts to rupture;
thus, the human body becomes prone to invaders (i.e. bacteria, viruses, and fungi).
There is four broad range of categories of problems that may cause the reduction of
neutrophilic cells in the body. These are: (i) low production of neutrophils in bone
marrow, (i1) problems in the development of the neutrophils, (iii) increased destruction

of neutrophils, and (iv) problems in the neutrophils shifting to tissue pools.

Neutrophil amounts in the body can fluctuate nonrandomly by the physiological
changes, such as milieu and host conditions. Hence, neutropenia should be confirmed
by three samples taken over weeks (Boxer, 2012; Horwitz et. al, 2013). In certain
populations or ethnicities, the normal level of the neutrophil amount is observed lower
than the standard level. This phenomenon is called Benign ethnic neutropenia and
these involve some Middle Easterns as well as African Americans (Haddy et. al.,
1999). African Americans inherit these low numbers of neutrophils due to a gene

called, Duffy Antigen Receptor for Chemokine (DARC) (Haddy et al., 1999).

The severity of the neutropenia has been classified into three classes. These classes are
based on the absolute number of neutrophils found in the blood (ANC). It is calculated
by multiplying the total number of leukocytes by the percentage of neutrophils and
band neutrophils in the blood (Boxer, 2012). In a healthy adult human being, the
reference range for the ANC is between 1500 to 8000 cells per microliter (ul) of blood.
In a child younger than 12 months, the lower limit of ANC is 1000 cells/p1, to be count
as healthy. When ANC is lower than 1500 (ANC<1500) cells/ul, this is clinically
defined as neutropenia. If ANC is in range of 1000-1500 cells/ul, it is referred to as
mild neutropenia; when it is between the range of 500-1000 cells/ul, it is suggested as
moderate neutropenia and when it is lower than 500 (ANC<500) cells/pl, it is termed

as severe neutropenia (Boxer, 2012).

Neutropenia can be divided into two as per duration. When neutrophil reserves are

used rapidly and the low amount of production in the bone marrow lasts for a few



hours to days, it is termed as acute (or transit) neutropenia. This is usually seen after
viral infections (such as HIV, malaria), chronic bacterial infections, and some
inflammatory of autoimmune diseases (such as rheumatoid arthritis and sarcoidosis)
(Newburger & Dale, 2013). Meanwhile, neutropenia would be diagnosed as chronic if
its development lasts for at least 3 months (Boxer, 2012; Schwartzberg, 2006). Chronic
neutropenia can begin due to extrinsic and acquired causes such as nutritional
deficiency, auto-immune diseases, Myelodysplastic syndromes (MDS), and acute

myeloid leukemia (AML) (Newburger & Dale, 2013).

On the other hand, neutropenia can be classified into two, depending on the causes. A
person can have neutropenia since birth (congenital neutropenia), or it can develop
later (acquired neutropenia) (Boxer, 2012; Schwartzberg, 2006). The rarely faced
congenital neutropenia is divided into cyclic neutropenia and severe congenital
neutropenia (SCN) (Boxer, 2012; Dale et al., 2018). Both of them originate from
excessive apoptosis of myeloid progenitor cells during development. This results in
the ineffective production of neutrophils (Newburger & Dale, 2013; Skokowa, Dale,
Touw, Zeidler, & Welte, 2018). SCN is inherited as autosomal dominant due to some
mutations which occur in the gene ELANE. This gene encodes for a serine protease
named neutrophil elastase found in the primary granules (Skokowa et al., 2018). SCN
could also be in the form of autosomal recessive, which is the case when some
mutations in the gene HAXI develops. HAXI is a protein that binds to an adaptor
protein required in downstream interactions in G-CSF-R activation (Skokowa et al.,
2012). On a further note, this recessive inherited SCN causes Kostmann syndrome

(Newburger & Dale, 2013).

Acquired neutropenia is usually due to secondary findings in a patient with another
disease. It contains broad processes such as primary or secondary immune-associated
neutropenia, chronic idiopathic neutropenia, infection-related neutropenia, drug-
induced neutropenia, nutrition-related neutropenia, and chemotherapy-induced

neutropenia (Boxer, 2012; Schwartzberg, 2006).

Chemotherapeutic agents target rapidly dividing cells like myoblast precursors
(Bagnyukova et al., 2010). Thus, one of the hematologic side effects of chemotherapy
is acute neutropenia. Chemotherapy receivers with malignant tumors often display
neutropenia accompanied by high fever, over 38°C or 100.3°F. This is clinically

termed as febrile neutropenia and it has a potential risk of life-threatening



complications for cancer patients as well as leads to a decrease of the dose or delay in
chemotherapy (Weycker et al., 2016). Bacteria and fungi infections are the most
common complications seen mostly in the oral cavity, mucous membranes, and skin

(Schwartzberg, 2006).

1.2 Colony Stimulating Factors

As mentioned above, white blood cells are important for defending against the
foreigner cells right after the invasion and maintain the homeostasis. So, since most of
them are short-lived cells, they are constantly manufactured within the bone marrow.
However, this production is tightly regulated through many soluble hematopoietic
regulators. The most of well-studied regulators is a consortium of small glycoproteins
termed Colony Stimulating Factors, CSF. CSFs are members of type I cytokine
superfamily, which is a hemopoietic growth factor that mediates the hematopoietic
stem cells to divide, proliferate, and differentiate into the mature cell. CSF is not only
restricted to help the growth or differentiation of the cell, but it also enhances cell
survival by suppressing apoptosis and activates the functions of cells such as
chemotaxis, degranulation, adhesion of mature blood cells (Feldmann, 1998; Schrader,

1998). The overall functions of CSF are presented in Figure 1.2.

Several kinds of cell types are produce CSF, i.e, macrophages, stromal cells,
endothelial cells, epithelial cells, fibroblasts, and T lymphocytes. (Schrader, 1998)
Even-though CSFs are reported to be mainly secreted in response to cell stress; in some
cases, they are released upon normal conditions. Endotoxins, LPS, and microbial
nucleic acids are some of the microbial products that stimulate the CSF production.

(Schrader, 1998).

Four kinds of CSF have already identified: Macrophage CSF, M-CSF, or widely used
as CSF-1; Granulocyte-Macrophage CSF, GM-CSF; Granulocyte CSF, G-CSF, and
Multi potential-CSF, widely named as Interleukin-3, IL-3 (Schrader, 1998).

1.2.1 Granulocyte Colony Stimulating Factor

The human Granulocyte Colony Stimulating Factor gene, CSF3, is positioned on
chromosome 17q11.2-q12 and encodes for G-CSF or known as CSF-3 protein. It
contains five exons that are interrupted by four introns, shown in Figure 1.3 (Nagata

et.al., 1986). The messenger RNA (mRNA) of G-CSF is short-lived, the half-life is



less than 15 minutes (Koeffler, Gasson, & Tobler, 1988). Its mRNA possesses poly-
AUUUA sequences in the 3’ untranslated region (UTR) and it is thought to be
associated with mRNA instability (Demetri & Griffin, 1991).
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Figure 1.2: The scheme of multiple actions of colony stimulating factors (CSF) on
the hematopoietic cells as well as mature immune cells (Adapted from Metcalf,
2010).
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Figure 1.3: The structure of human G-CSF gene and mRNA. It has 5 introns which
are interrupted by 4 exons (Adapted from Kato, 2016).

Until now, there are plentiful orthologs of human G-CSF that have been identified in
mammals, fish, and birds. Human G-CSF shares 99% similarity with chimpanzees,
74% similarity with mice, 36% similarity with chickens, and 14% similarity with
rockfishes. Besides, G-CSF shares scant sequence similarity with IL-6 (39%) and IL-
23 (41%) (Molineux, Foote, & Arvedson, 2012). G-CSF has produced by endothelial
cells, activated fibroblasts, T lymphocytes, and several immune cells such as

monocytes, macrophages (Dawn et. al., 2012). Moreover, some tumorigenic cells have
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presented to be producing G-CSF as well (Schneider et. al., 2005). For example in
melanoma, non-small cell lung cancer, bladder cancer, prostate cancer, and brain
cancers (Wang et al., 2012). In the absence of inflammation or infection, the serum
levels of G-CSF are undetectable, lower than 30 pg/ml; however, with stress
conditions like infection or inflammation, it increases rapidly and it may even exceed

2000 pg/ml (Watari et al., 1989).

CSF3 encodes for 204 amino-acid long, ~18 kDa molecular weighted glycoprotein.
The first 30 amino-acid from the N-terminus is the signal sequence and the rest of 174
amino acids are the mature protein itself. The mature G-CSF has one O-linked glycosyl
at Thr'3? and two intramolecular evolutionary conserved disulfide bridges between
Cys*- Cys* and Cys®-Cys’. (Demetri & Griffin, 1991; Kato, 2016). According to
the research conducted by Hill et al., the disruption of disulfide bonds between and
Cys®-Cys" have resulted in the formation of only half of the native helices. The other
disulfide bonds between Cys*°- Cys*? have been mentioned as the major part of
neutralizing antibody epitope (Hill et. al., 1993). Hence, it can be concluded that
disulfide bonds are essential for biological activity. On the other hand, O-linked
glycosylation at Thr!® is reported to be curial for neither biological activity nor
receptor binding (Hill et al., 1993; Metcalf, 2010). Nevertheless, it has been reported
as critical for protecting the molecule against the aggregation (Hill et al., 1993). There
is also another variant of G-CSF due to the 5’ splice donor at the second exon. This
177 amino-acid long variant has a three amino acid insert, Val-Ser-Glu, between

Leu®- Cys®® (Nagata et al., 1986; Nagata et al., 1986).

The G-CSF protein has 4 a-helix in an up-up-down-down orientation. These helix
bundles are named as helicases A-D, and their connecting loops are called loop AB,
BC, and CD. Moreover, there is a 310-helix loop between A and B helicases, named as
AB loop (Hill et al., 1993; Molineux et al., 2012). Its tertiary structure model is drawn
with the PyMOL software (The PyMOL Molecular Graphics System, Version 1.8
Schrodinger, LLC) in Figure 1.4 (See: Appendix B for the PDB information of G-
CSF).

11
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Figure 1.4: The structure of G-CSF: (a) Linear representation of G-CSF (Met+ 174
amino acid). (b) and (¢) are representation of tertiary structure of G-CSF with helix
names and directions. ((a) and (b) was adapted from Roberts et al., 2015). PyMOL
software was used to draw (b), whose PDB details were mentioned in Appendix B.

The regulation of G-CSF is accomplished by a combination of transcriptional and post-
transcriptional mechanisms. The evolutionary conserved regulatory site of the G-CSF
is located at 300 bp upstream of the gene initiation site of G-CSF (Demetri & Griffin,
1991). Some important transcription factors that bind to the regulatory site of the G-
CSF are nuclear factor-kB (NFxB) and nuclear factor-Interleukin 6 (IL-6). Also,
inflammatory mediators such as IL-1, tumor necrosis factor-a (TNF), microbial
components such as lipopolysaccharide (LPS), T-cell produced cytokine IL-17 and IL-
17’s regulator IL-23 are the key molecules in the regulation of G-CSF production
(Andrew et. al., 2010).

Lieschke et. al. has published a paper, which suggests that G-CSF deficiency in mice
causes the reduction of neutrophil numbers as well as impaired neutrophil
mobilization. Thus, G-CSF deficient mice were incapable of controlling the Listeria
monocytogenes infection, even more, a higher mortality rate was observed. When G-
CSF was given to them artificially, they were indistinguishable with wild type G-CSF
mice (Lieschke et al., 1994). As in the case of this paper, the main role of G-CSF is a

prototypic neutrophil growth factor for the formation and development of progenitor
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cells to neutrophil in the bone marrow and the transition of stored neutrophils in the
bone marrow to circulation. This transition is performed by upregulating CXCR2
ligand production in other immune cells in bone marrow, abortion of CXCR4-
CXCL12 interaction between neutrophil and bone marrow cells, and downregulating
CXCR4 production on neutrophils (Kdhler et al., 2011; Rosales, 2018). On the other
hand, its absence leads to HSC retention in the bone marrow (Birbrair & Frenette,

2017).

Many scientists have shown that multiple actions of G-CSF are not restricted to
neutrophils. It also has several influences on the other immune cells in both innate and
adaptive immune systems, such as T-cells, DC, and monocytes. G-CSF suppresses T-
cells activity against allogeneic reactions meanwhile increases the regulatory T-cells,
Treg (Xiao, Lu, & Link, 2007). On the other hand, G-CSF increases the tolerogenic
DC (type 11 DC) in peripheral blood. DC are immune cells that have no function in
killing the pathogen, but they collect and present antigens to cells of the adaptive
immune system. Tolerogenic DC has immuno-suppressive properties that lead the
immune system into the tolerogenic state, which regulates the Trec as well (Svajger &
Rozman, 2018; Xiao et al., 2007). G-CSF has a modulatory role on other important
immune system cells, monocytes. It alters the cytokine production by monocytes via
increasing the anti-inflammatory cytokine while decreasing the pro-inflammatory

cytokine (Figure 1.5).

Except for the immune system, G-CSF has a significant role in the nervous system,
such as on the central nervous system (CNS), neural stem cells (NSC), and some
neurological conditions (Schneider, Kriiger, et al., 2005; Schneider, Kuhn, et al.,
2005). It is reported that G-CSF could be one of the stimulators of proliferation and
differentiation of NSC (Jung et al., 2006). On a further note, the cytokine receptor G-
CSF-R is present in neurons and glial cells. In acute stroke models, the endogenous G-
CSF is secreted in upregulated neurons under ischemia conditions. By this, G-CSF
protects neurons to go under apoptosis and increases their activity via its receptor
(Schneider, Kriiger, et al., 2005). Furthermore, G-CSF triggers the HSC cells to
mobilize the ischemic brain and thus repair the lesions (Xiao et al., 2007). Astrocytes,
a glial cell in CNS, are reported to be stimulated by G-CSF for secreting Vascular
endothelial growth factor (VEGF) thus promoting angiogenesis (Xiao et al., 2007).
STAT 3 is one of the upregulated proteins via JNK upon G-CSF binding to G-CSF-R
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and causes a pro-proliferation effect. It is also referred to as one of the pathways altered

in human glioblastoma (Wang et al., 2012).

Major actions of endogenous G-CSF
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Figure 1.5: Presentation of biological activity of endogenous G-CSF. Its major
action is presented in a soft pink box. *Administered G-CSF might act on T-cell via
directly of indirect through monocytes and dendritic cells. Treg, Regulatory T-cell
(Adapted from Eyles et. al, 2006).

To sum up, endogenous G-CSF is a critical cytokine for basal level neutrophil
development from progenitor cells, neutrophil proliferation, survival, and mobilization
to blood from bone marrow. Aside from neutrophil, they are important for

neuropoiesis and have effects on T-cells, DC, and monocytes.

1.2.1.1 Action mechanism of G-CSF

G-CSF interacts with a specific cell surface receptor, Granulocyte Colony Stimulating
Factor Receptor, G-CSF-R, in a 2:2 ratio to form oligomeric structure. This receptor
is also well known by the name of Cluster of Differentiation, CD114. (Layton & Hall,
2006). The typical cytokine receptor G-CSF-R is expressed in hematopoietic
progenitors, monocytes, platelets, neurons, (Adusumilli & Krothapalli, 2012).
Remarkably, it has been reported that endothelial cells and lung cancer cells

additionally carry these receptors (Schneider, Kuhn, et al., 2005).
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The transmembrane protein G-CSF-R is a type I membrane protein that members of
the hematopoietic cytokine receptor superfamily, along with erythropoietin receptors,
some interleukin receptors, and pituitary growth hormones receptors. They share
particular motif similarities in the region at the extracellular domain; however, upon
heterodimerization with its ligand, this dimerized structure resembles the cytokine
gp130 receptor with its ligand IL-6 or leukemia inhibitory factor (LIF) (Molineux et
al., 2012).

G-CSF-R protein has 3 domains; the extracellular domain, the transmembrane domain,
and the intracellular domain. The extracellular portion of G-CSF-R contains the
immunoglobulin-like domain (Ig-like domain), cytokine receptor homology (CRH
domain), and three fibronectin type-II domains. G-CSF-R binds its ligand via CRH
and Ig-like extracellular domains (Aritomi et al., 1999; Touw & Van De Geijn, 2007).
G-CSF-R has 3 box regions, Box1, Box2, and Box3; at its cytoplasmic tail of the
intracellular domain. G-CSF-R does not possess an intracellular tyrosine kinase
activity; thus, it relies on the cytoplasmic enzymes for signaling cascades. (Pankaj &

Greis, 2017; E. B. Rankin & Sakamoto, 2018).

The activation of the G-CSF-R by the G-CSF binding leads to JAK/STAT pathway
action and causes the phosphorylation cascade in the downstream. Activation triggers
G-CSF-R to change their conformation and brings two G-CSF-R closer. By this
change, Janus Kinases (JAK) comes closer as well. The Janus Kinases trans-
phosphorylate each other as well as the Tyr residues located at the C-terminal of the
receptor straightaway. These phosphorylated Tyr residues become a docking site for
several proteins that contain SH2 domains. Different types of proteins with SH2
domain can dock with the Tyr residues on the G-CSF-R simultaneously. One of the
well-known protein of them is the Signal Transducers and Activators of Transcription
protein (STAT). Different types of STAT isomers are recruited during this signal
transduction. For instance, STAT3 has a pro-differentiation role while STATS has a
proliferation and survival role. Once STAT proteins dock with the phospho-tyrosine
residue of the receptor either at Tyr’™, Tyr™* or Tyr’?, the STAT will be
phosphorylated and homodimerize with itself or heterodimerize with one of its
isomers. Dimerized STAT will migrate into the nucleus to express y-activated
sequence, GAS, elements (Pankaj & Greis, 2017). Its downstream cascades are

presented in a scheme in Figure 1.6.
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Figure 1.6: Schematic map of the cascades activated upon G-CSF activation on G-
CSF-R. Upon binding to the its receptor, G-CSF may activate the JAK/STAT, PI-
3K/Akt and Ras/MAPK pathways. Abbrevations: Y, Lysine; P, Phosphorylation
(Adapted from Eyles et. al, 2006).

In addition to development induction via JAK/STAT pathway, G-CSF-R activation by
G-CSF induces proliferation and cell survival via p21Ras/MAP kinase and PI-3K/
AKT pathways. Even though it is not clear whether the activation of PI-3K/AKT
pathways is dependent or independent from JAK, PI-3K has a role in cell proliferation
and cellular survival by inhibition of the pro-apoptotic protein Bad and anti-apoptotic
protein Bcl-2 interaction (Pankaj & Greis, 2017). Meanwhile, Grb2 of p21/Ras
mediated MAPK pathway is activated via phosphorylated Tyr’®* on the receptor of G-
CSF (Demetri & Griffin, 1991; Layton & Hall, 2006).
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It is also presented that, G-CSF induces a T-cell regulator called suppressor of cytokine
signaling 3, SOCS3 protein on the DC (Figure 1.6). Yet, it suppresses the G-CSF-R
mediated signaling pathway by binding the G-CSF-R at the Tyr’?° position and inhibits
the activation of STAT3 in vitro (Xiao, Lu, & Link, 2007). In the neutrophils with
SOCS3 knockout mice have presented that activation of STAT3 in vitro (Croker et al.,
2004).

1.2.2 Clinical use of G-CSF

Due to significant proliferation, development, and activation effects on the progenitor
neutrophil cell, G-CSF has been widely used to treat severe congenital neutropenia
and hematopoietic recovery following chemotherapy (Rankin, 2010). The most
recognized medical use of recombinant methionyl human G-CSF is Filgrastim
(Neupogen®, Amgen Inc.), which is a drug approved by the FDA in 1991 in the United
States (Gascon, 2012).

Filgrastim has recombinantly been engineered between 1984-1986 and clinically
approved in 1991. It was firstly used in lung cancer patients receiving chemotherapy
because they were having neutropenia as a side effect (Welte, et al, 1996). As a result
of this treatment used on patients, there was a significant decrease in the duration of
neutropenia, infection, and hospital admissions (Schwartzberg, 2006; Welte et al.,
1996). Filgrastim is not only used for chemotherapy receiver patients. In the first 10
years, filgrastim has been approved in 70 countries including Europe and Australia for
treating diseases such as myelosuppression after bone marrow transplantation, SCN,
AlIDS-associated neutropenia, acute leukemia, aplastic anemia(AA), myelodysplastic
syndromes (MDS), non-Hodgkin’s lymphoma (NHL), mobilization of peripheral
blood progenitor cells (PBPCs) for transplantation (Arvedson et. al., 2015; Renwick
et. al., 2009; Welte et al., 1996).

Filgrastim reduces the maturation time of neutrophils from 5 days to 1 day and affects
both the progenitor and mature neutrophils and enhances neutrophils chemotaxis and
superoxide formation (Welte et al., 1996). At the beginning of using G-CSF for the
treatment of SCN for a long time, it is suspected that its administration would cause
the development of leukemia as patients are more susceptible to develop acute myeloid

leukemia (AML) since these cells carry G-CSF-R (Frampton et. al., 1994). However,
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until now, the G-CSF’s role in developing AML in SCN patients, who are taking G-

CSF for treatment, has not been proven.

Depending on the use, filgrastim is given to the patient by either under the skin, by
injecting into a vein. It has a short circulating half-life (3.5 hours); thus, its daily
injection is needed until recovery (Arvedson et al., 2015). Moreover, it requires body

weight-based dosing while frequent monitoring of neutrophil counts.

The side effects of filgrastim have mainly been reported as mild to moderate bone pain
in approximately 10% to 30% of the patients. The severity and the ratio of the pain
depend on the dose that has been taken (Root & Dale, 1999). In addition to bone pain,
mild to moderate elevation in serum uric acid, lactate dehydrogenase, alkaline
phosphatase, and leucocyte alkaline phosphatase was also observed in patients. This
increase reflects neutrophil production (Frampton et al., 1994). On the other hand,
allergic reactions and local reactions such as pain, swelling, and redness at the injection

site were rarely reported.

G-CSF is predominantly cleaned-up from the body mainly via renal mediated
filtration. The strategy to increase the reaming of this short half-life drug in the
circulation is reducing renal clearance significantly. This could happen if the proteins’
weight is increased, made more elongated, and more negatively charged. This strategy
has been practiced when G-CSF had conjugated with PEG molecules, repeating

ethylene oxide units (Pegfilgrastim) and has been in use globally.

All in all, biosimilar has become a new generation in the pharmaceutical industry by
the mid-nineteens. They are unique in the pharmaceutical industry because they are
produced from living organisms. Those biopharmaceuticals are extremely similar to a
reference molecule; therefore, it is called Biosimilar or follow-on-protein products”
by the European Medicines Agency (EMA) and the United States Food and Drug
Administration (FDA) (Gascon, 2012). According to the FDA, there are no significant
differences between the biosimilar and the reference in terms of safety, purity, and
potency (U.S. Food and Drug Administration, 2017). FDA approval process is similar
to EMA and Health Canada.

Filgrastim is one of the highest penetrations and a strong track record in marketing of
small peptide biosimilars. Its first biosimilar in the US, Zarxio (filgrastim-sndz,

Sandoz), was approved by the FDA in 2015 (Jarrett & Dingermann, 2015). After that,
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filgrastim had at least 8 biosimilars approved by EMA until 2016. Meanwhile, its
biosimilars have been on the market in Europe since 2009. Its major market countries
in the European continent are Germany, France, Italy, Spain, and the UK. (Araujo,
Gongalves, & Fonseca, 2016). In between second quarter of 2015 and second quarter
of 2020, the uptake of Filgrastim reference Neupogen has dropped 28% while its
biosimilars Zarxio and Nivestym uptake has increased 48% and 4% respectively

(Amgen, 2020).

On the other point of view, biosimilar availability has some positive effect on the
affordability of costly drugs. For example, the change from filgrastim to a biosimilar
is reported to be associated with saving £1 million annually in London (G-CSF
purchasing cost has developed from £3.3 million to £2.3 million in 2011)(Gascon et
al., 2013). In addition to the London region, the change from filgrastim to any of its
biosimilar has also led to annual savings of €85 million in 17 European countries

(Gascon et al., 2013).

Table 1.1: Some of the Filgrastim derived G-CSF biosimilars available in the
market. * are not available in the Turkish market.

Brand Name Producer Actlye Description
Ingredient
Neupogen Amgen Human recombinant G-CSF
Zarxio Sandoz Human recombinant G-CSF
Fraven Arven Human recombinant G-CSF
Ratiograstim®  Ratiopharm , , Human recombinant G-CSF
) Filgrastim .
TevaGrastim®*  Teva Pharm Human recombinant G-CSF
Zarzio* Novartis Human recombinant G-CSF
Nivestim* Hospira Human recombinant G-CSF
Leucostim Dong-A Human recombinant G-CSF
. . Glycosylated form of human
Granocyte Chugai Lenograstim recombinant G-CSF
Ameen PEG molecule conjugated
. & human recombinant G-CSF
Neulastim s
Roche PEG molecule conjugated
PEG- human recombinant G-CSF
. . Filgrastim PEG molecule conjugated
&
Fulphila Mylan/Biocon human recombinant G-CSF
Udenvea* Coherus PEG molecule conjugated
Y BioSciences human recombinant G-CSF
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1.3 AIM

Neutrophils are one of the main defense system cells that mobilizes themselves to the
area of infection or inflammation and fight against invaders. Therefore, its reduction
makes the body available for infections. Since the granulocyte colony-stimulating
factor has undeniable stimulating effects on neutrophil formation, development,
survival, mobilization, and action properties; it has been widely used as a treatment
reagent for neutropenia developed in response to diseases such as cancer patients who

are taking chemotherapy.

In this thesis, the main aim is to perform the cloning, production and purification of
human G-CSF protein, which can be used for biopharmaceutical purposes. Cloning
the target gene from the glial U87-MG cell line by recombinant DNA technology is
one of the first goals of this thesis. After the target protein is expressed and its
expression is optimized in the bacteria host, it will be purified by chromatographic
methods using Akta Avant chromatography systems. Finally, the qualitive and
quantitative analysis of the active recombinant hG-CSF and its comparison with the
reference product is performed by many characterization methods such as HPLC-SEC,

circular dichroism (CD), peptide mapping, intact mass and capillary electrophoresis.
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2. MATERIAL and METHODS
2.1 Material

2.1.1 Equipment

The equipment used in the experiments is shown in Appendix A.

2.1.2 Chemicals and Enzymes

The chemicals and enzymes used in the experiments are shown in Appendix A.

2.1.3 Commercial kits

The commerecial kits used in the experiments are shown in Appendix A.
2.1.4 Cell Strains

2.1.4.1 Bacterial Strains

In this study, several bacterial strains have been used. These were Escherichia coli
BL21 (DE3) strain [B F— ompT gal dem lon hsdSB(rB-mB—-) M(DE3 [lacl lacUV5-
T7p07 indl sam7 ninS5]) [malB+]K-12(AS)], and commercially available HST08
Stellar Chemically competent™ strain [F-, endAl, supE44, thi-1, recAl, relAl,
gyrA96, phoA, ®80d lacZA M15, A(lacZY A-argF) U169, A(mrr-hsdRMS-mcrBC),
AmcrA, A-].

2.1.4.2 Mammalian Strains

In this study, U-87 MG (ATCC® HTB-14™) brain glioblastoma cells were used for
capturing the CSF3 mRNA; THP-1 (ATCC® TIB-202™) human monocytic cell line
derived from an acute monocytic leukemia patientwere used for detecting recombinant

hG-CSF activity.

2.1.5 Buffers and solutions

DMEM Full cell medium and RPMI-1640 that used in mammalian cell culture were

prepared according to Table 2.1 and Table 2.2 below.
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Table 2.1: The components of the DMEM Full medium.

Components Amounts
DMEM medium 450 ml
Fetal Bovine Serum 50 ml
Penicillin/Streptomycin 5Sml

Table 2.2: The components of the RPMI-1640 Full medium.

Components Amounts
RPMI-1640 medium 450 ml
Fetal Bovine Serum 50 ml

MEM Non-Essential Amino 5 ml
Acids Solution
Penicillin/Streptomycin 5ml

Luria Bertani (LB) media used in bacteria culture was prepared according to Table 2.3
below. After the preparation of the LB medium, it was sterilized by autoclaving it at
121°C for 15 minutes. Then, appropriate antibiotics, Kanamycin were added with

appropriate quantity.

Table 2.3: The components of Luria Bertani (LB) medium.

Components Amounts
Yeast Extract 5¢g
Bacterial Peptone 10g
NaCl 10g

dH,O Fillto 1 L

Luria Bertani (LB) agar that used in bacteria culture was prepared according to Table
2.4. After the preparation of the LB agar, it was sterilized by autoclaving it at 121°C
for 15 minutes. Then, appropriate antibiotics, Kanamycin were added and left to freeze

at room temperature for 15 minutes approximately under the sterile condition.

Table 2.4: The components of the Luria Bertani (LB) agar medium.

Components Amounts
Yeast Extract 5¢g
Bacterial Peptone 10g
NaCl 10g
Agar I5g
dH,O Fillto 1 L

The components needed for the preparation of 50X TAE Buffer for agarose gel

electrophoresis was mentioned in Table 2.5.
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Table 2.5: The components of the 50X TAE buffer.

Components S0X TAE
0.5 M EDTA pH 8.0 100 ml
2 M Tris Base 242 g
1 M Acetic Acid 57.1 ml
dH,O Fillto 1 L

Preparation of SDS-polyacrylamide separating (12% and 15%) and stacking (5%) for

2 gels were mentioned in Table 2.6 and Table 2.7 respectively.

Table 2.6: The components of 12% and 15% polyacrylamide separating gels.

Components Amounts

12% Gel 15% Gel

dHO 3.86 ml 3.54 ml

40% Acrylamide/Bis-acrylamide 3.05 ml 3.75 ml
1.5 M Tris-HCL pH 8.8 3 ml 2.5 ml
10% SDS 120 wl 100 pl
10% Ammonium Persulfate 120 pl 100 ul
Temed (100%) 12 ul 10 ul

Table 2.7: The components of 4% SDS polyacrylamide stacking gel.

Components Amounts
dH.O 2.92 ml
40% Acrylamide/Bis-acrylamide 540 pl
1.5 M Tris-HCL pH 6.8 500 pl
10% SDS 40 pl
10% Ammonium Persulfate 40 ul
Temed (100%) 4 ul

The buffers used in SDS-PAGE were listed in Table 2.8-Table 2.14.

Table 2.8: The components of 4X Laemmli Buffer.

5X Laemlli Buffer ‘
0.3 M Tris-HCL pH 6.8
8% SDS
50% Glycerol
4% B-Mercaptoethanol
0.08% Bromophenol Blue
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Table 2.9: The components of Running Buffer.

Components Amounts
dH>O 1L
Tris base 303 ¢
Glycine 144 ¢

SDS 10g

Table 2.10: The components of 10X Transfer Buffer.

Components Amounts
dH>O 1L
Tris base 303 ¢
Glycine 144 ¢
SDS 10g
Table 2.11: The components of the Transfer Buffer solution.
Components Amounts
10X Transfer Buffer 100 ml
Methanol 200 ml
dH,O 700 ml
Table 2.12: The components of the Coomassie Brilliant Blue stain solution.
Components Amounts
Coomassie Brilliant Blue lg
Methanol 400 ml
Acetic Acid 100 ml
dH>O Fillto 1 L

Table 2.13: The components of Destaining solution.

Components Amounts
Methanol 400 ml
Acetic Acid 100 ml

dH,O Fillto 1 L

Table 2.14: The components of 10X TBS.

Components Amounts
dH>O 1L
Tris base 1222 ¢

NaCl 87.66 g

1X TBS was prepared by diluting 100ml 10X TBS in 900 ml dH>O. 1X TBS-T was
prepared by adding 1 ml Tween-20 to 1L 1X TBS. 5% non-fat dry milk was prepared
by weighing 1.5 g non-fat dry milk and dissolving it in 30 ml 1X TBS-T. 5% BSA was

prepared by weighting 30 ml 1X TBS-T.
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Stock 500 mM isopropyl-pB-D-thiogalactopyranoside (IPTG) was prepared by
dissolving 1.19 g IPTG in 10 ml distilled water. Then, it was sterilized with a 0.22 pm
syringe filter and aliquoted for storing at -20°C.

Stock 50 mg/ml Kanamycin was prepared by dissolving 0.5 g Kanamycin in 10 ml
distilled water. Then it was sterilized with a 0.22 pm syringe filter and aliquoted for

storing at -20°C.

The cell lysis buffer used to dissolve bacteria before sonication contains 50 mM Tris-

HCl pH 8.0, 1 mM EDTA, 50 mM NaCl, and 1 mM PMSF.

The pellet washing buffer (WB) used to wash inclusion bodies sonication contains 50
mM Tris-HCI pH 8.0, 1 mM EDTA, 50 mM NaCl, 1 mM PMSF, 2M Urea and 0.5%
Triton-X. The pellet solubilization buffer (SB) used to solubilize inclusion bodies
contains 50 mM Tris-HCI pH 8.0, 8 M Urea and 5 mM B-Mercaptoethanol, 5 mM
EDTA and 1 mM PMSF.

Formulation Buffer (FB) used as final buffer of G-CSF that contains 10 mM sodium
acetate, pH 4.5, 5% sorbitol, 0.004% Tween 80.

The buffers used for cation exchange are listed below:
¢ Binding Buffer: 25 mM Sodium Acetate pH 4.5.
e Elution Buffer: 25 mM Sodium Acetate, 1 M NaCl pH 4.5.
2.1.6 Antibodies
The antibodies used in this thesis and they were prepared according to Table 2.15.

Table 2.15: The antibodies and their dilution amounts.

Antibody Type Dilution
G-CSF (Santa Cruz, 3D1) Monoclonal Mouse 1:1000 (BSA)
p-ERK 1/2(CST, 91015) Monoclonal Rabbit 1:1000 (BSA)

Anti-mouse IgG (CST, 7076) HRP-linked Polyclonal 1:3000 (5% milk)

2.2 Methods
2.2.1 Cell Culture

2.2.1.1 Mammalian cell culture

U-87 MG (ATCC® HTB-14) human primary glioblastoma cells were maintained in
T-75 flasks with high glucose DMEM medium (Gibco, 41966029) with 10% fetal
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bovine serum, FBS (Thermo Scientific, 10500064) and 100 U/100 mg.ml!
penicillin/streptomycin (Gibco, 15140122) at 37°C incubator, 5% CO? humidified air.
When cells had 90% confluency, they were washed with 3 ml 1X Phosphate Buffered
Saline (PBS). Then, they were split with 0.25% Trypsin- EDTA (Gibco™).

THP-1 (ATCC® TIB-202™), human monocytic cell line derived from an acute
monocytic leukemia patient, were maintained in T-75 flasks with RPMI-1640 medium
(Lonza, 21875034) with 10% fetal bovine serum, FBS (Thermo Scientific, 10500064),
1% MEM Non-Essential Amino Acids Solution (Thermo Scientific, 11140050) and
100 U/100 mg.ml™! penicillin/streptomycin (Gibco, 15140122) at 37°C incubator, 5%
CO? humidified air. 2x10° cells/ml are seeded into flasks and they are maintained by
addition of fresh full RPMI-1640 medium. When the cell density reaches 1x10°
cells/ml, they are subcultured into new T-74 flask. To preserve THP-1 cells in -80°C,
3x10% cells in are centrifuged at 300xg for 5 minutes. Then, pellet was dissolved in 6%

DMSO in FBS, and kept in -80°C.

2.2.1.2 Bacterial cell culture

Component cell preparation
The competent cells, who are able to take up foreigner DNA or plasmid from the

surrounding environment, are made by the protocol mentioned below.

1. The cells are taken from -80°C frozen stock. They are thawed and spread on LB
Agar plate, which is then incubated at 37°C for overnight.

2. Then, a colony was selected on the agar plate. That colony was transferred to a 5
ml LB medium and incubated at 37°C overnight.

3. The overnight culture was put in 100 ml LB medium in 1:50 dilution and left to
grow at 37°C.

4. Its ODgoo had been monitored until it reaches 0.6. When it was 0.6, it was
harvested by centrifugation at 4000 rpm for 10 minutes. Supernatants are
discarded.

5. Next, the pellets were resuspended with 60 ml cold Solution A (1 M MgClh, 1 M
CaCl,, dH>0) and the tubes were centrifuged at 4000 rpm for 10 minutes again.
Supernatants are discarded.

Finally, pellets were resuspended with 2 ml cold Solution B (Glycerol, 1 M CaCl,,

dH»0) and aliquoted by 50 ul samples for long term storage at -80°.
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Heat-shock transformation
Stellar competent cells (Takara, 636763), BL21 (DE3), Rosetta, and Rosetta-Gami

cells were transformed according to the protocol mentioned below.

1. 50 pl of competent were thawed on ice. 100 ng plasmid or 2 pl ligation product
was added on them and waited on ice for 30 minutes.

2. Cells were heat-shocked at 42°C for 60 seconds exactly in the water bath and kept
in ice for 3 minutes.

3. Cells were added into 450 pul LB-broth, incubated at 37°C for 1 hour with shaking
225 rpm.

4. Then, 2/5 of the cells are spread onto an LB Agar with Kanamycin. The rest of
the cells were centrifuged in 4000 rpm for 5 minutes.

5. 400 pl of supernatant was discarded and the pellet was dissolved in the rest of 100
pl LB. All of them are plated into another LB Agar as concentrated.

6. These transformed cell containing plates are incubated at 37°C with 200 rpm

shaking for 16 hours.

Bacterial Growth

Before each growth that will be induced with IPTG, a pre-culture has been grown in
in Luria Bertani (LB) medium overnight at 37°C with 200 rpm shaking. Then, it is
inoculated from that culture to 1:50 ratio into fresh Luria Bertani (LB) medium at 37°C

and 200 rpm.

The ideal inoculation culture conditions such as induction time, induction duration (2
hours, 4 hours and 6 hours), growth temperature (37°C, 30°C and 18°C) and IPTG
concentration (0.25 mM, 0.5 mM, 0.75 mM and 1 mM) after induction was

determined.
2.2.2 Nucleic acid isolation

2.2.2.1 RNA isolation

Human primary glioblastoma cells U-87 MG cells’ RNA were isolated by using the
NucleoSpin® RNA Midi Kit (MACHEREY-NAGEL, 740955.50). For this purpose,
2x10° cells were cultured in T-25 flasks. Then, the manufacturer guideline was

followed for RNA isolation.
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2.2.2.2 Plasmid isolation

Plasmid DNAs from bacteria were isolated by using the NucleoBond Xtra Maxi kit
for transfection-grade plasmid DNA Kit. For this purpose, 100 ml LB growth cultured

for overnight was used. The manufacturer guideline was followed.

2.2.3 cDNA library construction

cDNA libraries were constructed by using isolated RNA’s. RNA was translated into
cDNA by using 5X All-In-One RT MasterMix (abm®, G485). A reaction mixture was
prepared by using Table 2.16 while tubes were kept in ice. After they had been
prepared, the tubes were exposed to several temperatures in Table 2.17. Synthesized

cDNA libraries were kept at -20°C for the short term, at -80°C for the long term.

Table 2.16: Components of 5X All-In-One RT MasterMix cDNA synthesis reaction
mixture for 20 pl reaction.

Components Amount
Total RNA 2 pg-2pg/20 pl rxn
5X All-In-One RT MasterMix 4 nl
Nuclease-free HyO To 20 ul
Table 2.17: Temperature and time for of 5X All-In-One RT MasterMix cDNA
synthesis.
Temperature Time
65°C 5 min
25°C 10 min
42°C 50 min
85°C 5 min

2.2.4 Vector and candidate oligonucleotide primers design

Firstly, specific primers were targeted and designed for and amplification of the CSF'3
gene from the U87-MG cDNA library. NCBI/Primer-BLAST and In-Fusion Cloning
Primer Design Tool were used for finding proper primers as well as their Tm values
for CSF3 amplification. OligoAnalyzer and IDT DNA websites were used to
determine other properties of primers such as hairpins, dimers, and mismatches. The
properties of the designed primers, which have taken from NCBI/Primer-BLAST, are
shown in Table 2.16. Primers are synthesized by PRZ Biotech, Ankara. The restriction
enzymes, EcoRI-HF® (NEB, R3101S) and Ndel (NEB, R0111S), were added on 5’

ends of both forward and reverse primer. The CSF3 sequence that have been used for
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primer design were taken from NCBI and its sequence as well as properties have been

shown in Appendix E.

Table 2.18: Sequences, length, Tm, and GC% of primers designed for human CSF3.

Length  Gene-specific

>3 Y
Sequence (5'->3") (bp) Tm (°C) GC%
Forward AAGGAGATATACATATG 33 61.0 545
primer ACCCCCCTGGGCCCTG ' '
Reverse GACGGAGCTCGAATTCT 34 60.7 61.8

primer CAGGGCTGGGCAAGGTG

2.2.5 Restriction Enzyme Digestion

Restriction enzyme digestion of vector, insert product and final G-CSF plasmid was
performed by using EcoRI-HF® (NEB, R3101S) and Ndel (NEB, R0111S) enzymes.
Table 2.19 shows components of a mixture for 50 pl reaction. They are mixed in a
tube and waited at 37°C for 3 and a half hours. To inactivate restriction enzymes, the

tube was exposed to 65°C for 20 minutes.

Table 2.19: Restriction enzyme control of G-CSF plasmid for 50 pl reaction.

Component Uncut Ong Enzyme Double Egzyme
Digestion Digestion
G-CSF plasmid 1000 ng 1000 ng 1000 ng
10X CutSmart Buffer 50l 50l 50ul
EcoRI - 1.0 pl 1.0 pl
Ndel - - 1.0 ul
Nuclease-free H20 to 50 pl to 50 pl to 50 pl

2.2.6 Polymerase chain reaction (PCR)

2.2.6.1 CSF3 amplification

For the amplification of G-CSF from synthesized cDNA, Polymerase Chain Reaction
(PCR) was performed. CloneAmp HiFi PCR Premix (Takara, 638500) was used for
this purpose. The reaction mixture and the procedure were given in Table 2.20 and
Table 2.21 below. The mix had been prepared, then given conditions were

programmed on the thermal cycler respectively.
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Table 2.20: Components of CloneAmp HiFi PCR Premix.

Components Reaction
Volume: 25 pl
Nuclease-free HyO up to 25 ul
Forward Primer 0.2-0.3 uM
Reverse Primer 0.2-0.3 uM
DNA Template 50 ng
2X CloneAmp HiFi PCR Premix 12.5 ul

Table 2.21: PCR conditions for CloneAmp HiFi PCR Premix.

Step Temperature Time Nuél; t;i of
Initial
Denaturation 98°C 10'sec I
Denaturation 98°C 10 sec
Annealing 61°C 15 sec 35
Extension 72°C 2 min
Final Extension 72°C 5 min 1
Incubation +4 °C ©

2.2.6.2 Colony PCR

The colonies selected from the transformed cell containing plates are subjected to
Colony PCR by the following procedure. T7 Promoter Forward (5°-
TAATACGACTCACTATAGGG -3’) and T7 Terminator Reverse (5°-
GCTAGTTATTGCTCAGCGG -3’) used as primers and Taq polymerase SuperMix
(QuantaBio, 95137) is used for DNA polymerase.

1. The selected colony from the agar plate with Kanamycin is dissolved within 20
pL nuclease-free water.

2. Components in Table 2.22 is prepared.

3. Components are exposed to several different temperatures for PCR according to

Table 2.23.

Table 2.22: Components of Taq DNA Polymerase for Colony PCR.

Components Reaction Volume: 25 pl
T7 Forward Primer 2.0 pl
T7 Terminator Reverse Primer 2.0 pl
DNA Template 1.5 ul
Polymerase SuperMix Buffer (2X) 12.5 ul
Nuclease-free H20 to 25 ul
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Table 2.23: PCR conditions for Taqg DNA Polymerase.

Step Temperature = Time  Number of Cycle
Initial Denaturation 94°C 15 min 1
Denaturation 94°C 30 sec
Annealing 53°C 30 sec 35
Extension 72°C 1 min
Final Extension 72°C 10 min 1
Incubation +4 °C o0

2.2.7 Agarose gel electrophoresis

Agarose Gel Electrophoresis is a basic technique for separating and visualizing the
varying size of nucleic acid fragments according to their length. Several different
agarose gels were prepared according to the aim. For observing 528 bp PCR product
of insert, 2.0% agarose gel; on the other hand, for observing 5 kbp plasmid, 1.0%
agarose gel was prepared. To minimize the inhibition effect of agarose in nucleic acid
extraction from agarose gel, 0.7% agarose gel was prepared. All of the agarose gels

were prepared in 1X TAE Buffer.

The gel was run under 90V for 45 minutes only if it’s for DNA extraction; otherwise,
it was run under 110°C for 25 minutes. The gel is visualized by GelDoc™ XR+ System

(Bio-Rad, 1708195) or UV.

2.2.8 DNA Extraction from Agarose Gel & DNA Purification

DNA Extraction from Agarose Gel, DNA Purification & Clean-up was performed by
using PCR NucleoSpin® clean-up, gel extraction kit (MACHEREY-NAGEL,
740609.50S). The procedure followed for this method was taken from manufacturers’

guidelines.

2.2.9 DNA Ligation

To ligate the linearized vector and PCR product of choice, DNA ligation was
performed by using the 5X In-Fusion HD Enzyme Premix (Takara, 639648). The

procedure was given below.

Table 2.24 reaction mixture was prepared in a tube. This tube was incubated in 15 min
at 50 °C. After 15 minutes, it was placed on ice and proceeded to transformation

procedure (mentioned in sectionl.2.1.2.2) or stored at -20°C.
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Table 2.24: Components for DNA Ligation with 5X In-Fusion HD Enzyme Premix.

Component Amount
Digested DNA fragment 150 ng
Linearized vector 100 ng

5X In-Fusion HD Enzyme Premix 2 ul
Nuclease-free H20 to 10 ul

2.2.10 Sequencing

The constructed pET30+::hG-CSF plasmid was sequenced by Macrogen, Inc.. By
using the NCBI/BLAST tool, sequenced results of the plasmid insert complementation
with the targeted sequence were checked. The reference DNA and amino acid
sequence were gathered from NCBI and the drugbank website was shown in Appendix

A.

2.2.11 Growth Curve of E. coli BL21 (DE3)/pET30a+::hGCSF

In order to determine the when IPTG induction to be performed, growth curve of BL21
(DE3)/pET-30a(+) was plotted. For that, 10 ml overnight culture was diluted in a 1:50
ratio in 50 ml LB and it’s OD at 600 nm was measured in every 15 to 30 minutes

depending on the OD while it is incubated at 37°C for 12 hours.

2.2.12 Isolation of inclusion bodies and wash

The harvested pellet of BL21 (DE3) cells with pET30a+::hG-CSf plasmid was taken
from -20 and dissolved with the lysis buffer in 1:10(v/v) ratio. Then, they were
sonicated with appropriate probe by 8 seconds on 16 seconds off for 4 minutes.
Sonication should make sonicated cells with buffer to be clearer. Then it was
centrifuged at 17000xg for 25 minutes at +4°C. The soluble proteins that reside in the

supernatant was discarded while inclusion bodies in the pellet was kept.

Pellet was washed with wash buffer (WB) and incubated with it for 30 minutes at
shaker. It was centrifuged at 17000xg for 25 minutes at +4°C. The supernatant was

discarded while pellet is kept. This washing step was repeated for one more time.
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2.2.13 Solubilization and Refolding of hG-CSF

The washed pellet is then dissolved with solubilization buffer (SB) in 1:10 w/v ratio
and incubated in it for at least 3 hours at shaker. It is centrifuged at 17000xg for 25

minutes at +4°C. The pellet is discarded.

The supernatant, that has solubilized inclusion bodies, was subjected dialysis from
MWCO 3.5K (Thermo Scientific, 68035) for 16 hours against 25 mM sodium acetate
pH 4.5.

2.2.14 Purification

The purification of recombinant hG-CSF from total protein was performed by cation
exchange chromatography (CEX) using AKTA avant 25 (Cytiva, 28930842) system.
For this purpose, 1 ml HiTrap SP-FF cation exchange column (Cytiva, 17505401) was
used. Column is equilibrated with 25 mM sodium acetate pH 4.5 for 5 column volume
(CV), washed with 25 mM sodium acetate pH 4.5 for 5 CV and eluted with linear
gradient of 25 mM sodium acetate, 1 M NaCl pH 4.5 for 15 CV. In all steps, flow rate
was maintained at 1 ml/min at room temperature. Collection of purified fractions are
stored at +4°C. The purification steps are analyzed by 15% SDS-PAGE and

immunoblotting assays.
2.2.15 Characterization

2.2.15.1 SDS-PAGE and immunoblotting

SDS-PAGE is a technique that helps to separate and identify proteins according to
their molecular weight. Gels were prepared according to the preparation recipe in
section 2.1.5. After preparing the gel solution, the rack was assembled for gel
solidification for both the separation and stacking gel respectively. After placing the
gel on the tank and placing the Running buffer, proteins are added on each well.
Meanwhile, samples were prepared by mixing them with 5X Laemmli buffer and
boiling them at 95°C for 5 minutes. Denatured protein samples were loaded on gels.
Running is done under 90 V until marker passes stacking gel, after that, it is increased

to 120 V for approximately 1.5 hours.

Electrotransfer, a procedure to transfer molecules on the gel into the nitrocellulose

membrane under the electric field, performed by using Amersham WB Systems by
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either 16 V for 16h or 100 V for 90 minutes. After the transfer has done, the membrane
was blocked with 5% non-fat milk in TBS-T. Then, the membrane was incubated with
a primary antibody in a 5% BSA solution overnight in +4°C with a rotation.
Membranes were cleaned with TBS-T for 3 times for 5 -10 minutes each. Then, they
were incubated with a secondary antibody, which was conjugated with HRP, at room
temperature for an hour. With the help of the Clarity Western ECL Substrate (Bio-
Rad, 1705060), the membrane was visualized via ChemiDoc™MP System (Bio-Rad,
1708280).

If the gel itself wanted to be observed, electrotransfer has not performed. The gel was
incubated with Coomassie Brilliant Blue staining solution right after the gel run was
completed. It is incubated overnight. Then, Coomassie Brilliant Blue staining was
discarded and gel was incubated with a destaining solution until blue color on the gel
is diminished and proteins are visible. Finally, the gel was visualized via Bio-Rad
ChemiDoc™MP System (Bio-Rad, 1708280). Analysis were performed on ImageLab
software (Bio-Rad).

2.2.15.2 SEC-HPLC

In order to analyze the oligamarizton as well as to determine the protein concentration
of purified recombinant hG-CSF, size-exclusion chromatography (SEC) was
performed by using UltiMate™ 3000 (Thermo Scientific, 5200.0355). This HPLC
system is equipped with BioSuite 250, 10 um SEC (Waters, 186002170) column (7.5
mm [.D. with a particle size of 10 um). The detector was set at 280 nm. The areas of
the peaks were integrated by using Chromeleon 7.2.9.11323 software system. The
SEC-HPLC experiment was performed by using 1 X PBS, pH 7.4 as mobile phase at
room temperature. Injection volume for each sample is 0.7 ml and flow rate were

maintained at 0.6 ml/min for each run.

2.2.15.3 Circular dichroism spectrometry

Secondary structure evaluation of recombinant hG-CSF and reference has been
measured by Jasco-J 1500 Circular Dichroism (CD) spectrophotometer (Jasco, Easton,
MD). The measurements of spectra were taken from 195 to 260 nm with 1 nm
bandwidth, 50 nm/min speed and 2 s response time using 1 mm path length quartz cell

at 25°C. The protein was in the formulation buffer (FB) and spectra was smoothened.

34



o-helix structures usually have positive band at 190 nm and two negative bands at 220

nm and 200 nm.

2.2.15.4 Peptide mapping

Determination of the primary structure of purified hG-CSF and the reference product
was confirmed by using peptide mapping analysis with Liquid Chromatograph-Mass
Spectrometry/ Mass spectrometry (LC-MS/MS) analysis. For this purpose, proteins
were separated in SDS-PAGE, then this bands are in-gel digested with Endoproteinase
Glu-C from Staphylococcus aureus V8 (Sigma, P6181) 1:20 ratio for 16 hours. When
digestion is performed in phosphate buffer at pH 7.8, it selectively cleaves the C
terminus of the glutamic acid and aspartic acid. Peptides were subjected to reverse-
phased chromatography on ACQUITY UPLC® Peptide BEH C18, 300A, 1.7 pm, 2.1
mm x 100 mm column (Waters, 186003686).

The peptides were analyzed by using the integrated protein characterization system

UNIFI of Waters proteomics systems.

2.2.15.5 Intact mass analysis

Intact mass analysis is performed in order to measure and compare the molecular
weight of the recombinant G-CSF and reference. For this analysis samples were
analyzed on SYNAPT G2-Si High Definition Mass Spectrometry. BEH C4 3004, 1.7
pm, 2.1 mm x 50 mm column (Waters, 186004495) is used for this analysis. Flow rate

is maintained at 0.3 ml/min. 5-10 pl of sample was used for analysis.

2.2.15.6 Capillary electrophoresis

SDS-MW Capillary electrophoresis analysis was performed on PA800 PLUS system
(Beckman Coulter) with 50 pg sample. Samples were concentrated until their
concentration reaches to 50 pg in 50 pl. Then, 45 ul SDS-MW sample buffer, 5 ul 250
mM lodoacetamide (IAM) and 2 pl internal 10 kDa was added on the sample
respectively. The mixture was heated on the heat block at 70°C for 10 minutes. The
samples are placed on the sample tray and the buffers needed for the run is prepared

and place on the inlet and outlet tray according to the Beckman Coulters’ manual.
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2.2.15.7 Host cell protein

Since recombinant proteins are manufactured in a E. coli, its remaining proteins in the
product was estimated with E. coli host cell protein ELISA kit (Cygnus Technologies,
F410). For that, 3 sets of 25 ul purified hG-CSF is assayed in duplicate. Assay is

performed according to its manual guideline.

2.2.16 Biological activity analysis

In order to observe whether the purified recombinant human G-CSF is biologically
active or not, target protein and reference product was given to human monocyte THP-
1 cells, which cells also expresses G-CSF receptor highly. Cells were seeded into 12-
well plate as 1x10° cells/ml. 50 ng/ml either G-CSF or reference product is given
within 1X PBS. Cells are harvested at after incubating them at 37°C with 5% CO, for

various time.

THP1 suspension cells are centrifuged at 300xg for 6 minutes at +4°C. The cells are
washed with 1X PBS and then solubilized with appropriate mammalian cell lysing
buffer and incubated on ice for 25 minutes. Then, it is centrifuged for 20 minutes at
17000xg at +4°C. Pellet is discarded while supernatant is kept at -20°C until further

use.
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3. RESULTS
3.1 Construction, Amplification, and Cloning of hG-CSF

3.1.1 RNA isolation

We aimed to clone human G-CSF protein from a human malignant glioblastoma cell
line, U87 MG. For this purpose, firstly, U87 MG cells were grown in cell culture and
their RNA was isolated. Since the cDNA library aimed to be constructed from the
isolated RNA, their integrity was checked by an agarose gel electrophoresis run. Its

results are given in Figure 3.1.

6.0 kb —

<€ 28S rRNA
4.0 kb =—
2.0 kb —
15 kb — <€— 18SrRNA
0.5 kb —

Figure 3.1: The integrity check result of isolated RNA's from U87-MG cells on the
denaturing agarose gel. Lane M. RiboRuler High Range RNA Ladder, Thermo
Scientific. Lane 1. 6 pl isolated total RNA. 1.5 % Agarose / TAE Gel.

In a successful total RNA isolation, both human 18S and 28S ribosomal RNAs
(rRNAs) are expected to be detected around approximately 1900 bp and 5000 bp
respectively. According to the results in Figure 3.1, both human rRNAs were spotted
sharply in agarose gel electrophoresis results. Thus, this total RNA isolation was

successful to translate them into cDNA.
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3.1.2 G-CSF PCR

Having been RNA isolated, cDNAs were reverse transcribed into cDNA. The specific
CSF3 gene was targeted and amplified from those cDNAs using PCR with primers
specific to the G-CSF sequence. The PCR results were run on an agarose gel

electrophoresis system and is shown in Figure 3.2.

W

2000 bp =—

1200 bp —

G-CSF
500 bp — - p° (534 bp)
300 bp =

Figure 3.2: The G-CSF PCR results. Lane M. TracklIt! 100 bp marker, Thermo
Scientific. Lane 1. 25 ul PCR product from cDNA with 1 ul 6X DNA Loading Dye.
1.0 % Agarose / TAE.

3.1.3 Enzyme digestion, ligation, and verification

The amplified PCR product was isolated from the gel; thereafter, digested with
appropriate digestion enzymes, EcoRI and Ndel, to prepare them for ligation with
bacterial vector. Meanwhile, the bacterial vector was linearized by digesting it with
similar restriction enzymes. The digested, linearized vector and the digested insert
product were ligated by using an in-Fusion kit. The ligated plasmid construct has been
transformed into Stellar chemical competent cells. Later, several colonies have been
selected from the LB agar growth to check colonies with successfully ligated
constructions. Therein, colony PCR has been conducted and its result of the agarose

gel electrophoresis run is shown in Figure 3.3.

Colony PCR primers have selected on both down and upstream of the ligated gene on
the constructed plasmid. In other words, those sites lay upon the vector itself:
therefore, if the ligation would be successful, the length of the colony PCR product
should be around 745 bp.
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Figure 3.3: The colony PCR results of ligated pET30::hG-CSF plasmid. Lane M,
1kb DNA ladder, GeneON. Lane 1, 20 pul PCR product from colony 1. Lane 2, 20 ul
PCR product from colony 2. Lane 3, 20 ul PCR product from colony 3. Lane 4, 20 pul
PCR product from colony 4. 1.5 % Agarose / TAE Gel.

Among the positive and false-positive colonies, a colony has been selected for plasmid
isolation and restriction enzyme digestion. Restriction enzyme digestion is the second
verification for ligation success. The constructed plasmid was digested with both one
and double restriction enzymes, EcoRI and Ndel. The expectation was the detection
of the insert and ligated plasmid around 528 and 5260, respectively. Its agarose gel
electrophoresis result is shown in Figure 3.4. Subsequently, they have sent to
sequencing for verifying the accuracy of both plasmids and insert. This sequencing

result has G-CSF Expression.

Plasmid + G-CSF

: <J_ (5800 bp)
<-I_ Plasmid Only

(5260 bp)

Figure 3.4: The restriction enzyme digestion results. Lane M, 1kb DNA ladder,
GeneON. Lane 1, negative control. Lane 2, pET-30a(+) ::hG-CSF with a restriction
enzyme digestion. Lane 3, pET-30a(+) ::hG-CSF with double enzyme digestion. 1.5

% Agarose / TAE Gel.
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3.2 Production of hG-CSF

3.2.1 Growth curve of G-CSF plasmid contained bacteria

In order to determine the induction time of the Escherichia coli growth, the graph of
ODeoo versus time, or growth curve shown in Figure 3.5. According to that graph,

induction time is selected when the OD is between 0.60-0.70.

The Growth Curve of BL21(DE3)/pET30a(+)::hG-CSF
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Figure 3.5: The growth curve of E. coli BL21(DE3) cells containing pET-30a(+)
::hG-CSF plasmid in LB for 12 hours at 37°C and 200 rpm.

3.2.2 The optimum protein expression

To obtain the optimum G-CSF production condition while minimizing the inclusion
body formation, several strategies were followed. These strategies were on deciding
the optimum bacterial strain, [IPTG concentration for induction, time duration of IPTG

induction, and temperature to perform IPTG induction.

Since pET-30a(+) ::hG-CSF has been artificially given to bacteria, whether those cell
are producing it or not under IPTG condition was determined by growing them at 37°C

for 4 hours. Its SDS-PAGE and the immunoblotting results are shown in Figure 3.6.

The optimum IPTG induction concentration for pET-30a(+) ::hG-CSF containing E.
coli BL21(DE3) cells was decided after looking at the production amount of G-CSF
at 4 different IPTG concentration, 0.25 mM, 0.5 mM, 0.75 mM and 1.0 mM. Its SDS-
PAGE and the immunoblotting results are given in Figure 3.7 and Appendix C,

respectively. Accordingly, the best IPTG concentration for induction was 0.50 mM.
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Figure 3.6: The IPTG induction results of the optimization of hG-CSF protein
production in E. coli BL21 (DE3) cells. Left shows the SDS-PAGE results while
right shows the Immunoblotting. M is PageRuler marker, Thermo Scientific.

The optimal incubation temperature after IPTG induction for pET-30a(+) ::hG-CSF
containing E. coli BL21(DE3) cells were decided after looking at the production
amount of G-CSF at 3 different temperatures: 18 °C overnight, 30°C for 6 hours and
37°C for 4 hours. Its SDS-PAGE and the immunoblotting results are given in Figure
3.7 and Appendix C, respectively. Consequently, the incubation temperature of these

cells was 37°C.

The ideal incubation duration after IPTG induction for pET-30a(+) ::hG-CSF
containing E. coli BL21(DE3) cells were decided after looking at the production
amount of G-CSF at 4 different duration, 2 hours, 4 hours and 6 hours. Its SDS-PAGE
and the immunoblotting results are given in Figure 3.7 and Appendix C, respectively.

Herein, the best incubation duration of these was 3 hours.

3.2.3 Solubilization of inclusion bodies

In order to start purifying the human recombinant G-CSF from the pellet, hrG-CSF
that in the inclusion bodies must already be solubilized in a solubilization buffer (SB).
Before solubilization buffers, inclusion bodies that reside in the pellet are washed
twice with the Wash Buffer (WB). Its SDS-PAGE and immunoblotting results are
shown in Figure 3.8 below. Accordingly, G-CSF is successfully solubilized in the

solubilization buffer and pellet is also cleared from other cell proteins.
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Figure 3.7: The SDS PAGE (on the left) and immunoblotting (on the right ) results
of the optimization of hG-CSF protein production from E. coli BL21 (DE3) cells

pellet. (A.) shows different (0.25-1 mM)

IPTG concentration result (B.) shows

different temperature growth (37°C, 30°C, and 18°C) after IPTG induction result and
(C.) shows different time duration ( 2, 4, 6 hours) after IPTG induction result. M is
PageRuler marker, Thermo Scientific, Unind. is uninduced-control.
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Figure 3.8: The (A). SDS-PAGE and (B). immunoblotting result of solubilization
and denaturation of G-CSF. M is PageRuler marker, Thermo Scientific.

3.3 Cation exchange chromatography purification of target protein

When this protein is solubilized in 8 M Urea, its buffer is exchanged to binding buffer

for purification via dialysis.

Then, this product is loaded on to HiTrap SP-FF 1 ml CEX column. Binding buffer is
25 mM Sodium Acetate, pH 4.5 and Elution Buffer is 25 mM Sodium Acetate, 1 M
NaCl pH 4.5. Elution peaks numbered on the Figure 3.9 is loaded on to the both SDS-
PAGE and Immunoblotting to detection the G-CSF (Figure 3.10).

According to Figure 3.10, recombinant hG-CSF has been eluted between fraction 3
and 4 mostly. The fractions in which elution of G-CSF is the highest (3-4) are
collected. Then, the G-CSF contained solution has concentrated and buffer exchanged
with 3K membranes against formulation buffer (FB). End product human G-CSF,

which is in FB buffer, is characterized. Other replicates are given in Appendix C.
3.4 Characterization

3.4.1 Intact mass

Intact mass analysis was performed in order to assess and compare the molecular
weight of recombinant human G-CSF and the reference product, Neupogen from
Amgen by using mass spectrometry (MS). For this purpose, 10 ul of 0.1 mg/ml protein
is used. Its chromatogram with the deconvolute mass spectrometry data is shown in
Figure 3.11. The estimated molecular weight of recombinant hG-CSF and the
reference is 18800 Da and 18798 Da, respectively.

43



mAU
150

- UV 280

130

110

70

50

30—

10

-10

|——————Sample Application {CwH | Elution |
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75

mi

Figure 3.9: Cation Exchange chromatography results. Human recombinant G-CSF is
isolated from BL21(DE3) cells that carries pET30(a)+::hG-CSF plasmid upon
induction with IPTG. Cation exchange binding buffer is 25 mM sodium acetate pH
4.5 and elution buffer is 25 mM sodium acetate, 1 M NaCl pH 4.5. The collected
elution fractions are showed in number.

SDS-PAGE IMMUNOBLOTTING
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Figure 3.10: SDS-PAGE (15%) and immunoblotting results of purification of
recombinant human G-CSF. M is Bio-Rad’s PageRuler Precision Plus Protein™
Dual Color Standards, FT 1s Flow-through, CW is Column Wash. The peaks of the
numbers in the elution are showed on chromatogram in Figure 3.9.

3.4.2 Peptide mapping

In order to determine the primary structure of the protein bands seen on SDS-PAGE
gel of reference and purified product, peptide mapping method is performed on LC-
MS/MS. Its results are shown in the Figure 3.12. Accordingly, the main band around
18 kDa of reference and the product belongs to G-CSF and their amino acid sequence

1s alike.
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Figure 3.11: LC/MS chromatography of recombinant human G-CSF (above) and the
reference product, Amgen (below). Inset: Deconvoluted mass spectra of peaks
corresponds to G-CSF peak.
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Figure 3.12: Peptide mapping results of G-CSF proteins. They are digested with Sv-
8 Glu-C enzyme from SDS-PAGE on the A. The coverage of the reference (above)
and hG-CSF (below) shown on the B. and C. shows the chromatography of reference
(above) and hG-CSF (below).
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3.4.3 Secondary structure analysis with Circular Dichriosm

To have a biologically active human G-CSF, it needed to be folded correctly. In other
words, be in its native form. Therefore, after its denaturation with 8 M urea, it is
refolded again to form its native form via step-wise dialysis from MWCO 3.5K

membrane.

One of the methods to check the this refolding process’ success is circular dichroism,
CD analysis, whose data is collected at far UV, from ~195 to 260 nm. The result shown
in Figure 3.13 presents the double negative extrema at 208 and 222 nm for both
reference and our product. Thus, our product and reference have similar secondary

structure.

-

@ hG-CSF
Reference

CD (mdeg)
\
L R P U R R L N S |
O © 0O N O O WN = O = N W H»OO N ®©®O© O

195 200 205 210 215 220 225 230 235 240 245 250 255 260
Wavelength (nm)

Figure 3.13: The Circular dichroism spectra of G-CSF product (blue) and reference
(green) in formulation buffer (FB).

3.44 SEC-HPLC analysis

Human G-CSF in the formulation buffer is subjected to SEC-HPLC in order to
determine the oligomeric state of the purified hG-CSF. Its chromatogram is presented
in Figure 3.14 and migration time of three replicate is given in Table 3.1. According
to the result and comparison with the standard SEC proteins given in Appendix E;
human recombinant G-CSF that is eluted at 17.843 minutes, and it is purified as

monomer successfully.
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Figure 3.14: The SEC-HPLC chromatogram of the SEC analysis of 0.05 mg/ml
purified hG-CSF and the reference. The black line shows purified hG-CSF; blue line
shows reference Neupogen, Amgen. Size Standards are presented in Appendix D.

Table 3.1: Retention time of purified human G-CSF main peak.

Name Retention Time (min)
G-CSF-1 17.843
G-CSF-2 17.904
G-CSF-3 17.984

Expect the determination of the oligomerization state, SEC-HPLC is used for
estimating the concentration of the purified protein. Titer of the final hG-CSF product
from 1 L growth is given in the Table 3.2.

Table 3.2: Titer of the final hG-CSF product per liter growth.

Titer (mg/ml per liter
Name bacg[ertigal culi)ture)
G-CSF-1 0.109
G-CSF-2 0.087
G-CSF-3 0.081

3.4.5 Capillary Electrophoresis

The determination and the comparison of impurity as well as the purity assessment of
both human G-CSF and the reference is achieved by subjecting them to the capillary
electrophoresis system. The Figure 3.15 shows the G-CSF and the reference product
has >95% purity.
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Figure 3.15: Electropherogram of the 50 pug non-reduced G-CSF (red) and reference
(black) product.

3.5 Host Cell Protein

The recombinant protein production in E. coli may cause the contamination of host
cell (E. coli BL21 (DE3)) protein. In order to determine whether this contamination is
in an acceptable level, enzyme-linked immunosorbent assay (ELISA), which uses
antibodies specific to host cell, is performed. Each sample is assayed in duplicate.
According to the guidelines and literature, the acceptable HCP amount must be less
than 100 ng/ml (100 ppm)(Bracewell, 2015). HCP amounts of produced G-CSF lower
than the 100 ppm, thus it is in acceptable level.

Table 3.3: Host cell protein ELISA results of hG-CSF.

Name HCP amount (ng/ml)
G-CSF-1 0.089
G-CSF-2 1.940
G-CSF-3 2.213

3.6 Biological Activity

In addition to purification and characterization, biological activity of hG-CSF product
is tested in human monocytic THP-1 cells. Total protein of this monocytes is used for

determination of biological activity of G-CSF product and reference. For this
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experiment, the level of p-ERK is investigated upon stimulation of 50 ng/ml hG-CSF

and reference product. The results are shown at Figure 3.16.

Upon stimulation of G-CSF either produced by us or the reference, the phosphorylated
ERK 1/2 levels are started to increase after 30 minutes (p< 0.001 and p< 0.05
respectively) (Figure 3.16B and Figure 3.16D). Thus, MAPK pathway stimulation has

reached its peak around 30 minutes, then started to decrease.
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Figure 3.16: The p-ERK levels upon stimulation of (A and B.) G-CSF and (C. and
D.) reference product.
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4. DISCUSSION

Biosimilars, biologic medicines, are being developed from cells or living organisms;
thus, these complex structures are not precisely the same product with reference.
Consequently, FDA, EMA, and World Health Organization (WHO) have published a
strict regulation of biosimilars in case of quality, efficacy, or safety (Reviewed in
Araujo, Gongalves, & Fonseca, 2016). Neupogen’s biosimilar Zarzio, which only
differs in its buffer system, has been mentioned to be on the European and the US
markets since 2009 and 2015, respectively, and has allowed to save millions of euros
in Europe (Gascon et al., 2013). Therefore, this small glycoprotein’s cloning,

production, and purification have been crucial for the pharmaceutical industry.

The major production hosts of recombinant human G-CSF are mainly bacteria E. coli
and mammalian Chinese Hamster Ovary, CHO, cells. In lenograstim, latter cells have
been used as production hosts because G-CSF has one O-linked glycosylation at the
Thr!3 position and these cells are able to present glycosylation pattern, while
prokaryotic bacteria cell cannot (Boubevaa et al., 2012; Hill et al., 1993). Thus, some
biosimilars of G-CSF have been produced in cells since these cells are able to present
glycosylation. Yet, a report by Hill et al. mentioned that O-linked glycosylation is not
important for biological activity (Hill et al., 1993). Additionally, they have been
reported to have no significant differences between glycosylated and non-glycosylated
G-CSF in case of pharmacokinetic and pharmacodynamic profiles in vivo (Tanaka et
al., 1997). On the other hand, E. coli who cannot perform glycosylation has low
nutrient requirements with a high growth rate and well-known genetics as well as
physiology (Babaeipour, et. al, 2010). Therefore, this has been used as a major
production host for recombinant human G-CSF at both a small and large scale.
(Babaeipour, et. al, 2010). Consequently, bacteria systems have been used to optimize

the production of hG-CSF in this thesis.

The cloning process of any gene starts with creating a DNA library which is a pool of
DNA fragments of a particular organism. Typically, two kinds of libraries are used for
cloning; they are either genomic DNA, gDNA library, or complementary DNA, cDNA

library (Thieman & Palladino, 2004). The human genome contains nonprotein coding
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sequences called introns as well as protein-coding sequences exons. Using the gDNA
library for cloning would clone exons and introns as well. Since most of the eukaryotic
genome consists of introns, these libraries would consist of majorly noncoding
fragments (Thieman & Palladino, 2004). However, cDNA libraries are created from
reverse transcription of isolated mRNA to its complementary DNA. Therefore, this

library only contains expressed genes in the cells (Thieman & Palladino, 2004).

In order to capture the G-CSF protein-coding sequence, one of the most GCSF
expressed cells, human malignant glioblastoma U87 MG cells’ ¢cDNA is used.
Glioblastoma, U87-MG cells are presented to be one of the highly G-CSF expressed
cells that do not require any induction for G-CSF production (Wang et al., 2012). For
cloning purposes, U87 MG cells” RNA were isolated and this isolation was successful
as most of the RNA in human cells are ribosomal 28S and 18S RNA — those of which

were presented in Figure 3.1.

After cloning processes have been performed, the formed pET-30a(+)::hG-CSF
plasmid has transformed with the protein expression E. coli strain: BL21 (DE3). hG-
CSF gene is under the control of the T7 promoter, which is a strong bacteriophage
promoter that is under the control of IPTG — a structural analog of lactose who does
not become a part of the metabolic pathway. Therefore, an IPTG addition to the growth
media would cause production G-CSF and, consequently, leads to the production of
protein aggregates (inclusion bodies). In order to obtain active proteins, these insoluble
inclusion bodies should be solubilized and refolded. (Hoffmann et.al., 2018). The
washing of inclusion bodies and solubilization of them were successfully performed
as shown in Figure 3.8. After this solubilization, G-CSF is refolded meanwhile buffer

is exchanged by subjecting it in urea contained buffer.

The solubilized and refolded G-CSF is then purified by cation exchange
chromatography and its chromatogram result is presented in Figure.3.9. The fractions
of purification are collected and are analyzed via several characterization techniques.
The purity and approximate molecular weight of the target protein in fractions are
shown with SDS-PAGE and immunoblotting in Figure 3.10. Accordingly, the other
cell lysate proteins are successfully separated from G-CSF. In order to preserve the

native form of G-CSF, it is buffer exchange into FB.

The other way to estimate the molecular weight is intact mass analysis with mass

spectrometry. G-CSF and reference is subjected to LC/MS and shown in Figure 3.11.
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This result showed that, the molecular weight of both G-CSF contained our product
and reference is similar and has 18800 and 18797 Da molecular weight respectively.
Different concentrations of samples might have caused the noises seen on the

deconvoluted mass spectra shown on the inset on the LC chromatography.

Amino acid sequence of our product and reference also their similarities have
disclosed via peptide mapping by subjecting them to SV-8 Endoproteinase Glu-C
digestion followed by LC-MS/MS analysis. Our hG-CSF product overlaps with the

reference product are shown.

Another important characterization technique, circular dichroism has revealed the
secondary structure of 4 a-helix contained our G-CSF product and the reference. The
characteristics of a-helix in literature referred to as having two negative peaks at 208
nm and 222 nm and one positive peak at 190 nm (Greenfield, 2007). The results in
Figure 3.13 shows that, product and the reference had clear a-helix structure with

mentioned peaks and dips, thus, it matches with reference.

G-CSF has been mentioned to be an oligomerization-prone protein (Krishnan et al.,
2002). Thus, the oligomeric state of the protein is wanted to be analyzed by HPLC-
Size exclusion chromatography (SEC) analysis, in Figure 3.14. The human G-CSF and
reference main peak elution time is 17.84 minutes and 17.92 minutes respectively.
This presents the solubilized, refolded and then purified G-CSF product and the
reference G-CSF is monomer and similar. The oligomerization of G-CSF is mentioned
to be seen at phycological conditions (pH 7.0 and room temperature) and eliminated
when it is stored below 8°C at pH 5 (Krishnan et al., 2002). Therefore, we stored our
purified hG-CSF product in pH 4.5 at +4° C.

Another method to determine the purity of target protein in formulation buffer is
subjecting it to non-reducing capillary electrophoresis. Purity of many pharmaceutical
product is assessed by capillary gel electrophoresis systems because this method is
highly stable, robust and sensitive (Sastre Torafo, 2019). Even-though our G-CSF had
low concentration, it can be seen that, G-CSF in FB buffer has high purity (>95).

The previous experiments have shown that, our G-CSF product have similar DNA
sequence, primary and secondary structure, molecular mass and purity with the
reference product. Yet, this does not prove our product is biologically active.

Therefore, its biological activity is tested by inducing human monocyte THP-1 cells,
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which cells expresses G-CSFR highly, with our G-CSF product and the reference G-
CSF.

Pankaj et. al. (2017) has mentioned that upon binding to G-CSFR, G-CSF induces
several pathways including the STAT, PI-3K and MAPK cellular signal pathways.
Extracellular signal-regulated kinase (ERK) family is one of the major kinases in this
pathway and ERK 1/2 module is activated upon a stimulation via growth factors for
differentiation and cell growth (Morrison, 2012). A study by Saito et al. (2002)
revealed that, G-CSF stimulation on monocytes causes upregulation of phosphorylated
ERK 1/2. Similarly, when human monocytic THP-1 cells are stimulated with both our
and reference G-CSF, phosphorylated ERK 1/2 levels are upregulated significantly in
30 and 60 minutes (Figure 3.17) This upregulation of p-ERK 1/2 indicates the
functional activity of our refolded G-CSF.

Consequently, in this thesis, we efficiently constructed G-CSF gene into pET-30a (+)
::hG-CSF plasmid, expressed in E. coli BL21(DE3) host cell and purified using cation

exchange chromatography.
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APPENDIX A.

Equipment used in this study are shown in Table A.2.

Table A. 1: Equipment used in this study.

Equipment Brand
Amersham WB System GE Healthcare Lifescience
Autoclave Tuttnauer Systec 3870
. Beckman Coulter Allegra 25R
Centrifuges
ScanSpeed )
Chromatographic System GE Healthcarji‘zrtl‘fsmence Akta

Gel Screening Systems

Hemocytometer
Incubator with CO2
Laminar Air Flow Cabinets
Laminar Flow Faster
Light Microscope
Magnetic Stirrer

Micropipettes

Microplate Spectrophotometer
Orbital Shaker
pH meter
Power Supply for SDS-PAGE
Pure Water System
SDS-PAGE Gel Electrophoresis
System
Shaker
Thermal Cycler
Ultrapure Water System

UV-Visible Spectrophotometer

Vortex
Water Bath

Bio-Rad ChemiDoc™ MP
Bio-Rad GelDoc™ XR+
Fisher Lab Scientific
Thermo Scientific
Faster BH-EN 2003
BH-EN 2003
Olympus CH30 (USA)
Dragon Lab MS-H-S
Eppendorf
Thermo Scientific
Bio-Rad Benchmark Plus
Lab Companion™ ISF-7200
Mettler Toledo
BIO-RAD Power Pac Basic
Merck Direct-Q®

Bio-Rad Mini Protean

Heidolph Duomax 1030
Bio-Rad T100™ Thermal Cycler
Merck Direct-Q®-3UV
Thermo Scientific Nanodrop 2000
UVstar Plus UV transilluminator
Dragon Lab MX-F
Memmer WB110
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Chemicals and enzymes used in this study are shown in Table A.2.

Table A. 2: Chemicals and enzymes used in this study

Chemical and Enzymes Brand
1X CutSmart Buffer NEB
40% Acrylamide Solution Bio-Rad
6X DNA Loading Dye Solution iNtRON
Acetic Acid Sigma
Agar (Bacteriological Grade) Multicell
Agarose Multicell
APS Sigma
Bovine serum albumin Sigma
Bromophenol blue Sigma
Clarity Western ECL Bio-Rad
Coomassie Brilliant Blue Sigma
DMEM Gibco
DMSO Biomatik
GeneON
DNA Lgder Thermo Scientific
EDTA Sigma
EcoRI-HF® Restriction Enzyme NEB
Ethanol Merck
FBS Thermo Scientific
Glycerol Merck
Glycine Sigma
Hydrochloric Acid Sigma
Isopropanol Merck
lodacetemate Bio-Rad
Kanamycin Sigma
Lysosome Sigma
Methanol Merck
Non-fat dry milk Santa Cruz
Neupogen Amgen
Ndel Restriction Enzyme NEB
PageRuler Prestained Protein Ladder Thermo Scientific
PBS Invitrogen
PMSF Fluka
Protease cocktail inhibitor Roche
RedSafe™ iNtRON
RiboRuler High Range RNA Ladder Thermo Scientific
RT MasterMix 5X All-In-One abm®
SDS Sigma
Sodium Chloride Sigma
Sodium Hydroxide Multicell
Taq polymerase SuperMix QuantaBio
TEMED Sigma
Trisma base Multicell
Trypsin-EDTA Gibco
Tween-20 Biomatik
Yeast Extract Sigma
B-Mercaptoethanol Sigma
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Commerecial kits used in this study are shown in Table A.3

Table A. 3: Commercial kits

Equipment Brand
In-Fusion Cloning kit Takara
NucleoBond Xtra Max1'k1t for transfection-grade MACHEREY-NAGEL
plasmid DNA
NucleoSpin® PCR clean-up, gel extraction MACHEREY-NAGEL
NucleoSpin® RNA Midi kit MACHEREY-NAGEL
E. coli Host Cell Protein ELISA kit Cygnus Technologies, F410
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APPENDIX B.

G-CSF PDB Details

PDB ID: 1CD9 2:2 Complex of G-CSF with its receptor
Released: 2000-03-08

Deposition Author: Aritomi et al., 1999

DOI: 10.2210/pdb1CD9/pdb

1CD9:C|PDBID|CHAIN|SEQUENCE

MTPLGPASSLPQSFLLKCLEQVRKIQGDGAALQEKLCATYKLCHPEELVLLG
HSLGIPWAPLSSCPSQALQLAGCLSQLHSGLFLYQGLLQALEGISPELGPTLD

TLQLDVADFATTIWQQMEELGMAPALQPTQGAMPAFASAFQRRAGGVLVA
SHLQSFLEVSYRVLRHLAQP

DrugBank sequence

MTPLGPASSLPQSFLLKCLEQVRKIQGDGAALQEKLCATYKLCHPEELVLLG
HSLGIPWAPLSSCPSQALQLAGCLSQLHSGLFLYQGLLQALEGISPELGPTLD
TLQLDVADFATTIWQQMEELGMAPALQPTQGAMPAFASAFQRRAGGVLVA
SHLQSFLEVSYRVLRHLAQP

AJC19277.1:1-174 granulocyte-colony stimulating factor, partial [Homo sapiens]

TPLGPASSLPQSFLLKCLEQVRKIQGDGAALQEKLCATYKLCHPEELVLLGH
SLGIPWAPLSSCPSQALQLAGCLSQLHSGLFLYQGLLQALEGISPELGPTLDTL
QLDVADFATTIWQQMEELGMAPALQPTQGAMPAFASAFQRRAGGVLVASH
LQSFLEVSYRVLRHLAQP-

Human CSF3 sequence (NCBI, Homo sapiens colony stimulating factor 3 (CSF3),
transcript variant 5, mRNA, Sequence ID: NR_033662.2)

5’ATGACCCCCCTGGGCCCTGCCAGCTCCCTGCCCCAGAGCTTCCTGCTCA
AGTGCTTAGAGCAAGTGAGGAAGATCCAGGGCGATGGCGCAGCGCTCCA
GGAGAAGCTGTGTGCCACCTACAAGCTGTGCCACCCCGAGGAGCTGGTG
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CTGCTCGGACACTCTCTGGGCATCCCCTGGGCTCCCCTGAGCAGCTGCCC
CAGCCAGGCCCTGCAGCTGGCAGGCTGCTTGAGCCAACTCCATAGCGGC
CTTTTCCTCTACCAGGGGCTCCTGCAGGCCCTGGAAGGGATCTCCCCCGA
GTTGGGTCCCACCTTGGACACACTGCAGCTGGACGTCGCCGACTTTGCCA
CCACCATCTGGCAGCAGATGGAAGAACTGGGAATGGCCCCTGCCCTGCA
GCCCACCCAGGGTGCCATGCCGGCCTTCGCCTCTGCTTTCCAGCGCCGGG
CAGGAGGGGTCCTGGTTGCCTCCCATCTGCAGAGCTTCCTGGAGGTGTCG
TACCGCGTTCTACGCCACCTTGCCCAGCCCTGA’3

Homo sapiens colony stimulating factor 3 (CSF3), transcript variant 5, non-coding RNA
Sequence ID: NR_033662.2 Length: 1680 Number of Matches: 1

Range 1: 302 to 826 GenBank Graphics

Score Expect Identities Gaps Strand
965 bits(522) 0.0 524/525(99%) 0/525(0%) Plus/Plus

Query 1 ACCCCCCTGGGCCCTGCCAGCTCCCTGCCCCAGAGCTTCCTGCTCAAGTGCTTAGAGCAA 60

||III||I|||I||III|||I|||I|||I||||I|||I|||I||||I|||I|||I||||

Sbjct 302 ACCCCCCTGGGCCCTGCCAGCTCCCTGCCCCAGAGCTTCCTGCTCAAGTGCTTAGAGCAA 361

Query 61 GTGAGGAAGATCCAGGGCGATGGCGCAGCGCTCCAGGAGAAGCTGTGTGCCACCTACAAG 120

CECLEEELLR LU LT LU LT LLEEEEE LT ]

Sbjct 362 GTGAGGAAGATCCAGGGCGATGGCGCAGCGCTCCAGGAGAAGCTGTGTGCCACCTACAAG 421

Query 121 CTGTGCCACCCCGAGGAGCTGGTGCTGCTCGGACACTCTCTGGGCATCCCCTGGGCTCCC 180

||III||I|||I||III|||I|||I|||I||||I|||I|||I||||I|||I|||I||||

Sbjct 422 GCCACCCCGAGGAGCTGGTGCTGCTCGGACACTCTCTGGGCATCCCCTGGGCTCCC 481

Query 181 CTGAGCAGCTGCCCCAGCCAGGCCCTGCAGCTGGCAGGCTGCTTGAGCCAACTCCATAGC 240

CECLEELLLLUEECEL LU UL

Sbjct 482 CTGAGCAGCTGCCCCAGCCAGGCCCTGCAGCTGGCAGGCTGCTTGAGCCAACTCCATAGC 541

Query 241 GGCCTTTTCCTCTACCAGGGGCTCCTGCAGGCCCTGGAAGGGATCTCCCCCGAGTTGGGT 300

COCLEELELLEECEE LU LU LT

Sbjct 542 GGCCTTTTCCTCTACCAGGGGCTCCTGCAGGCCCTGGAAGGGATCTCCCCCGAGTTGGGT 601

Query 301 CCCACCTTGGACACACTGCAGCTGGACGTCGCCGACTTTGCCACCACCATCTGGCAGCAG 360

|||I|||I|||||||I||||||||I||||||||||||I||||||||||||I||||||||

Sbjct 602 ACCTTGGACACACTGCAGCTGGACGTCGCCGACTTTGCCACCACCATCTGGCAGCA! 661

Query 361 ATGGAAGAACTGGGAATGGCCCCTGCCCTGCAGCCCACCCAGGGTGCCATGCCGGCCTTC 420

|||I|||I|||I|||I||||I|||I|||I||||I|||I|||I||||I|||I|||I||||

Sbjct 662 ATGGAAGAACTGGGAATGGCCCCTGCCCTGCAGCCCACCCAGGGTGCCATGCCGGCCTTC 721
T T
Sbjct 722 TCCAGCGCCGGGCAGGAGEGGTCCTGGTTGCCTCCCATCTGCAGAGCTTC 781

Query 481 CTGGAGGTGTCGTACCGCGTTCTACGCCACCTTGCCCAGCCCTGA 525

LELERLEELELEEEEUEE LT EEL LT

Sbjct 782 CTGGAGGTGTCGTACCGCGTTCTACGCCACCTTGCCCAGCCCTGA 826
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Chain A, Protein (granulocyte Colony-stimulating Factor) [Homo sapiens]
Sequence ID: 1CD9_A Length: 175 Number of Matches: 1
See 10 more title(s) v

Range 1: 2 to 175 GenPept Graphics

Score Expect Method Identities Positives

Gaps

Frame

345 bits(884) 1e-119 Compositional matrix adjust. 174/174(100%) 174/174(100%) 0/174(0%) +1

Query 1 TPLGPASSLPQSFLLKCLEQVRKIQGDGAALQEKLCATYKLCHPEELVLLGHSLGIPWAP
TPLGPASSLPQSFLLKCLEQVRKIQGDGAALQEKLCATYKLCHPEELVLLGHSLGIPWAP
Sbjct 2 TPLGPASSLPQSFLLKCLEQVRKIQGDGAALQEKLCATYKLCHPEELVLLGHSLGIPWAP

Query 181 LSSCPSQALQLAGCLSQLHSGLFLYQGLLQALEGISPELGPTLDTLQLDVADFATTIWQQ
LSSCPSQALQLAGCLSQLHSGLFLYQGLLOALEGISPELGPTLDTLQLDVADFATTIWQQ
Sbjct 62 LSSCPSQALQLAGCLSQLHSGLFLYQGLLOALEGISPELGPTLDTLQLDVADFATTIWQQ

Query 361 MEELGMAPALQPTQGAMPAFASAFQRRAGGVLVASHLQSFLEVSYRVLRHLAQP 522

MEELGMAPALQPTQGAMPAFASAFQRRAGGVLVASHLOSFLEVSYRVLRHLAQP
Sbjct 122 MEELGMAPALQPTQGAMPAFASAFQRRAGGVLVASHLQSFLEVSYRVLRHLAQP

175

180
61

360
121
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APPENDIX C

SDS-PAGE IMMUNOBLOTTING
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Figure C. 1: The SDS-PAGE (A) and immunoblotting (B) results of the
optimization of hG-CSF protein production in E. coli BL21 (DE3) cells’ supernatant.
(A.) shows different (0.25-1 mM) IPTG concentration result (B.) shows different
temperature growth (37°C, 30°C, and 18°C) after IPTG induction result and (C.)
shows different time duration ( 2, 4, 6 hours) after IPTG induction result. M is
PageRuler marker, Thermo Scientific. t0 is non-induced sample.
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Figure C. 2: Replicate purification (A) chromatography, (B- Left)SDS-PAGE and
(B-right) of human recombinant G-CSF isolated from BL21(DE3) cells that carries
pET30(a)+::hG-CSF plasmid. Cation exchange binding buffer is 25 mM sodium
acetate pH 4.5 and elution buffer is 25 mM sodium acetate, 1 M NaCl pH 4.5. The
collected elution fractions are showed in number.
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Figure C. 3: Replicate purification (A) chromatography, (B- Left)SDS-PAGE and
(B-right) of human recombinant G-CSF isolated from BL21(DE3) cells that carries
pET30(a)+::hG-CSF plasmid. Cation exchange binding buffer is 25 mM sodium
acetate pH 4.5 and elution buffer is 25 mM sodium acetate, 1 M NaCl pH 4.5. The
collected elution fractions are showed in number.
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Figure C. 4: The SEC-HPLC chromatogram replicate of the SEC analysis of 0.05
mg/ml purified hG-CSF.

150 kDa 44.3 kDa 13.7 kDa 197 Da
hG-CSF
9
8
7
6
D
< 5
E 4
3
2
1
0
10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25
Time (min)

Figure C. 5: The SEC-HPLC chromatogram replicate of the SEC analysis of 0.05
mg/ml purified hG-CSF.
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Figure C. 6: The circular dichroism spectra replicate of final G-CSF product.
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Figure C. 7: The capillary electrophoresis replicate of final G-CSF product.
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APPENDIX D.
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Figure D. 7: The SEC-HPLC analysis of protein standarts for reference.
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