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GENERATION OF PLASMID-BASED EUKARYOTIC MODEL TO
INVESTIGATE BIOLOGY OF CRIMEAN CONGO HEMORRHAGIC
FEVER VIRUS NUCLEOPROTEIN AND GLYCOPROTEINS

SUMMARY

RNA viruses are the main cause of many pandemics that shape human history by
causing the death of millions of people. The rapid adaptability of RNA viruses, which
allows them to circulate for thousands of years, and the increased contact of humans
with wild animals can trigger the emergence of virus variants that can cause new
pandemics. Virus-like particle studies (VLPs) to elucidate unknown mechanisms in
the virus life cycle and pathophysiology of disease are of vital importance in the
development of effective antiviral strategies against these viruses that affect human
life. The lack of genomic material that can cause virus infection paves the way for
these viruses to be studied in BSL-2 laboratories, which are easily accessible to many
researchers around the world. In recent years, the World Health Organization (WHO)
has published a list of infectious agents that should be primarily investigated. Crimean-
Congo Hemorrhagic Fever Virus (CCHFV) and Severe Acute Respiratory Syndrome
Coronavirus 2 (SARS-CoV-2) viruses, which are also clinically important for our
country, are included in this list. From this point of view, in this thesis, various viral
protein expression studies have been carried out to develop different VLP systems that
can both study the biology and immunology of CCHFV and form the basis of vaccine
candidate development studies for SARS-CoV-2. For this purpose, firstly, CCHFV
viral proteins were produced in Huh-7 cells via pcDNA 3.1 plasmid, and their
expression was confirmed by both post-transcriptional and post-translational analyses.
Furthermore, immunological analyzes by in-house ELISA revealed that various viral
protein combinations may promote the production of different CCHFV proteins. In
addition, a unique ambisense minigenome system has been developed. The inclusion
of this system in future VLP studies might result in the generation of a transcription
and entry competent VLPs for CCHFV Kelkit 06 strain. Second, four different
plasmids carrying multiple expression cassettes in various combinations were
constructed to produce four different VLP-based vaccine candidates against SARS-
CoV-2 in P. pastoris.

In conclusion, the experiments conducted in this thesis have shown the expression and
detection of immunologically significant viral antigenic proteins of CCHFV and
SARS CoV-2, two of the most serious human viral pathogens of our time, in eukaryotic
cells. These studies have established a critical infrastructure at our laboratory which
will be imperative for future studies. It appears that for generation and demonstration
at sufficient quantities and commercially meaningful VLPs from plasmid-based
expression systems, further optimizations are needed. It should be underlined that to
address the questions on the biology and immunology of these viruses through VLP
and minigenome approaches, these optimizations such as exhaustive trials with
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different expression models, optimization of sequences, alternative transfection
systems and stable expressions should be undertaken.

Keywords: RNA viruses, RNA virus infections, Arboviruses, Corona virus infections,
COVID-19 vaccines
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KIRIM KONGO KANAMALI ATESI VIRUSU NUKLEOPROTEININ VE
GLIKOPROTEINLERININ BIYOLOJISININ CALISILMASINDA PLAZMIT
TEMELLI OKARYOTiK MODEL OLUSTURULMASI

OZET

Milyonlarca insanin 6liimiine sebep olarak insanlik tarihinine yon veren pek ¢ok farkli
pandemiye RNA viriisleri sebep olmustur. influenza A viriisii, ¢ocuk felci viriisii,
rotaviriisler, dang viriisii, hepatit C viriisii, Bati1 Nil hummasi viriisii, sart humma viriisii
ve kizamik virtisi gibi ciddi insan patojenlerinin ¢ogu RNA viriisleridir.
Kiiresellesmeyle birlikte insanlarin birbirleriyle ve dogadaki diger canlilarla etkilesimi
giinden giine artmaktadir. Bu durum, RNA viriislerinin binlerce yildir dolagimda
kalmalarimi saglayan hizli uyum yetenekleri sebebiyle yeni konakgilar bulmasim
kolaylastirabilmekte ve yeni pandemilerin Oniinii agabilecek viriis varyantlarinin
ortaya ¢ikmasini tetikleyebilmektedir. Son COVID-19 salgininda da goriildiigi gibi,
RNA virtisleri zamanla daha da endige verici bir halk sagligi sorunu haline
gelmektedir. RNA viriislerinin bagisiklik sisteminden kagma konusundaki mahir
yetenekleri bazi durumlarda etkin antiviral ilaglarin gelistirilmesini zorlagtirmaktadir.
As1 ve antivirallerin iiretimi i¢in de dncelikle viriis yasam dongiisiiniin aydinlatilmasi
gerekmektedir. Bu amaca hizmet eden saglam yontemlerin olusturulmasi, hastaligin
altinda yatan molekiiler mekanizmalarin arastirilmasinda kritik bir role sahiptir.

Genel terminolojide, ileri genetik, bir fenotipin genetik temelinin arastirilmasini ifade
ederken, ters genetik, genetik degisikliklerin fenotip {iizerindeki etkisinin
incelenmesini ifade eder ki, viroloji baglaminda ters genetik, bir viriisiin tamamen
cDNA'dan iiretilmesi anlamina gelir. Ters genetik sistemleri yiiksek patojeniteye sahip
virlislerin yasam dongiileri, bagisiklik yanitlarindan kagis yollari, viriis-konake1
etkilesimleri, as1 gelistirilme veya vektor olarak kullanilabilecek o6zellestirilmis
viriislerin tiretimi gibi ¢aligmalarin BSL-2 kosullarinda yapilabilmesine imkan taniyan
etkili ve kullanigh araglardir. Bu sistemler, viriislere ait yasam dongiisiiniin molekiiler
temelinin tiim yonleriyle belirlenebilecegi mutasyon analizlerine imkan tanimaktadir.
Pek cok yiiksek derecede patojenik RNA viriislinlin biyolojisi hakkinda muazzam
miktarda bilgi, 6zellikle minigenomlarin da dahil oldugu VLP sistemlerini igeren
aragtirmalardan elde edilmistir. Viral genomlarin replikasyonu ve transkripsiyonu
minigenom sistemleri kullanilarak modellenirken, hedef hiicrelerin morfogenezi,
tomurcuklanmasi ve enfeksiyonu, transkripsiyon ve replikasyon agisindan yetkin viriis
benzeri partikiiller kullanilarak simiile edilmektedir. Viriis yasam dongilisii ve
hastaligin patofizyolojisi konusundaki bilinmeyen mekanizmalar1 aydinlatmak {izere
yapilan viriis benzeri pargacik ¢alismalar1 (VLPs), insan hayatini etkileyen bu viriislere
kars1 etkili antiviral stratejilerin gelistirilmesinde hayati 6neme sahiptir. Viriis benzeri
parcaciklarin, enfeksiyona sebep olabilecek genomik materyalden yoksun olmasi,
diinyadaki bir¢ok arastirmacinin kolayca erigebildigi BSL-2 laboratuvarlarinda bu tarz
virilislerle yapilacak calismalar1 kolaylastirmaktadir.
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Gectigimiz yillarda, Diinya Saglik Orgiiti (DSO), salgin potansiyelleri ve karsi
Onlemlerin olmamasi veya yetersiz olmasi nedeniyle en fazla halk saglig1 riski tasiyan
ve Oncelikli olarak arastirilmasi gereken enfeksiyon ajanlari hakkinda bir liste
yaymlamistir. Ulkemiz i¢in de klinik 6neme sahip Kirim Kongo Kanamali Atesi
(KKKA) ve COVID-19 hastaliklar1 bu listede ilk iki siray1 paylagmaktedir. Buradan
hareketle, bu tezde hem KKKA’nin etiyololojik ajani olan Kirim Kongo Kanamali
Atesi Viriisii (KKKAV)'in biyolojisinin ve immunolojisinin ¢aligilabildigi, hem de
COVID-19 pandemisinin miisebbibi Siddetli Akut Solunum Sendromu Coronaviriis 2
(SARS-CoV-2)’ye yonelik as1 aday1 gelistirme ¢aligsmalarina temel olusturacak farkli
VLP sistemlerinin gelistirmesi adina ¢esitli viral protein ekspresyon calismalari
yapilmustir.

Kirim- Kongo Kanamali Atesi, KKKAV’nin neden oldugu kene kaynakli viral
hemorajik bir hastaliktir. KKKA, insanlarda, saglik sisteminin kalitesine gore %S5 ila
%80 arasinda degisen Oliim oranlarina sahip sporadik salginlara neden olmaktadir.
Simdiye kadar Afrika, Asya ve Avrasya'yl kapsayan genis bir cografi alanda 30'dan
fazla iilkede viriis izolasyonu ve/veya hastalik bildirilmistir. Viriisin Hyalomma
keneleri araciligryla artan bulasi nedeniyle ii¢ milyar insan hastaliga yakalanma riski
altindadir. Bununla birlikte, diinyada en fazla vaka Tiirkiye'den bildirilmektedir. 2002
ile 2018 yillar1 arasinda 11.041 vaka bildirildiginden, KKKA Tiirkiye'de halk sagligin
tehdit eden ve biiyiiyen bir endise haline geldi. Enzootik alanda bulunan enfekte
keneler ile temas insanlarda KKKA'ya neden olmaktadir. Insanlar disindaki omurgali
konakegilar, enfeksiyondan sonra yalnizca asemptomatik gegici viremiden muzdariptir.
Viicut sivilart veya kontamine tibbi ekipman ile dogrudan temas, nozokomiyal
enfeksiyonlarin ana nedenleridir ve kesim sirasinda viremik bir hayvanin dokular
veya stvilari ile temas, insana bulasmanin baska bir yoludur. Insanlarda KKKA ¢ok
farkli klinik tablo ile seyredebilir.Hafif seyreden bir hastaliktan, siddetli ve 6liimciil
seviyelere ulasan bir hastaliga dontisebilir. Su anda KKKA i¢in onaylanmis bir as1
veya ila¢ bulunmadigindan, tedavinin birincil odak noktas: hastalara destekleyici
bakim saglamaktir.

Kirim Kongo Kanamali Atesi Viriisii negatif tek sarmalli zarfli bir RNA viriistidiir.
Viral genom, sirasiyla RNA'ya bagimli viral RNA polimeraz, glikoproteinler ve
niikleoproteinler gibi yapisal proteinleri kodlayan L, M ve S segmentleri olarak
adlandirilan ii¢ tek sarmalli negatif RNA molekiillerinden olusur. Her segmentte tek
bir agik okuma g¢ergevesi (ORF) ve yiiksek diizeyde korunmus ve birbirine
komplementer kodlayici olmayan terminal tamamlayici diziler bulunmaktadir. Her iki
uc arasindaki kovalent olmayan etkilesim, viral polimerazin baglanmasi ig¢in
fonksiyonel bir promotdr bolge olma gorevini iistlenmektedir. CCHFV M
segmentinden iki viral glikoprotein, Gn ve Gc iretilmektedir ve konak hiicreye
baglanma ve internalizasyondan sorumludur. S segmentten iiretilen niikleoproteinler
(Np), viral genomun kapsiillenmesi ve RNA'ya bagimli RNA polimeraz (RdRp) ile
birlikte bir riboniikleoprotein kompleksinin olusturulmasi, ardindan konake1 hiicrede
viral replikasyonun ve transkripsiyonun baslatilmasi i¢in ¢ok onemlidir.

Bulas riskinin yiiksek olmas1 ve BSL-4 tesislerinin gerekliligi canl viriis ile yapilan
calismalar1 kisitlamaktadir. Bu nedenle, virlis biyolojisi hakkinda, ozellikle tekil
proteinler tarafindan saglanan her bilgi, literatiire degerli katkilar saglayacaktir. Bu
amagla ilk olarak, KKKAV viral proteinleri Huh-7 hiicrelerinde pcDNA 3.1 plazmidi
araciligiyla tretilmis ve hem post-transkripsiyonel hem de post-translasyonel
analizlerle viral proteinlerin ekspresyonlar1 gosterilmistir. ELISA ile yapilan
immiinolojik analizlerde, ¢esitli viral protein kombinasyonlarmin, farkli KKKAV
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VLP'lerin iiretimini destekleyebilecegine dair bazi veriler elde edilmistir. Ayrica,
benzersiz bir ambisense minigenom sistemi gelistirilmistir. Bu sistemin ileride
yapilacak VLP c¢alismalarina dahil edilmesi, KKKAV Kelkit 06 susu igin
transkripsiyonel ve giris yetkin bir VLP {retilmesinin yolunu agabilecegi
distiniilmektedir.

Ikinci olarak, bu tezde, insanlik tarihinde déniim noktasi sayilabilecek dl¢iide yikic
sonuglarina magruz kaldigimiz COVID-19 pandemisinin miisebbibi SARS-CoV-2'ye
yonelik caligmalar yapilmistir. 2019' un sonunda, Cin'in Wuhan sehrinde, kaynagi
bilinmeyen bir dizi olduk¢a bulasici siddetli pnomoni vakasi ortaya c¢ikmuistir.
Molekiiler biyolojideki modern gelismeler sayesinde, bu durumun altinda yatan viral
ajan, ilk vakadan sonraki bir ay i¢inde tanimland1 ve SARS-CoV ile %79,6 sekans
benzerligi nedeniyle SARS-CoV-2 olarak adlandirildi. Yiiksek bulagsma hizi nedeniyle
birka¢ ay iginde "koronaviriis hastaligi 2019" (COVID-19) olarak bilinen ve insan
sagliglt ve kamu giivenligi i¢in ciddi bir kiiresel tehdit olusturan bir pandemiye
dontigmiistiir. Ocak 2023 itibariyle 215 iilke ve bolgede 661 milyonu asan vaka ve 6,69
milyondan fazla 6liim belgelenmistir. Insanlar arasinda viral bulasmanin, enfekte
hastalarin oksiirmelerinden, hapsirmalarindan veya konusmalarindan salinan solunum
partikiilleri yoluyla dogrudan meydana geldigi bilinmektedir. Bu ylizden, diinyanin
bir¢ok iilkesinde, c¢esitli araliklarla evde kalma emirleri, sokaga ¢ikma yasaklari,
karantinalar, giivenlik kordonlar1 ve benzeri toplumsal kisitlamalar gibi ila¢ dist
miidahaleler uygulanmak zorunda kalinmistir. Bu siirecte ek olarak, sporadik
mutasyonlar ve rekombinasyonlar sebeiyle, viriislin daha genis bir alana yayilmasina
veya notralize edici antikorlardan kagabilmesine imkan taniyan yeni varyantlar da
ortaya ¢ikmaistir.

COVID-19'un etiyolojik ajani SARS-CoV-2, zarfli, pozitif tek sarmalli bir RNA
viriisiidiir. Virionda S, M, N ve E olarak adlandirilan yapisal proteinleri
bulunmaktadir. E proteini iyon kanal1 aktivitesine sahiptir ve olgun viriis partikiiliiniin
olusumunda 6nemli oldugu diisiiniilmektedir. Niikleoprotein (N), pozitif anlamda viral
RNA'ya yiiksek afinite ile baglanir ve onu konakg1 niikleazlardan korur. M proteini
virionda bol miktarda bulunur ve niikleokapside baglanarak viral genomun
paketlenmesine yardimci olur. S proteini, viriisiin hiicre yiizeyindeki anjiyotensin
doniistiiriicii enzim 2 (ACE2) reseptorlerine baglanmasina ve ardindan endozomlara
alinmasina aracilik eder.

SARS-CoV-2 ile enfekte olan ¢ogu insan, virlis replikasyonunun esas olarak iist
solunum yollariyla sinirlt oldugu hafif ila orta siddette bir hastalik gelistirse de,
bazilarinda hayat1 tehdit eden bir pnomoniye doniismektedir ve ylizde %1 oraninda
fatalite goriilmektedir. COVID-19' a yakalan kisilerin yaklasik %3-20'sinde hastalik
agir seyretmektedir ve bunlarin yaklasik %10-30'u i¢in yogun bakima ihtiyag
duyulmaktadir. Bu durum saglik sistemleri iizerinde biiyiik bir bask1 olusturmustur. Su
anda, COVID-19' a kars1 spesifik bir tedavinin heniiz gelistirilmemesi COVID-19'un
patogenezine iliskin sinirl anlayisimizi vurgulamaktadir.

COVID-19'a kars1 as1 gelistirme ¢alismalari, viral genom dizilimi yapilir yapilmaz esi
goriilmemis bir hizla baglatildi. Spike proteinin viriis giris mekanizmasindaki dnemli
rolii nedeniyle, tiim protein veya reseptor baglanma alani1 (RBD) gibi kritik parcalar
as1 tasariminda ana hedef antijen olarak kullanilmistir. Bu kapsamda, yalnizca Spike
veya tiim yapisal proteinleri iceren VLP'lerle yapilan mevcut klinik ¢aligmalarin
aksine, bu caligmada, viral proteinlerin degisik kombinasyonlar ile farkli VLP'lerin
tiretimine odaklanilmistir. SARS-CoV-2 proteinleriyle bir VLP yapis1 olusturmak i¢in
minimum protein icgeriginin M ve E proteinleri oldugu Ongoriisi ve S ve N
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proteinlerinin antijenik &zellikleri nedeniyle SEM, SEN, SENM ve ENM olarak
adlandirilan dort farkli SARS-CoV-2 VLP plazmidi tasarlanmistir. amaciyla cesitli
kombinasyonlarda ¢oklu ekspresyon kasetleri tasiyan dort farkli  plazmit
olusturulmustur. Bu plazmitler, farkli viral ifade kasetleri kombinasyonlarinin sirali
olarak klonlanmasiyla insa edilmistir. Viral genlerin maya genomuna entegrasyonu
sonras1 P. pastoris GS115 susu ile yapilan expresyon ¢alismalarinda, viral proteinler
cesitli antikorlar kullanilarak tespit edilmistir. Bu c¢alismalar VLP sistemlerinin
translasyonel biyoteknolojide kullanimina dair 6rnek bir ¢alismayi temsil etmektedir
ve as1 adaylarinin immiinojenisitesini ve glivenligini inceleyen ileri klinik ¢aligmalara
veri saglayabilecegi diisliniilmektedir.

Sonu¢ olarak, bu tezde yapilan deneyler, zamanimizin en ciddi insan viral
patojenlerinden ikisi olan CCHFV ve SARS CoV-2'nin immiinolojik a¢idan énemli
viral antijenik proteinlerinin Okaryotik hiicrelerde ekspresyonunu ve saptanmasini
gostermistir. Bu ¢aligmalar laboratuvarimizda ilerideki ¢alismalar igin gerekli olacak
kritik bir altyapt olusturmustur. Plazmid bazli ekspresyon sistemlerinden yeterli
miktarlarda ve ticari olarak anlamli VLP'lerin iiretilmesi ve gosterilmesi i¢in daha fazla
optimizasyona ihtiya¢ duyulmaktadir. Bu viriislerin biyolojisi ve immiinolojisi ile
ilgili sorulart VLP ve minigenom yaklasimlari ile ele almak igin, farkl1 ifade modelleri
ile ayrintili denemeler, dizilerin optimizasyonu, alternatif transfeksiyon sistemleri ve
kararl1 ifadeler gibi bu optimizasyonlarin yapilmasi gerektiginin alt1 ¢izilmelidir.

Anahtar Kelimeler: RNA virtisleri, RNA viriisii enfeksiyonlari, Arboviriisler, Corona
viriisii enfeksiyonlari, COVID-19 asilar1
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1. INTRODUCTION

1.1 Purpose of Thesis

The majority of human infections that result in millions of mortalities each year are
introduced by RNA viruses [1-5]. Because of globalization, people are now more
mobile than ever before, leading to increased interaction with wildlife. This has made
it easier for RNA viruses, which innately tend to evolve rapidly, to find new hosts. As
evidenced by the recent COVID-19 pandemic, RNA viruses are becoming a growing
public health concern. Working with live viruses is challenging because of the
fascinating ability of RNA viruses to evade the immune system [6]. On the other hand,
the reverse genetic systems used in virology allow studies that enable to understand of
such viruses in all their aspects and to develop appropriate treatment strategies
accordingly, without the need for high levels of biosecurity [7]. In this thesis, various
studies have been carried out to develop virus-like particle (VLP) systems that serve
different purposes for two viruses, Crimean Congo Hemorrhagic Fever Virus
(CCHFV) and SARS-CoV-2, which are reported to be primarily studied by the World
Health Organization (WHQO). The CCHFV is a negative-stranded enveloped RNA
virus and is one of the public health problems of our country, as it threatens the health
of billions of people, as well as the fact that the highest number of cases in the world
are reported in Tirkiye [8, 9]. Also, the high risk of transmission and the necessity for
BSL-4 facilities hampers the studies with live virus. So, any information on virus
biology, especially that provided by individual proteins, will be a valuable contribution
to the knowledge of CCHFV. Therefore, it is aimed to produce viral proteins in
mammalian expression systems to establish a plasmid-based VLP system which can
contribute to existing knowledge about CCHFV biology and immunology. It was also
aimed to develop a minigenome system that can be utilized in other studies aiming to
generate VVLP models which can simulate one cycle of virus replication. Unlike studies
in the literature, it is aimed to develop a unique minigenome system that eliminates the
need for both T7-expressing cell lines and a viral ribonuclear protein complex (RNP)

generally aided by either a helper virus or by plasmid transfections in trans. This, the



expression studies may further facilitate studies of the virus life cycle, the discovery
of new therapeutics, and the development of diagnostic tools

Molecular virology studies with the reverse genetic approach led to many different
biotechnological studies. Information from these studies has been used to develop
VLP-based vaccines against many different viruses that cause infectious diseases [10].
For example, VLP vaccines developed against Hepatitis B Virus (HBV) and Human
Papilloma Virus (HPV) are widely used due to their safety and effectiveness [11].
Because of this, the other objective of this thesis is to develop VLP-based vaccine
candidates against the SARS-CoV-2 virus that emerged at the end of 2019 and caused
a pandemic that resulted in millions of deaths worldwide [12]. Unlike existing clinical
studies with VLPs containing only spikes or all structural proteins, this study focused
on the production of different VLPs by combinations of viral proteins[13]. Due to the
prediction that the minimum protein content to form a VLP structure is M and E
proteins, and the antigenic properties of S and N proteins, four different SARS-CoV-
2 VLPs plasmids, called SEM, SEN, SENM, and ENM according to encoded genes,
were designed. Considering that cost-effective manufacturing is critical in the
development of vaccines for mass production, the P. pastoris expression system was
chosen to produce easily target antigens at lower production costs than other
eukaryotic systems (such as mammalian, insect, and plant) while maintaining
its immunogenicity [14]. To generate these VLPs by transforming a single plasmid,
multiple expression cassettes encoding viral genes will be cloned sequentially into the
same vector. As an exemplary usage of VLP systems in translational biotechnology,
this study may provide data to the clinical studies examining the immunogenicity and

safety of vaccine candidates in the future.

Virus-like particle systems have shed light on the biology, immunology, and
pathogenesis of numerous RNA viruses. It is essential to conduct virus characterization
studies safely in order to develop effective treatment methods for combating RNA
viruses that threaten human health. The knowledge and experience brought on by this
thesis will pave the way for future VLP studies to be conducted to comprehensively
investigate each stage in the life cycle of the virus as well as to develop vaccine and
treatment agents against CCHFV and SARS-CoV-2, and the other highly pathogenic

RNA viruses, as well.



1.2 Reverse Genetics of RNA Viruses

Many of the most serious human pathogens, like influenza A virus, poliovirus,
rotaviruses, dengue virus, hepatitis C virus, West Nile fever virus, yellow fever virus,
and measles virus are RNA viruses, causing millions of deaths [1]. RNA viruses have
been identified in recent studies as the main etiological agents responsible for most
human infections (ranging from 25% to 44% of diseases in different studies) [2-5].
Both the increased contact of humans with domestic animals and wild populations,
brought on by globalization, as well as the high virulence and evolutionary plasticity
of RNA viruses cause viruses to find new hosts. As seen with the emergence of Human
Immunodeficiency Virus (HIV), HIN1 flu, highly pathogenic H5N1 avian influenza
Nipah, Hendra, Ebola, and more recently COVID-19, RNA viruses have triggered a
series of pandemics originating from wildlife reservoirs, increasing the concerns on
public health. [15].

There are distinct types of RNA genomes seen in RNA viruses. Some contain a non-
segmented genome, whereas others have many segments, such as 2 for arenaviruses,
3 for bunyaviruses, 7-8 for influenza viruses, and 10-12 for reoviruses. Furthermore,
they can be single- or double-stranded, positive-sense, negative-sense, or ambisense
RNA. Positive-sense RNAs can be translated directly into protein, whereas negative
sense RNAs must first be transcribed by viral proteins into positive-stranded RNA
before being translated. Ambisense RNAs encode genes that run in both directions
within the same genome or genome segment. In addition, there are retroviruses and
hepadnaviruses that undergo both RNA and DNA phases by reverse transcription of
their RNA [1].

In general terminology, forward genetics refers to the investigation of the genetic basis
of a phenotype, while reverse genetics refers to the study of the effect of genetic
changes on the phenotype [16]. In the context of virology, reverse genetics refers to
the generation of a virus entirely from cDNA [17]. By using reverse genetics, genetic
modifications is introduced directly into the complementary DNA (cDNA) to generate
infectious RNA virus or virus-like particles, in order to study the function of specific
gene sequences and proteins [18]. The reverse genetics system is a revolutionary tool
to study the life cycles of highly pathogenic viruses, escape routes from immune

responses, virus-host interactions, as well as the generation of customized viruses that



can be used as vaccines or vectors. This system allows mutational analysis to
determine the molecular basis of the entire life cycle, including transcription,
replication, and packaging of highly pathogenic viruses under BSL-2 conditions. As
the production of vaccines and antivirals against a highly pathogenic virus first
requires characterizing its life cycle, the establishment of a robust method has a critical
role in the investigation of the molecular mechanisms underlying the disease.
However, working with highly pathogenic viruses requires a biosafety level 3 or 4

laboratory, which restricts the virological studies.

Generating an infectious virus, or "rescuing” the virus, from modified sequences is the
best comprehensive method to investigate the functions of individual sequences in
viral genomes. As DNA could be delivered directly into cells to express viral genes
virus, first the infectious T2 bacteriophage was rescued from DNA as early as 1957
[19]. Then, infectious clones have been developed easily for a wide variety of positive-
sense RNA viruses, since their genome acts as mRNA [20]. Unlike positive-sense
RNA viruses, negative-sense RNA virus genomes are inherently noninfectious due to
their complementary orientation to messenger RNA. The ability to manipulate RNA
virus genomes by converting viral RNA to complementary DNA (cDNA) was made
possible by the discovery of reverse transcriptase in the 1970s [21], and the first
successful attempt was documented for bacteriophage Qp in 1978 [22]. In order to start
viral replication, an RNA-dependent RNA polymerase is needed to transcribe
negative-sense viral RNA (VRNA) into positive-sense mRNA. Thus, scientists were
faced with the issue of supplying not only the VRNA, but also the nucleoprotein
and viral polymerase that make up the ribonucleoprotein (RNP) complex. Therefore,
in reverse genetics applications of negative RNA viruses, transfection of subgenomic
cDNA into suitable cells together with a helper virus or helper plasmids is frequently
used, and all of them are either constitutively or temporarily controlled by an RNA-
dependent-RNA-polymerase (RdRp) such as T7, host polymerase | (Pol I) and 11 (Pol
1) [23].

Understanding the complete virus replication cycle requires the use of full-length clone
systems, which make it possible to produce infectious recombinant viruses. On the
other hand, life cycle modeling systems, such as minigenome and virus-like particle
(VLP) systems, can be employed to simulate the virus life cycle under BSL-2

conditions.  Replication and transcription of viral genomes are modeled using



minigenome systems, whereas morphogenesis, budding, and infection of target cells
are mimicked using transcriptionally and replicationally competent virus-like
particles. These modeling systems greatly help researchersto understand viral
elements involved in virus biology and immunology, as well as to develop therapeutics

and diagnostics [7].

In this thesis, VLPs were developed for two distinct RNA viruses that served various
functions. By generating VLP for Crimean Congo Hemorrhagic Fever Virus
(CCHFV), a negative sense single-stranded RNA virus, it was intended to establish a
mammalian cell culture model that can be utilized to study virus biology, immunity,
and pathogenesis. Furthermore, VLPs that potentially be vaccine candidates for Severe
Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2), a positive sense single-
stranded virus, have been produced. Thus, the contribution of VLP studies to both
basic and translational research has been demonstrated by the studies conducted in this
thesis for these two highly pathogenic RNA viruses.

1.3 Generation of Virus Like Particles for a Negative Sense RNA Virus,

Crimean Congo Hemorrhagic Fever Virus

1.3.1 Viral hemorrhagic fever

Hemorrhagic fever viruses (HFVs) are a group of 14 enveloped, single-stranded RNA
viruses from four families: Arenaviridae, Bunyaviridae, Filoviridae, and Flaviviridae.
The term "viral hemorrhagic fever" (VHF) describes an acute febrile hemorrhagic
condition caused by these viruses that affect multiple organ systems of the body and
impair the general circulatory system. The effects of VHFs might range from relatively

mild to potentially fatal illnesses.

Even though VHFs can be caused by viruses from several different families, all these
viruses have the following features in common. Even though VHFs can be caused by
viruses from several different families, they have several features in common. All these
viruses employ ribonucleic acid (RNA) as their genetic material, and as a result of their
rapid evolutionary adaptation, RNA viruses are a leading cause of new infectious
diseases in humans. They have a protective outer coating of lipoprotein, making them
more vulnerable to physical (heat, sunshine, gamma rays) and chemical (bleach,

detergents, solvents) methods of elimination. They occur naturally in animal or insect



populations, called host populations, and are limited to the host's geographic range.
Contact with an infected animal or insect vector results in transmission to humans.
VHF outbreaks in humans can be difficult to avoid because they occur intermittently

and are difficult to forecast [24].

1.3.2 Crimean-Congo Hemorrhagic Fever Virus

Crimean-Congo hemorrhagic fever (CCHF) is a tick-borne viral hemorrhagic disease,
caused by the Crimean-Congo Hemorrhagic Fever Virus (CCHF) and is prevalent in
more than 30 countries across a wide geographical area spanning Africa, Asia, and
Eurasia. In accordance with the quality of the health system, the death rate ranges from
five to eighty percent [25]. In 2019, the World Health Organization (WHO) estimated
that 3 billion people were at risk of contracting the disease because of the
expanding transmission of the virus by Hyalomma ticks. As a direct consequence of

this, the case mortality rates might potentially reach up to forty percent [9].

Due to its epidemic and public health emergency of international concern (PHEIC)
potential and the lack of effective therapeutics or vaccines for human or animal use,
CCHEF is listed among priority diseases for research and development (R&D) in
emergency contexts by WHO and National Institute of Allergy and Infectious Diseases
(NIH/NIAID) [26, 27]. Since 11.041 cases were reported between 2002 and 2018,
CCHFV has become a growing concern threatening the public health in Tiirkiye [8].

1.3.3 History

In the 12th century, a Persian physician by the name of Ismail Jorjani reported a
hemorrhagic disease that was brought on by a louse or tick that was parasitizing a
blackbird. He referred to the condition as "kara khalak" in his book, Zakhireye
Khwarazmshahi, which was published at the time [28]. Khungribta (blood taking),
khunymuny (nose bleeding), and karakhalak (black death) are some of the names that
CCHF has been called in Uzbekistan over the years [29, 30]. In the 16th and 17th
centuries, the term "black death™ was used to describe to plague in European literature
[31]. There are two historical precedents for the modern definition of CCHF. The
Crimean Hemorrhagic Fever (CHF) was initially documented in 1944-1945 after
approximately 200 Soviet soldiers contracted the disease in Crimea [32, 33]. Then,
newborn white mice were used by Chumakov and colleagues in Moscow to isolate

CHFV in 1967 [34, 35]. When the virus was successfully isolated from a patient
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(Drozdov) in Astrakhan using this method, it was widely used as a model strain in
laboratories around the world. In 1956, a virus causing hemorrhagic fever was isolated
from a patient in Congo and scientists studying hemorrhagic fever viruses, found that
both Congo and Crimean Viruses were antigenically indistinguishable from each other
[36, 37]. Afterward this virus was referred to CHF—Congo virus, and then it was
replaced with Crimean—Congo hemorrhagic fever virus [30].

1.3.4 Virus classification, structure, and genome

Crimean Congo Hemorrhagic Fever Virus was previously classified as a member of
the Bunyaviridae family in the Nairovirus genus. However, better classification
criteria based on comparative genomics and phylogenetic analyses have been
established thanks to advances in bioinformatics and sequencing technologies. New
"bunya-like" species with two or more than three genome segments were discovered
due to metagenomic methods and later reclassified as members of the Bunyaviridae
family [38-41]. Consequently, the International Committee on Taxonomy of Viruses
(ICTV) reorganized the Hantavirus, Nairovirus, and Tospovirus genera into families
in 2016, and designated the Bunyaviridae family as the Bunyavirales order, consisting
of 12 families as follows: Arenaviridae, Cruliviridae, Fimoviridae, Hantaviridae,
Leishbuviridae, Mypoviridae, Nairoviridae, Peribunyaviridae, Phasmaviridae,
Phenuivirid [42, 43]. Crimean Congo Haemorrhagic Fever Virus is now classified as
a member of the genus Orthonairovirus of the family Nairoviridae of the order

Bunyavirales.

Like all members of the Nairoviridae family, CCHFV has a spherical, enveloped virion
about 100 nm in diameter. The viral genome consists of three single-stranded negative-
sense RNA molecules called L, M, and S segments that encode structural proteins such
as RNA-dependent viral RNA polymerase, glycoproteins, and nucleoproteins,
respectively (Figure 1.1). Each of the 3 segments contains a single open reading frame
(ORF) and highly conserved non-coding terminal complementary sequences
(UCUCAAAGA at 5 ends and AGAGUUUCU at 3 ends). The non-covalent
interaction between both ends forms a panhandle-like structure that provides a

functional promoter region for viral polymerase binding [44-47].
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Figure 1.1 : Structure and genome organization of CCHFV. The virion is
spherical and approximately 90-100 nm in diameter, consisting of three single
stranded negative sense RNA genome segment encapsidated by
nucleoproteins complexed with the viral RNA dependent RNA polymerase
(VRdRp), which are surrounded by the lipid anchored glycoproteins (Gn and
Gc). This figure is created with BioRender.com

1.3.4.1 L segment

The L segment of CCHFV is about 12.2 kb in length and encodes viral RNA-
dependent RNA polymerase of 448 kDa. Genomic analysis revealed that the L
segment also contains a zinc finger type C2H2 domain and a leucine zipper motif
which is important for binding NP the N-terminal region of the L protein [48, 49] and
a highly conserved ovarian tumor (OTU)-domain indicating that CCHFV L
polyproteins may have a crucial role in viral immune evasion [50]. Viruses utilize this
activity to overcome innate and adaptive cellular immunity at MHC class | and class
Il antigen presentation [51, 52], TLR/IL1 signaling [53], and generation of type | IFN
by the cellular viral sensor retinoic acid-inducible gene I (RIG-1) [54, 55]. However,

there were conflicting data in the literature about the function of the CCHFV L



segment OTU domain. Frias-Staheli et al. [53] reveal that the CCHFV L protein can
deconjugate Ub and I1SG-15 from cellular target proteins to evade the host's immune
system [54]. In contrast, a minigenome replication experiment demonstrated that an
OTU domain-containing CCHFV L protein does not exhibit autoproteolysis to
generate additional protein products [56].

1.3.4.2 M Segment

The CCHFV M segment is about 5.4 kb in length and is translated into a single
polypeptide of 225 kDa, thencleaved by the signal peptidase and post-
transcriptionally modified in Golgi to form glycoproteins Gn (37 kDa) and Gc (75
kDa). The maturation of glycoproteins begins with cotranslational cleavage of
polyprotein into the glycoprotein precursors PreGn (140 kDa) and PreGc (85 kDa),
likely by signal peptidase [57, 58]. In the endoplasmic reticulum (ER)/cis-Golgi, the
serine protease subtilisin-kexin isoenzyme-1/site-1-protease (SKI-1/S1P) cleaves Gn
and Gc at their N termini [59, 60]. The mucin-GP38 domain is then cleaved by furin
into GP38 and a mucin-like domain [57, 59, 60] (Figure 1.2). Mucin-like domains
(MLD) are very variable and rich in serine, threonine, and proline amino acids; they
are also strongly O glycosylated [61-63]. NSm protein is involved in CCHFV
assembly and virion secretion due to an increased rate of protein trafficking through
the secretory pathway with altered N-glycosylation profiles beneficial for efficient
virus release, while GP85 is an essential viral factor for pre-Gc cleavage, trafficking,

and Gc incorporation into particles [64].

Two glycoproteins, Gn and Gc, are embedded in the lipid bilayer of the viral envelope
and are responsible for viral attachment and internalization into the host cell [65].
There is mutual dependence between the trans-Golgi secretion of Gn and Gc. The Gn
is required for the transport of Gc from the ER to the Golgi due to the presence of a
Golgi localization signal [66-68], and it also has a chaperone-like function for Gc
folding [69]. Also, the cytoplasmic tail of Gn features a dual CCHC-type zinc finger
motif, which might be responsible for viral genome packaging [44, 70]. The
demonstration that only Gce-specific mAbs can eradicate the virus in vitro suggested

that Gc is more important in adaptive immunity [66].
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Figure 1.2 : Glycoproteins from CHF viruses, and their by-products.

A) Processing of the CCHFV glycoproteins. First, GPC is expressed in the
ER, where it is N-glycosylated (N-glycan). Positions of amino acids are
marked by numbers. Transmembrane domains 2 and 4 of GPC are co-
translationally cleaved by signal peptidase and/or intramembrane cleaving
proteases. PreGn, PreGc, and NSM are produced as a result of these
cleavages. The mucin-like domain of PreGn is O-glycosylated (O-glycan) in
the Golgi, where it is cleaved at the RRLL motif by subtilisin kexin isozyme-
1/site-1 protease (SKI1-1/S1P). A protease with similar selectivity to SKI-
1/SIP targets PreGc at the RKPL motif. PreGn cleavage releases an N-
terminal fragment on SDS-PAGE that appears to have a total molecular
weight of 160 kDa (GP160) and 85 kDa (GP85). Furin later cleaves GP160/85
in the trans-Golgi network (TGN). GPC products (B). By-products of GPC
processing include intracellular (Non-structural), extracellular (Structural),
secreted (Non-structural secreted), and inferred (uncharacterized) non-
structural and structural component [71].
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1.3.4.3 S Segment

The S segment is approximately 1.7 kb in length and encodes a 53 kDa nucleoprotein
(NP). The NP structure consists of a globular domain and a prominent arm.
Encapsulation of the viral segments by nucleoproteins (Np) by homo-oligomerization
as pentamers and formation of a ribonucleoprotein complex together with RNA-
dependent RNA polymerase (RdRp) are crucial for the initiation of viral replication
and transcription in the host cell [44]. It is reported that when the caspase-3 cleavage
site (DEVD motif on nucleoprotein) is disrupted during viral VRNA transcription,
CCHFV polymerase activity is increased [72]. Also, a non-structural protein, NSs is
encoded by the ambisense S segment. Little is known about the role of NSs in CCHFV.
Inducing apoptosis by activating caspases through the permeabilization of the

mitochondrial membrane is one of the reported effects of NSs [73].

All CCHFV strains share the conserved DEVD (a caspase-3 cleavage site) proteolytic
cleavage site in the CCHFV nucleoprotein (Np), and recent findings showed that
processing of the N protein causes a moderate effect on viral replication in mammalian
cells, but while it inhibits CCHFV replication dramatically in tick cells when a
mutation is introduced in the DEVD motif [74]. The DEVD motif could be the focus
of an anti-infection strategy in ticks, which would help minimize the amount of time

viruses are able to survive in the environment.

Actin is another molecule that Np interacts with, and this interaction allows Np to be
localized around the nucleus [75]. Furthermore, it is known that viral protein
interactions with actin filaments accelerate virus replication, as seen in

paramyxoviruses such as Newcastle disease virus and Sendai virus [48, 76].

1.3.5 Virus life cycle

CCHEFV infects host cells through its envelope glycoproteins Gn and Gc, which form
a layered structure of heterodimers on the virus surface (Figure 1.3) [77-79]. It has
been generally assumed, that GC is more directly involved in binding to cellular
receptors and mediating fusion in endosomes. Even though the cellular receptors for
CCHPFV entry have not been discovered yet, Xiao and his colleagues have found that
the 180-300 amino acid residues of Gc have a considerable receptor binding capability,
and the human cell surface nucleolin can be a putative CCHFV host-cell receptor [80].
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Figure 1.3 : Life cycle of nairoviruses. A) Viral attachment to surface
receptor (unknown) B) Internalization through clathrin-dependent, receptor-
mediated endocytosis. C) Fusion between the envelope and endosomal
membranes by reduced pH in endosome D) Dissociation of the nucleocapsids
and generation of mMRNA and cRNA by RdRp. E) Translation of viral proteins
and genomic VRNA production following new nucleocapsids formations. F)
M polyprotein production in ER. G) Cleavage of polyprotein into Gn and Gc
precursor forms transported to the Golgi complex H) Maturing process of
glycoproteins, 1) Formation of new virions. J) Virion egress [93].

Internalization of viruses occurs via clathrin- and cholesterol-dependent endocytosis,
with the acidic environment of the endosome promoting dissociation of the Gn-Gc
heterodimer, followed by a rearrangement of Gc into a trimer of hairpin structures to
facilitate membrane fusion [81-85]. Within the first hour of infection, microtubules
transport CCHFV to the cellular locations where viral transcription and replication
occur [86]. Simon and colleagues discovered that virus internalization required intact

microtubules and that depolymerization of microtubules inhibited progeny virus
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generation. Replication begins with the synthesis of mMRNA from negative sense viral
RNA segment by viral polymerase in the cytoplasm [87]. Here NP plays a major role
in viral replication. Encapsidation of viral RNA prevents degradation of viral RNA
utilized as a template to synthesize both VRNA and capped mRNA, and interaction of
NP with viral polymerase is requisite to initiate CCHFV viral replication [88].
Generally, all negative stranded RNA viruses utilize the same cap snatching
mechanism for transcription through approximately 10-20 nt capped RNA fragments
used as primers to start transcription of non-polyadenylated mRNA from the antisense
viral RNA genome [72, 89-91]. The pentameric CCHFV NP undergoes a
conformational change upon the introduction of these RNA primer sequences,
resulting in the release of the free, monomeric NP. The naked VRNA is
then exposed for replication or transcription, followed by the development of viral
proteins [91]. Glycoproteins undergo processing and maturation in the endoplasmic
reticulum (ER) and the Golgi, yielding the Gn and Gc, whereas nucleoproteins and
viral polymerase are translated on free ribosomes in the cytoplasm. New CCHFV
particles are thought to be assembled in the Golgi after the accumulation of nascent
mature glycoproteins and genomic RNPs, followed by virion release in Golgi-derived
vesicles [71]. Replication of CCHFV has been observed as early as 3 hours after

infection and has been shown to peak at 24 hours [92].

1.3.6 Transmission

CCHEFV is an arthropod-borne virus that causes zoonosis despite circulating in an
enzootic tick—nonhuman vertebrate—tick cycle and manifesting simply as a transitory
viremia [30, 44]. There are at least 31 tick species and one species of biting midge
(Culicoides spp.) that have been identified as CCHFV reservoirs [30, 93, 94].
However, not all these reservoirs are capable of transmitting CCHFV. A blood meal
from a viremic host is all that's needed to introduce the virus into a susceptible host
[93]. Hyalomma ticks in the Ixodidae family are responsible for most of the CCHF
transmission [95, 96]. The disease is transmitted primarily by Hyalomma ticks, and
seven different tick species have been identified as vectors so far: Hyalomma
marginatum marginatum, Hyalomma marginatum rufipes, Hyalomma marginatum
turanicum, Hyalomma anatolicum anatolicum, Dermacentor marginatus,
Rhipicephalus rossicus, Amblyomma variegatum [97]. H. marginatum is the most

important vector for CCHFV [98] due to its widespread geographic distribution, which
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extends over southern Europe, a portion of the Middle East, and Central Asia. This
vector is often collected from humans and animals in endemic parts of Tiirkiye [99].
Transmission of CCHF occurs generally between tick and its vertebrate host in the
endemic regions both transstadially (from larva to nymph and adult), and

transovarially to progeny (and even in some cases to the F2 generation) [30].

Ticks of the family Ixodidae go through three distinct lifecycle stages, from larva to
nymph to adult, with each stage characterized by a molt and a period of time spent
feeding on a host, sometimes lasting weeks [100]. Hyalomma species have a two-host
life cycle, in which they feed first on a small mammal as larvae and subsequently on
non-human and/or human vertebrates as nymphs and adults (Figure 1.4) [101]. Even
while CCHFV has been found in a wide variety of tick species, this does not suggest
that all ticks can transmit the virus. Several parameters must be met for a tick to
participate in the CCHFV tick-host-tick lifecycle. To spread the virus, the tick must
pick up the virus during a blood meal. Additionally, the tick's cells must permit viral
replication and transmission to another vertebrate host. Ticks only take a blood meal
once throughout each of their developmental stages; therefore, the host must also
retain infection through molting (horizontal transfer). Viruses can also be
transovarially transmitted from one generation to the next (vertical transfer) or by adult
males to females during copulation [44, 102-105]. Therefore, CCHFV infection is

sustained via both horizontal and vertical paths.

(-} Drop Off & Molt j W/
. &b ‘ O\ y / Ungulates
Nymph S e e
/ "*\‘ e II‘\\
o - / \
* I ‘n ‘I Adult | 1
\ \ \

|
'
Small Mammals
& Birds La va
Humans
Ovnposmon <

& Hatching Nosocomial
Transmission

Figure 1.4 : Routes of CCHFV transmission. The transmission is marked by
asterisks. Blue arrows indicate the course of the tick life cycle, while dashed
arrows indicate virus spread through co-feeding. Then adult ticks take blood
from large animal and after copulation virus is transmitted to eggs. Viruses
can be transmitted to human by a contact with either infected animals or
humans (solid red arrows). The thickness of the red arrow indicates the
efficiency of transmission [106].
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Tick vectors can function as a reservoir for CCHFV by the virtue of enabling
asymptomatic CCHFV infection during the tick's lifecycle and allowing the virus to
survive at low temperatures over winter. Even after 10 months at 4°C, H. marginatum
was able to infect a vertebrate host and spread the virus [107]. The transmission of
CCHFYV exhibits a seasonal pattern, peaking mainly between May and September. The
virus replicates in different host tissues, reaching the highest titers in the salivary
glands and reproductive organs during the metamorphosis of ticks feeding on the host
[108].

Ticks use a variety of hosts during their life cycle, but humans refer only as dead-
end hosts. They are occasionally bitten by infected ticks inthe enzootic areas,
causing CCHF in humans. Vertebrate hosts other than humans simply suffer merely
asymptomatic transitory viremia after infection. The risk of getting CCHFV is highest
in people who work with or around cattle, including farmers, livestock owners and
herders, abattoir employees, and veterinarians [109-112]. Direct contact with body
fluids or contaminated medical equipment are the main reason for nosocomial
infections and contact with tissues or fluids of a viremic animal during slaughtering is
another route of transmission to humans. Occasionally, sexually transmitted cases are

reported in the literature, but these cases are extremely rare [44, 113].

1.3.7 Epidemiology

As the most common tick-borne viral disease in humans, Crimean-Congo hemorrhagic
fever (CCHF) is an increasing global public health threat. WHO has estimated that
three billion people are at risk of contracting the disease and has identified CCHF as a
priority disease for research and development due to its potential to cause major
outbreaks with high fatality rates and the absence of any approved vaccines or
treatments [114]. CCHF causes sporadic outbreaks with mortality rates ranging from
510 80% in humans [115]. Until now, virus isolation and/or disease have been reported
from more than 30 countries: Africa (Democratic Republic of Congo, Uganda,
Mauritania, Nigeria, South Africa, Senegal, Sudan), Asia (China, Kazakhstan,
Tajikistan, Uzbekistan, Afghanistan, Pakistan, India), Europe (Russia, Bulgaria,
Kosovo, Tiirkiye, Greece, Spain), and the Middle East (Iraq, Iran, Kuwait, Saudi
Arabia, Oman, United Arab Emirates (UAE) [116].
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Long-distance transmission of the CCHFV may occur through imported livestock
[117] or by the movement of vectors carried by migrating birds from endemic regions.
The annual spring migration of birds from southern Europe and Africa is thought to
carry hundreds of thousands of Hyalomma ticks into or across Central Europe [118].
If enough vulnerable hosts and vectors are present, the virus may spread to a new
location. Climate change, socioeconomic and anthropogenic variables may contribute
to viral transmission and subsequent increases in reported cases [115, 119].

During the past twenty years, there has been a significant rise in the number of cases
of CCHF in south-eastern Europe and in countries surrounding the Black Sea,
like Georgia, south-western Russia, Tiirkiye, and Ukraine [120]. Since the first cases
were reported in Tirkiye in 2002, a total of 11.041 confirmed cases have been
documented, with 528 deaths (4.78%) until 2018 [8].

1.3.8 Clinic manifestations and treatments

The severity of CCHF in people may vary from mild illness to one that is severe and
fatal. After the incubation period typically ranges from 3-7 days followed by a tick
bite, symptoms including high fever, headache, myalgia, vomiting,
nausea, diarrhea and dizziness were observed usually in the prehemorrhagic stage
during the first week after infection [30, 93, 109, 111, 121-123]. In most cases, the
hemorrhagic phase starts between days three and five, and lasts for a couple of days
[124]. In addition to gastrointestinal, gingival, cerebral, vaginal, abdominal, and
urinary tract bleeding, common hemorrhagic symptoms like petechiae, conjunctivitis,
and extensive cutaneous ecchymoses were reported [123]. After two weeks, severe
bleeding, multi-organ dysfunction, and shock leads to the death of patients [44]. If
patients can recover from CCHF, the convalescence phase typically lasts between 10

and 20 days [123]. However, the effects of the disease may remain for up to a year.

As there is currently no approved vaccine or medicine for CCHF, the primary focus of
therapy is on providing patients with supportive care, involving fluid and electrolyte
balance, oxygenation and hemodynamic support, and the treatment of secondary
infections [125].

Ribavirin, an antiviral medication, has been shown to be effective against the virus
when tested in vitro. It has been shown to limit CCHFV replication in a minigenome

system [56], in virus-infected cells [126-128] in newborn mice [129], and in signal
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transducer and activator of transcription 1 (STAT-1) knockout (KO) mice [130]. There
was a dose-response relationship between these effects seen in vivo and in vitro [44].
Despite a lack of convincing data, detailed evaluations of ribavirin treatment showed
that ribavirin is useful in CCHFV infections [131, 132].

In addition, a wide variety of immunotherapy strategies that have shown promise in
treating CCHF have been documented. Intravenous immunoglobulin (IVIG) is an
example of an antibody used in immunotherapy because of its anti-inflammatory
effects. In addition to polyclonal and polyclonal IgG antibodies, monoclonal
antibodies, which can either neutralize or not neutralize, are also available.
Neutralizing antibodies like 11E7, 30F7, 8A1, 13G8 restrict the virus entry into
the cell. Also, cytokine treatment like interferon 1 has been shown to stimulate ISGs,
antiviral mechanisms, and to decrease virus loading. Corticosteroid medicines such as
dexamethasone and methylprednisolone, which can be administered alone or in
conjunction with other therapies, are another option, used in the clinic. Together, these

therapies can significantly reduce the severity and fatality of the disease [133].

1.3.9 Reverse genetic applications for CCHFV

While investigations of the viral life cycle and pathogenesis have been hampered by
the necessity to handle highly pathogenic bunyaviruses in high biosafety laboratories,
reverse genetics systems have aided researchers in conducting these studies in lower
biosafety laboratories such as BSL-2 (Figure 1.5). The minigenome and VLP systems
are two of the experimental systems, designed to simulate virus partial life cycles.
These models allow for the analysis of viral invasion, viral genome replication,
transcription, ribonucleoprotein assembly, virion packaging, and budding activities
(Table 1.1). The use of reverse genetic systems together with animal models (in mice
and non-human primates) allows the examination and detection of host and viral
factors that contribute to the pathogenesis of CCHF. Thus, reverse genetics techniques
enable a deeper understanding of bunyaviruses and the development of vaccines as

well as antiviral therapies [134].
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Figure 1.5 : Schematic representation of reverse genetic systems used for tri-
segmented bunyaviruses. (A) A plasmid-based minigenome system is
constituted by transfection of expression plasmids encoding RdRp and N, and
T7 or pol-1 plasmids, transcribing the virus-like RNA genome. The RdRp and
NP proteins that make up the ribonucleoprotein complex are either supplied
by expression plasmids containing only the ORF portions of the genes of
interest or by the helper virus so that reporter proteins are expressed.(B) The
infectious virus-like particle (iVLP) system is obtained by providing the
expression plasmids encoding viral glycoproteins in trans in addition to the
minigenome system. (C) In the infectious full-length clone (IFLC) system,
cells are transfected together with plasmids that contain full-length
antigenomic or genomic L, M, and S segment sequences, together with
plasmids that encode proteins that form ribonucleoprotein complexes to form
infectious virions[128].

Establishing an in vitro infection model such as virus-like particles through advanced
molecular techniques will greatly help us to understand the life cycle of CCHFV within

the cell and the relationship of viral proteins with each other. Several cell culture

18



models have been developed using reverse genetics methods for the Bunyaviridae
family, including the Crimean Congo Hemorrhagic Fever Virus. First, in 1996,
infectious Bunyamwera virus particles were generated in vitro by the transformation
of only the plasmids carrying viral segments into cells, without the need for helper
viruses [135]. Subsequently, different minigenome systems, developed by the
replacement of the sequences encoding viral proteins with reporter genes paved the
way for studies on viral transcription, replication, and packaging without the
generation of any infectious viruses [136-143]. However, a complete rescue system or
a non-infectious virus-like particle (VLP) system is required to examine the
relationship of viral proteins to surface receptors that allow the virus to enter the host
cell, viral genome encapsidation, and structural components involved in mature viral
particle formation [144-147]. Because the entry of virus-like particles into the host
cell, their interaction with intracellular proteins, and their budding are often similar to
wild-type viruses, VLP systems allow pathogenic viruses to be studied under lower
biosafety conditions [146, 148-154].
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Table 1.1 : Reverse genetics studies conducted for CCHFV

Year Title System | Promoter Research topic Referrence
2022 Comparison of Crimean-Congo Hemorrhagic Fever Virus and Aigai Virus in Life tc-VLP T7 viral determinants Picken et al.
Cycle Modeling Systems Reveals a Difference in L Protein Activity and of pathogenicity [155]
MG
2022 A screen of FDA-approved drugs with minigenome identified tigecycline as an MG T7 screening of FDA- Hirano et al.
antiviral targeting nucleoprotein of Crimean-Congo hemorrhagic fever virus approved [156]
compounds as an
antiviral effect
2020 A single mutation in Crimean-Congo hemorrhagic fever virus discovered in ticks MG T7 Zoonotic spillover Hua et al. [157]
impairs infectivity in human cells VLP effect due to a
IFLC variation in the
glycoprotein amino
acid sequence of
CCHFV
2020 Characterization and applications of a Crimean-Congo hemorrhagic fever virus MG T7 viral replication Alvarez-Rodriguez
nucleoprotein-specific Affimer: Inhibitory effects in viral replication and development and therapeutic and etal.
of colorimetric diagnostic tests diagnostic [158]
applications of
Affimers against
CCHV
2020 The interplays between Crimean-Congo hemorrhagic fever virus (CCHFV) M tc-VLP T7 virus assembly and Freites et al.
segment-encoded accessory proteins and structural proteins promote virus assembly and infectivity [159]
and infectivity MG
2020 | The Crimean-Congo Hemorrhagic Fever Virus NSm Protein is Dispensable for Growth | IFLC T7 viral replication Welch et al.
In Vitro and Disease in Ifnar-/- Mice and and pathogenesis [160]
MG
2017 Identification of broadly neutralizing monoclonal antibodies against Crimean-Congo tec- T7 screening Zivcec et al.
hemorrhagic fever virus VLP neutralizing MAbs [161]
and against multiple
MG CCHPFV strains
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Table 1.1 (continued): Reverse genetics studies conducted for CCHFV

Year Title System | Promoter Research topic Referrence
2017 Immunization with DNA Plasmids Coding for Crimean-Congo Hemorrhagic Fever tc-VLP T7 comparation of Hinkula et al.
Virus Capsid and Envelope Proteins and/or Virus-Like Particles Induces Protection and vaccine candidate [162]
and Survival in Challenged Mice MG
2017 | Crimean-Congo Hemorrhagic Fever Virus Suppresses Innate Immune Responses viaa | IFLC, T7 viral replication Scholte et al.
Ubiquitin and 1SG15 Specific Protease tc-VLP and antiviral [163]
and response
MG
2015 Recovery of Recombinant Crimean Congo Hemorrhagic Fever Virus Reveals a IFLC T7 viral glycoprotein Bergeron et al.
Function for Non-structural Glycoproteins Cleavage by Furin and processing and [164]
MG virion assembly
2015 A virus-like particle system identifies the endonuclease domain of Crimean-Congo tc-VLP T7 virus biology Devignot et al.
hemorrhagic fever virus and [89]
MG
2013 | Mini-genome rescue of Crimean-Congo hemorrhagic fever virus and research into the MG Pol-I and virus replication Zhao et al.
evolutionary patterns of its untranslated regions T7 and regulatory [165]
effects of UTRs on
transcription
2012 Structure, function, and evolution of the Crimean-Congo hemorrhagic fever virus MG T7 NP structure Carter et al.
nucleocapsid protein domains involved [166]
in RNA-binding
and oligomerization
2010 Crimean-Congo hemorrhagic fever virus-encoded ovarian tumor protease activity is MG Pol-1and | Functional analysis Bergeron et al.
dispensable for virus RNA polymerase function T7 of selected N [167]
protein residues
2003 Reverse genetics for crimean-congo hemorrhagic fever virus IFLC Pol-I First reverse Flick et al.
and genetic application [139]
MG on CCHFV
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1.4 Generation of Virus Like Particles for a Positive Sense RNA Virus, Severe
Acute Respiratory Syndrome Coronavirus 2

1.4.1 Coronaviruses and COVID-19

Coronaviruses are a large virus family that causes infections in both humans and
animals such as bats, camels, cats, dogs, sheep, goats, cattle, pangolins, and civets,
which can cause respiratory, enteric, hepatic, and neurological diseases of varying
severity. In 1964, a Scottish virologist named June Almeida examined a sample of
human nasal secretions under an electron microscope and gave the viruses the name
coronaviruses because of the crown-like structure surrounding them [168, 169]. After
that, human coronaviruses such as OC43, HKUL1, 229E, and NL63 were identified and
circulate in the population as the third most common cause of community-acquired
upper respiratory tract infection. Until the turn of the millennium, coronaviruses were
considered pathogens associated with only mild infections in the respiratory and
gastrointestinal systems [170]. However, epidemics like that of SARS in 2002 and
Middle East respiratory syndrome (MERS) in 2012 with fatality of 10% and 35%,
respectively have revealed the potential of coronaviruses to cause serious illness in
humans [171]. At the end of 2019, a series of highly contagious cases of severe
pneumonia of unknown origin emerged in the Chinese city of Wuhan. The patients
exhibited symptoms like fever, cough, dyspnea, myalgia, fatigue, anosmia, ageusia,
headache, hemoptysis, and lymphopenia [172]. Thanks to modern advances in
molecular biology, the viral agent underlying this condition were identified within one
month after the first case and called SARS-CoV-2 due to its 79.6% sequence similarity
to SARS-CoV [173]. Due to its high rate of transmission, it has caused a pandemic
known as "coronavirus disease 2019" (COVID-19) within a few months, which poses

a serious global threat to human health and public safety.

1.4.2 Epidemiology and transmission

World Health Organization has declared a pandemic in March 2020, with an exceeding
number of 661 million cases and 6.69 million fatalities have been documented so far
in 215 countries and territories [12]. In some seroprevalence studies, serum antibody
titers in the United States and Europe have been interpreted to indicate that the number
of people infected with SARS-CoV-2 is at least ten times higher than the number of
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confirmed cases [174]. In many countries around the world, non-drug interventions
such as lockdowns (including stay-at-home orders, curfews, quarantines, security
cordons, and similar societal restrictions) have been implemented at various intervals
for nearly two years to prevent SARS-CoV-2 transmission. Initially, it was reported
that most of the patients visited the Huanan seafood market in China, but the issues
regarding the origin of SARS-CoV-2 and its mode of transmission to humans are still
unclear [175-181]. A wide variety of insectivorous bats belonging to the genus
Rhinolophus have been studied as potential reservoirs and/or intermediate hosts of the
virus since its emergence. Several studies have also implicated pangolins, minks,
turtles, snakes, and even domestic animals as potential intermediate hosts for the
spread of this disease [182-185]. The SARS-CoV-2 has undergone sporadic mutations
and recombination events, some of which correspond to gains in fitness that have
allowed the virus to spread more widely, or to escape neutralizing antibodies [186,
187]. Viral transmission between humans is thought to occur directly via respiratory
particles released from coughs, sneezes, or talks of infected patients. Despite touching
contaminated surfaces is not regarded as a primary route of transmission, the infection
may arise indirectly through mucosal portals of entry [174]. The detection of viral
RNA in related samples raises concerns about fecal-oral transmission, as well as
vertical and sexual transmission, however, these modes of transmission have not been

clearly proven yet [188].

1.4.3 SARS-CoV-2 phylogeny and molecular biology

The term "Coronaviruses” s referred to all viruses in the subfamily
Orthocoronavirinae of the family Coronaviridae. Orthocoronavirinae is divided into
four genera, called Alphacoronavirus, Betacoronavirus, Gammacoronavirus, and
Deltacoronavirus. The etiologic agent of COVID-19, SARS-CoV-2 is a member of
the subgenus Sarbecovirus within the genus Betacoronavirus, which also includes
SARS-CoV and MERS-CoV [189].

SARS-CoV-2 is an enveloped, positive sense single-stranded RNA virus, encoding a
set of open reading frames (ORFs). Virus particles show a polymorphic structure with
a diameter ranging from 60 to 140 nm [190]. Among the RNA viruses, the viruses with
the longest genome are coronaviruses, and the genome of SARS-CoV-2 is about 30
kb. About two-thirds of the viral genome encodes the 21,291 bp long polyprotein, ORF
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l1a and 1b replicase/transcriptase [191]. However, due to overlapping open reading
frames, viral proteases encoded in this region process polyproteins, resulting in 16
different non-structural proteins [191]. Downstream of this region, there are four

genes, encoding the structural proteins S, M, N, and E [192] (Figure 1.6).
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Figure 1.6 : SARS-CoV-2 Genome and Proteins [187].

The E protein has ion channel activity and is thought to be important in the formation
of the mature virus particle [193]. Phosphorylated N protein binds to positive-sense
viral RNA with high affinity. It also interacts with the M protein and nsp3, helping to
package the viral genome into viral particles [194]. The M protein in dimer form is
found abundantly in the virion and helps to maintain membrane curvature by binding
to the nucleocapsid [194]. The S protein, which is found as a trimer on the virus
surface, is a class | fusion protein that mediates the binding of the virus to the
angiotensin-converting enzyme 2 (ACE2) receptors on the cell surface and then its
uptake into endosomes.

SARS-CoV-2 utilizes two different mechanisms to enter the host cell, either by
proteolytic cleavage of spike protein or by endocytosis. Furin cleavage of the polybasic
region (RRAR) at the junction of the S1 and S2 subunits, which is common in
betacoronaviruses other than sarbecoviruses. Then, S2' cleavage site (PSKR) within
the S2 domain is cleaved by the transmembrane serine protease 2 (TMPRSS2), which
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is widely expressed in epithelial cells lining the respiratory, gastrointestinal, and
urogenital tracts. Membrane fusion is then triggered, and the viral DNA is released
into the cytoplasm [195]. Alternatively, SARS-CoV-2 can enter cells through
endocytosis. Cathepsin L (CatL), a cysteine protease can mediate the pH-dependent
cleavage of the spike in the endosome [196]. According to a recent study, the licensed
influenza drug amantadine inhibits CatL and protects against SARS-CoV-2 infection
in vivo [197, 198]. The furin protease of the host cell cleaves the S protein into two
separate polypeptides called S1 and S2, triggering viral fusion. Thus, viral RNA is
released into the cytosol [193].

From the negative-stranded genomic RNA, a set of subgenomic mRNAs is transcribed,
each containing a leader sequence derived from the 5'-end of the genome, encoding
viral proteins. This unique mechanism, involving viral polymerase jumping from one
part of the genome template to another, enables the truncated transcription of the
genome. This replication ability causes high recombination, leading to evolutionary
development and the prominence of coronaviruses in interspecies infections [199].
One of other important features specific to coronaviruses regarding transcription and
replication is their proofreading exoribonuclease activity [200]. Besides, it has been
demonstrated that the nspl4 protein has proofreading activity, therefore plays
important role in controlling virus evolution [200]. Following replication and
subgenomic RNA synthesis, viral structural proteins S, E, and M are transported to the
endoplasmic reticulum, then to the ER-Golgi intermediate compartment, where the
RNA genome is encapsidated by the nucleoprotein to form virus particles. Then,
virions are transported to the cell surface and leave the cell by exocytosis (Figure 1.7)
[190].
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Figure 1.7 : SARS-CoV-2 life cycle. SARS-CoV-2 interacts with the ACE2
receptor, and the spike (S) protein is cleaved by TMPRSS2, after which
fusion between the viral and host membranes occurs. SARS-CoV-2 can also
enter host cells by endocytosis, and the S protein is then activated by
endosomal cathepsins. After the viral (+) sSSRNA genome is released into the
host cytoplasm, it is translated and produces the polyproteins ppla and pplab,
which are autoproteolytically processed into the nonstructural proteins nspl to
-16. The nsps assemble the coronavirus replicase-transcriptase complex
(RTC) and remodel the membranes to form organelles for viral RNA
synthesis. Viral replication and transcription occur in double-membrane
vesicles (DMVs) derived from the ER. Newly synthesized viral genomic
RNA is exported from the DMV interior via the pore channel and is then
encapsidated by the nucleocapsid (N) protein. The nested transcribed
subgenomic RNAs (sgRNAs) are translated into the structural proteins S,
envelope (E), membrane (M), and N and accessory proteins. S, E, and M are
anchored to the ER membrane and migrate to the virion assembly site known
as the endoplasmic reticulum-Golgi intermediate compartment (ERGIC). The
viral ribonucleoprotein (VRNP) complexes migrate to the ERGIC and bud into
the lumen. The enveloped virion is then released from the cells via lysosomes
[185].
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1.4.4 Clinical manifestations, vaccines, and treatments

The pathogenesis of SARS-CoV-2-driven pneumonia is described in two phases; the
early phase is identified by virus-mediated tissue damage after infection, while the late
phase is characterized by the recruitment of T lymphocytes, monocytes, and
neutrophils which releases cytokines such as tumor necrosis factor-o (TNF o),
granulocyte-macrophage colony-stimulating factor (GM-CSF), interleukin-1 (IL-1),
interleukin-6 (IL-6), ), IL-1pB, IL-8, IL-12 and interferon (IFN)-y. Overactivation of the
immune system that occurs in severe COVID-19 leads to a "cytokine storm,"”
releasing large amounts of cytokines, particularly IL-6 and TNF-, into the blood,
which leads to a local as well as a systemic inflammatory response [201, 202]. SARS-
CoV-2, as previously said, primarily affects the respiratory system, but it can also
negatively affect other critical metabolic functions in the gastrointestinal tract (Gl),
hepatobiliary, cardiovascular, renal, and central nervous systems. Direct viral toxicity,
ischemia injury brought on by vasculitis, thrombosis, or thrombo-inflammation,
immunological dysregulation, and renin-angiotensin-aldosterone system (RAAS)
dysregulation may all contribute to the SARS-CoV-2-induced organ dysfunction
[203].

The studies to develop a vaccine against COVID-19 was launched at an unprecedented
rate as soon as the viral genome was sequenced. To date, there are 172 vaccine
candidates in human clinical trials and more than 192 candidates in preclinical
development worldwide according to a report by WHO in October 2022 [13]. Vaccines
with varying levels of effectiveness have been designed using a variety of approaches.
Due to the important role of the spike protein in the virus entry mechanism, critical
parts such as the whole protein or the receptor binding domain (RBD) have been used
as the main target antigen in vaccine design [204]. The use of twelve vaccine
candidates that are now undergoing clinical testing has been authorized by several
national regulatory agencies. The Novavax vaccine (NVX-CoV2373) was the first
protein-based vaccine authorized by the European Medicines Agency (EMA), with an
effectiveness rate of 89.7% [205]. MVC-COV1901, a recombinant protein vaccine
created by Medigen Vaccine Biologics (Taipei, Taiwan) with an effectiveness rate of
80% to 90%, is the first COVID-19 vaccine to be approved for emergency use by
Taiwan's Food and Drug Administration [206, 207]. The mRNA-based COVID-19

vaccines were revolutionized vaccine studies, as they are the first RNA vaccines
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approved for clinical use The mRNA-based COVID-19 vaccines, revolutionized
vaccine studies, as they are the first RNA vaccines approved for clinical use. The first
of these vaccines, BNT162b2 from Pfizer-BioNTech, was approved by the WHO,
then Moderna's mRNA-1273 received a second approval from the FDA for its use in
emergency. The effectiveness of the mRNA vaccines to prevent covid-19 associated
hospital admissions for two vaccine doses was 85% against the alpha and the delta
variants, and 65% against the omicron variant while, three doses were found effective
to prevent severe disease 94% against the delta variant and 86% against the omicron
variant [208]. Three different adenoviral vector-based COVID-19 vaccines became
prominent in clinical trials. The EMA has conditionally authorized for emergency use
the ChAdOx1 nCoV-19 vaccine (AstraZeneca), which expresses the S protein with the
tPA leader peptide. The EMA has conditionally authorized for emergency use the
ChAdOx1 nCoV-19 vaccine (AstraZeneca), which expresses the S protein with the
tPA leader peptide, while the FDA approved it. The Janssen COVID-19 vaccine
(Ad26.COV2.S) expressing stabilized S protein. Additionally, The Gamaleya
Research Institute in Russia used a heterologous prime-boost technique using Ad26
and Ad5 for the Sputnik V vaccine, utilizing the full-length S protein and its use was
approved in more than 70 countries. The Covifenz (by Medicago), composed of
recombinant spike (S) glycoprotein is the solely approved VLP-based vaccine for
COVID-19 [207]. Almost half of all vaccines administered against COVID-19
worldwide consist of inactivated vaccines [209]. CoronaVac (Sinovac, China),
Covaxin (Bharat Biotech, India) and Inactivated COVID-19 Vaccine (Vero Cell)
(Beijing Institute of Biological Products, China) are authorized by WHO for use in
emergency [210]. According to an interim analysis of the phase Il study in Tiirkiye,
the CoronaVac has a vaccine efficacy of 83.5% for the prevention of severe disease
[211]. TURKOVAC (Kogak Farma, Tiirkiye) is another inactivated vaccine developed
in Tirkiye [212] and according to a recent study, TURKOVAC reduces the risk of
developing COVID-19 by 49.29% compared to CoronaVac [213].
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2. MATERIAL and METHODS

2.1 Generation of CCHFV VLP

2.1.1 Cell culture and virus

Baby hamster kidney-21 (BHK-21), human embryonic kidney cells (HEK293T), and
african green monkey kidney epithelial cells (Vero E6) and human were grown at 37°C
with 5% CO2 in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco™,
ThermoFisher Scientific, USA), supplemented with 10% fetal bovine serum
(Gibco™, ThermoFisher Scientific, USA), 100 units/ml penicillin and streptomycin
(Gibco™, ThermoFisher Scientific, USA).

The formalin-inactivated PEG precipitated Crimean Congo Hemorrhagic Fever Virus
Kelkit06 strain was donated by Prof. Aykut Ozdarendeli, Erciyes University. The
virus, employed in this thesis has been originally isolated from a serum sample of
a patient from Kelkit Valley in Tirkiye [30]. Briefly, all procedures with live viruses
were carried out in a BSL-3 (+) Lab of Erciyes University Vaccine Research and
Development Application and Research Center, Tiirkiye. Viruses were propagated in
Vero EG6 cells. Three days after infection, the viral particles, secreted into culture media
were purified by using sucrose gradient ultracentrifugation and inactivated by
treatment with 0.05% formaldehyde for three hours at room temperature. The
formaldehyde was then removed by dialysis with phosphate-buffered saline (PBS)
using a dialysis cassette with a 20K MWCO (Millipore, Bedford, MA). The protein
concentration of inactivated virus was determined using the Lowry Protein Assay Kit
(Thermo Fisher Scientific, Waltham, USA).

2.1.2 Antibodies and sera

Mouse monoclonal antibodies targeting CCHFV strain 1bar10200 anti-PreGn/GP38
(clones 8F10), anti-PreGc (clone 11E7), and anti-NP (clone 9D5) and were obtained
from the Joel M. Dalrymple—Clarence J. Peters USAMRIID Antibody Collection
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through BEI Resources, NIAID, NIH. The CCHFV-immunized rabbit and mouse sera
have been kindly given by Prof. Aykut Ozdarendeli.

2.1.3 Construction of plasmids

2.1.3.1 Generation of pDZ plasmids for CCHFV viral segments

The nucleotide sequences of CCHFV Kelkit06 S (1673 nt) and M (5364 nt) segments
retrieved from GenBank (accession numbers: GQ337053 and GQ337054,
respectively) were synthesized with flanking Sapl recognition sites at both ends and
cloned separately by Kpnl and BamHI enzymes into pUC19 vector (Synbio
Technology USA Inc., Suzhou, China). The plasmids were propagated in One Shot™
TOP10 Chemically Competent E. coli (ThermoFisher Scientific, USA) cells. The pDZ
plasmid was donated by Prof. Adolfo Garcia-Sastre, Icahn School of Medicine at
Mount Sinai. The viral sequences were excised by Sapl enzyme (New England
BioLand, USA, MA) and individually ligated with Sapl digested pDZ vectors. The
constructed plasmids (named pDZ CCHFV_S and pDZ_CCHFV_M) were
transformed into One Shot® OmniMAX™ 2 TIR E. coli (ThermoFisher Scientific,
USA) cells. Three positive transformant colonies for each construct were selected and

analyzed by restriction digestion analysis.

2.1.3.2 Generation of pcDNA3.1 plasmids for CCHFV viral proteins

The nucleotide sequences of CCHFV Kelkit06 NP, Gn, Gc and GPC ORFs were
retrieved from GenBank (accession numbers: GQ337053 and GQ337054). Different
primer sets were designed for each gene to be cloned into pcDNA3.1 vectors,
consisting of 3EGFP (13031, Addgene), c-Flag pcDNA3 (20011, Addgene),
pcDNA3-neo-cterminal-3HA (102643, Addgene) and 3.1 His C (2103, Addgene). By
using these primers, the gene of interests were amplified by PCR, using pUC_S and
pUC_M plasmids as templates and directionally cloned into 3.1 vectors. The
constructed plasmids were transformed into XL10-Gold™ ultracompetent E. coli cells
(Agilent, CA, USA). Three positive transformant colonies for each construct were

selected and analyzed by restriction digestion analysis.
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2.1.3.3 Generation of pCAGGS plasmids for CCHFV viral proteins

The nucleotide sequences of CCHFV Kelkit06 NP, Gn, Gc and GPC ORFs were
retrieved from GenBank (accession numbers: GQ337053 and GQ337054). Same
forward primers used to generate pcDNA 3.1 plasmids were utilized to amplify viral
genes. New reverse primers were designed for each gene to be cloned into pPCAGGS
vectors (2042, Addgene). Downstream of stop codon the Xhol restriction sites were
added in primer sequences for both Np and Gc, while a BamHI site for Gn. The gene
of interests were amplified by PCR, using pUC_S and pUC_M plazmids as templates
and directionally cloned into pCAGGS vectors. The constructed plasmids were
transformed into XL10-Gold™ ultracompetent E. coli cells (Agilent, CA, USA). Three
positive transformant colonies for each construct were selected and analyzed by

restriction digestion analysis.
2.1.4 2.1.4. Transfections

2.1.4.1 Transfection of pDZ plasmids

One day before transfection 5x10° cells/well were seeded in 6-well plates and grown
as adherent culture in DMEM supplemented with 10% fetal calf serum, and Pen-Strep
(Penicillin-Streptomycin) at 37°C and 5% COz in a humidified chamber so that they
will be 50-70% confluent on the day of the experiment. The next day, cell culture
media was removed, and the cells were incubated with DMEM including 2% FBS
without Pen-Strep for two hours. Meanwhile, Polyethylenimine (PEI) (Polysciences,
Germany) complexes were prepared. Briefly, 10 pl of 1 mg/ml PEI was diluted in 490
pl 150 mM NaCl, then mixed 1:1 with 2 ug plasmids (S, M, S+M or only water as
negative control) in 150 mM NaCl. Cell culture media was removed and 0.5 ml
DMEM without FBS and PenStrep was added to the wells. Then PEI complexes were
added, and the cells were incubated for four hours at 37°C and 5% CO2 in a humidified
chamber. After transformation cells were washed with DPBS (Gibco™, ThermoFisher
Scientific, USA) and cultured in complete media (DMEM+ 10%FBS+PenStrep).
Three days post-transfection, cell culture supernatants and pellets were collected and

stored at -20 °C for further analysis.
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2.1.4.2 Transfection of pcDNA 3.1 plasmids

One day before transfection 5x10° cells/well were seeded in 6-well plates and grown
in DMEM) supplemented with 10% fetal calf serum, and Pen-Strep at 37°C and 5%
CO2 in a humidified chamber until they reach 50-60% confluency on the day of the
experiment. The next day, cell culture media was removed, and the cells were
incubated with  DMEM including 10% FBS with Pen-Strep. Meanwhile,
Polyethyleneimine (PEI) complexes were prepared. Briefly, 6 ul of 1 mg/ml PEI was
diluted in 100 ul DMEM (-), then mixed with 2 pg plasmids diluted in 65 ul DMEM
(-) (1:2 ratio, 15 ng/ ul DNA: 30/ ng pl PEI). Then PEI complexes were added, and
the cells were incubated for 72 hours at 37°C and 5% CO2 in a humidified chamber.
Three days post-transfection, cell culture supernatants and pellets were collected and
stored at -20 °C for further analysis.

2.1.4.3 Transfection of pPCAGGS plasmids

One day before transfection 2x10° cells/well were seeded in T75 flask and grown in
DMEM supplemented with 10% fetal calf serum, and 1X Pen-Strep at 37°C and 5%
CO2 in a humidified chamber until they reach 50-60% confluency on the day of the
experiment. The next day, cell culture media was removed, and the cells were
incubated with DMEM including 10% FBS with Pen-Strep. Meanwhile, PEI
complexes were prepared. Briefly, 72 ul of 1 mg/ml PEI was diluted in 400 ul DMEM
(-), then mixed with 24 pg plasmids diluted in 400 ul DMEM (-) (1:3 ratio, 60 ng/ pl
DNA: 180 ng/ ul PEI). Then PEI complexes were added, and the cells were incubated
for 96 hours at 37°C and 5% CO2 in a humidified chamber. Four days post-
transfection, cell culture supernatants and pellets were collected and stored at -20 °C

for further analysis.

2.1.5 Electroporation

The cells were washed with DPBS and resuspended in approtiate cell cultere media
containing 10% FBS. The plasmids in different concentrations were mixed in 350 pl
of cells (1 x 107) in a 0.4-cm cuvette by gently pipetting and incubated on ice for 10
min. The electroporations were performed in the Gene Pulser Xcell Total system, using
defined protocols by its software for each cells (Bio-Rad, USA). After electroporation

the cells were incubated on ice for a further 10 min and passaged to a well of 6-well
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plate for the incubation at 37 °C for three days in a humidified incubator. For further

analysis, cell lysates and culture supernatants were harvested.

2.1.6 Cell lysis

Transfected cells were washed two times with cold PBS and were collected by
scraping followed by centrifugation at 1000 x g for 3 min. The cell pellets were lysed
in lysis buffer (20 mM Tris pH7.5, 1% Triton X-100, 0.05% SDS, 0.5% Sodium
Deoxycholate, 150 mM NaCl, 1mM Protease inhibitor cocktail).

2.1.7 Sucrose cushion

To analyze VLPs, culture medium of transfected cells was collected and cleared by
centrifugation at 10,000 g for 10 min. Next, pre-cleared supernatant was layered on
top of a 20% (w/v) sucrose cushion, added in 1/6 volume of the centrifuge tube and
concentrated by ultracentrifugation at 150,000 g for 4 hours at 4°C (Beckman Coulter,
Optima ™ XPN, SW41 rotor, USA)

2.1.8 Transcriptional analysis of protein expression

2.1.8.1 RT-PCR

For transfection analysis of pDZ, total RNA was isolated from cells post-transfection
using TRI-Reagent (BioShop, Canada) and samples were treated with DNAse | for 15
min at 37°C and then purified from DNAse I. RT-PCR is performed by the
SensiFAST™ c¢DNA Synthesis Kit (Bioline, UK) using the Oligo d(T) primer to
generate cDNA from total mRNA first, and the CCHFV S segment-specific gS reverse
primer (5 TTAGATGATGTTGGCACTGGTG 3') to produce cDNA from VRNA,
according to the manufacturer's instructions. Quantitative PCR were performed with
gSforward (5° CATACAGGACATGGACATTGTG 3) and ¢Sreverse (5'
TTAGATGATGTTGGCACTGGTG 3') primers by using SensiFAST SYBR® No-
ROX Kit (Bioline, UK).

For the analysis of the mMRNA transcription ability of the vectors, RNA isolation and
cDNA production from the cells transfected with different vectors were performed as
decripted above Then qPCR was performed via of BlasTaq™ 2X qPCR MasterMix
using different primer sets that could amplify approximately the last 130 bp of ORF
sequences for each of the viral genes. The gS forward and gS reverse for Np; qM
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forward (5'CAGGCTACAGAAGGATTATTGAAAGAC 3) and gM reverse
(5TTAGCCAATGTGTGTTTTTGTGGAG 3) for Gc; Primer 8 forward (5'
cttggtaccGCCACCATGGTCTGCAAACGC 3) and Primer 3 reverse (5
gtggatccttaTGCAGAGGTGCTAAC 3') were used for Gn. Ct values measured by
Rotor-Gene® Q (Qiagene, USA) for each gene and were normalized to the GAPDH
gene used as internal control. The relative expression level was analyzed by 2(4ACY

method using the following formula:

AACTt: [(Cttargetgene‘Cthousekeeping)‘(Ctnormal‘cthousekeeping)]
2.1.9 Post-translational analysis of protein expression

2.1.9.1 Western Blot

The proteins to be analyzed were separated on either by SDS-PAGE or Native-PAGE,
described below.

2.1.9.2 Polyacrylamide gel electrophoresis

SDS-PAGE: The protein samples were diluted 1:1 in Laemmli buffer (4% (w/v) SDS,
10% (v/v) B-mercaptoethanol, 20% (v/v) glycerol, 0.004% (w/v) bromophenol blue,
0.125 M Tris-HCI) and heated to 95°C for 10 min unless otherwise stated. For some
assays, NP and Gn samples were denatured in reducing loading buffer (5X Blue
Loading Buffer, 200 mM Tris HCI pH6.8, 10% SDS, 500 mM B-mercaptoethanol and
50% glycerol) at 95°C for 5 min. Proteins were run on an 8-12% polyacrylamide gel,
first at 50 V for 20 min, then at 200 V for 40 min. After electrophoresis, the gel was
stained with Coomassie brilliant blue G-250 (Sigma-Aldrich, Taufkirchen, Germany).

Native-PAGE: Samples were diluted in non-reducing loading buffer (5X Blue
Loading Buffer, 200 mM Tris HCI pH6.8, 20% SDS, and 50% glycerol), incubated at
50°C for 10 min and electrophoresed on 4-9% polyacrylamide gels.

Following electrophoresis, proteins were transferred to a PVDF membrane (GVS
North America, Sanford, USA) immediately after methanol induction of the
membrane, in transfer buffer (24 mM Tris, 192 mM glycine and 20% (v/v) methanol)
either at 25 V for 7 min on semi-dry blotter (Trans-Blot Turbo, Bio-Rad, California,
USA) or wet at 100 V for 90 min in Mini Trans-Blot cell (Bio-Rad, California, USA).
The membrane was blocked with TBST (10 mM Tris pH 7.4, 0.9% (w/v) NaCl, and
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0.05% (v/v) Tween-20) containing 5% (w/v) skim milk (Sigma-Aldrich, Taufkirchen,
Germany) for two hours at room temperature and incubated with primary antibody
overnight at 4°C, followed by secondary antibody incubation for one hour at room
temperature. Between each step, the membrane was washed five times of 10 min using
TBST and processed for chemiluminescence detection (WesternBright Sirius
Chemiluminescent Detection Kit, Advansta, California, USA), according to the
manufacturer’s instructions. Membranes were visualized by using Fusion FX Solo

imaging system (Vilber, Collégien, France).

2.1.9.3 ELISA

The 96 well microplates (Immulon 2 HB, Invitrogen, Waltham, USA) were coated
overnight at 4°C with supernatant or cell lysate samples diluted in carbonate-
bicarbonate buffer (pH 9.6). Then, the plates were washed four times with PBST (PBS
+ 0.05% (v/v) Tween 20) and blocked with PBST containing 5% (w/v) skim milk for
two hours at room temperature. Plates were then incubated at 37°C for 1 hour each,
first with the primary antibody and then with a corresponding HRP-conjugated
secondary antibody, depending on the analytes. Between each step, the wells were
washed four times with PBST. Then, TMB solution (Abcam, Cambridge, UK) were
added to the wells and the plates were incubated for 20—25 min at room temperature
in the dark. The reaction was stopped by adding 2N H2SO4to the wells and absorbance
of samples measured in iMark microplate reader (Bio-Rad, California, USA) at 450
nm. All washing steps performed using Wellwash Versa Microplate Washer (Thermo
Fisher Scientific, Waltham, USA). Data were calculated by the mean of absorbance
measurements obtained from duplicated samples. The cut-off value was calculated by

the given formula: the mean absorbance of each negative samples + 2 SD.

2.1.10 TCA precipitation

After transfection, the cell culture medium was precipitated by the trichloroacetic acid
(TCA) method. Briefly, 100% TCA was added to 1/4 of the sample and incubated on
ice for 10 min. After centrifugation at 14,000 x g for 5 min, the protein pellet was
washed three times with cold acetone. After all the acetone was evaporated, the
proteins were boiled in 2X SDS Sample Buffer at 95 °C for 5 min and then
electrophoresed.
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2.2 Generation of SARS-CoV-2 VLP in Pichia Pastoris

2.2.1 Virus propagation

The viral strain hCoV-19/Turkey/Istanbul-BezmCoV1/2020 (GISAID accession
number EPI ISL 457824) employed in this thesis have been originally isolated from
nasopharyngeal swab samples taken from a 2-year-old girl who applied to Bezmialem
Vakif University Hospital Clinical Microbiology Laboratory with symptoms
consistent with COVID-19 [214]. The virus was propagated on Vero E6 cells in
DMEM supplemented with 10% FBS, 100 U/ml penicillin, 100 pug/ml streptomycin
and 1 pg/ml amphotericin B (Thermo Fisher Scientific, USA). All virus
infection assays were carried out under biosafety level 3 settings in the Bezmialem

Vakif University Hospital Tuberculosis Laboratory.

2.2.2 Antibodies and sera

Rabbit primary antibody cocktail prepared in final dilution of 1:4000, is composed of
rabbit anti-SARS-COV-2 Spike S1 protein polyclonal antibody (Cat. A20136,
ABclonal, USA), rabbit anti-SARS -COV-2 N protein monoclonal antibody (Cat.
A20021, ABclonal, USA), and rabbit anti-SARS-COV-2 Envelope protein polyclonal
antibody (Cat. A20199, ABclonal, USA). Also, a mouse SARS-CoV-2 total IgG
positive sera were provided by Prof. Ozdarendeli as a kind gift and used in the Western
Blots in a dilution of 1:1000. The goat anti-mouse 1gG HRP (Cat. sc2031, Santa Cruz
Biotechnology, USA), and goat anti-rabbit IgG HRP (Cat. Ab97200, Abcam, UK) was
used as secondary antibodies.

2.2.3 Construction of plasmids

The nucleotide sequences of Spike (S), Nucleoprotein (N) Membrane (M) and
Envelope (E) genes of SARS-CoV-2 Wuhan strain, available at NCBI (NC_045512.2)
were first optimized for expression in Pichia pastoris (P. pastoris) and then, cloned in
between EcoRI and Sall enzyme cut sites in AOX1 locus on pPICZA vector by Gene
Universal® (Newark, DE, USA). The plasmids were propagated in One Shot™
TOP10 Chemically Competent E. coli (ThermoFisher Scientific, USA) cells. The
unique Bglll and BamHI sites, generating compatible ends after digestion, pPICZA
vector allows to construct plasmids with multiple head-to-tail expression cassettes.

Based on this, expression cassettes containing each viral structural gene were cloned
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into a single plasmid to generate SARS-CoV-2 VLP in P. pastoris. Briefly, a pPICZA
plasmid containing one of the viral gene was linearized using BamHlI, then the other
viral gene expression cassettes to be ligated head to tail were excised by the Bglll -
BamHI double digestion and ligated with each other in vitro. The ligation mix was
treated with BamHI and Bglll to eliminate head-to-head and tail-to-tail multimers.
Finally, the multimers were ligated into BamHI -linearized recombinant pPICZA. The
constructed plasmids were propagated in One Shot™ TOP10 Chemically Competent
E. coli and then, transformed into GS115, Pichia pastoris yeast cells (Invitrogen™

ThermoFisher Scientific, USA) and analyzed by restriction analyzes.

2.2.4 Transformation by Electroporation

Plasmids with a single expression cassette was linearized with Sall restriction enzyme
before transformation. The other plasmids having multimer expression cassettes were
directly transformed into electrocompetent GS115 P. pastoris cells using Gene Pulser
(Bio-Rad, USA). Briefly, an overnight culture for GS115 cells, grown at 30°C in YPD
was used to inoculate 500 ml of fresh medium in a 2-liter flask with 0.1-0.5 ml of the
overnight culture and then, they were grown overnight again to an OD600 to 1.3-1.5.
Cells were centrifuged at 1,500 x g for 5 min at 4°C and the pellets were resuspended
in 500 ml of ice-cold, sterile water. Cells were washed first with 250 ml ice-cold water,
later with 20 ml of ice-cold 1 M sorbitol and resuspended in 1 ml of ice-cold 1 M
sorbitol. Finally, 80 ul of competent cells were mixed with 5-10 pg of DNA (in 5-10
ul sterile water) and the mixture was transferred to an ice-cold 0.2 cm electroporation
cuvette, followed by incubation on ice for 5 min. Cells were pulsed using the
manufacturer’s instructions for Saccharomyces cerevisiae (at 1.1 kV, 200 and 25 mF).
After electroporation, 1 ml of ice-cold 1 M sorbitol was added to the cuvettes. The
cells were then incubated at 30°C without shaking for 2 hours and spread on YPDS
plates containing 100 pg/ml Zeocin™ (Invitrogen, ThermoFisher, USA). The cultures
were incubated for 3-10 days at 30°C until colonies form. Positive transformants were

analyzed either by PCR or restriction analysis.

2.2.5 Expression

A freshly grown single colony on a selective YPD agar plate was inoculated into 25
ml of BMGY (buffered complex glycerol medium: 1% yeast extract, 2% peptone, 100
mM, potassium phosphate pH 6.0, 1.34% YNB, 0.00004 % biotin, 1% glycerol) and
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grown in a shaking incubator at 28 °C at 250 rpm until OD600 value of yeast cells
reach until 2-6. Cells were then centrifuged at 3000 x g for 5 min at room temperature.
To induce expression, cells were resuspended at an OD600 of 1 in 100 ml of BMMY
(buffered complex methanol medium: 1% yeast extract, 2% peptone, 100 mM,
potassium phosphate pH 6.0, 1.34% YNB, 0.00004 % biotin, 0.5% methanol). Every
24 hours, 100% methanol was added to the culture at a final concentration of 0.5% and
1 ml of culture sample was taken for analysis. After five days of expression, cells were
harvested by centrifugation at 7000 x g for 5 min and pellets stored at -80 °C until
further processing.

2.2.5.1 Cell lysis

Sample processing for small-scale expression samples: Acid-washed glass beads of
0.5 mm diameter by weight of the pellet of 1 ml expression culture were added to the
pellets and then resuspended in 1 ml of lysis buffer (25 mM Phosphate Buffer, 5 mM
EDTA, 0.6% Tween 20, pH 8.0). Cells were lysed by 10 cycles of 40 seconds of
vortexing and 40 seconds of incubation on ice. After centrifugation for 10 min at

10,000 x g, the clear lysates and pellets were stored at -80°C for further processing.

Sample processing for large-scale expression samples: After 120 hours of
expression, a pellet of 100 ml culture was dissolved in PBS, and yeast cells were
mechanically lysed under high hydrostatic pressure for 15 cycles at 15,000 psi using a
homegenizer (Microfluidizer M110P). After that, the cell debris was precipitated by
centrifugation at 10,000 x g for 15 min. Cell lysates were centrifuged at 155,000 x g
for 5 hours at 4 °C in an ultracentrifuge to precipitate VLPs, and the pellets were

dissolved in 1 ml of PBS.

2.2.5.2 Western Blot

Western Blot analysis was performed with clear lysates obtained from Pichia
expression samples. Both inactivated virus and SARS-COV-2 infected Vero cell lysate
was utilized as positive control while wild-type GS115 cell lysate and uninfected Vero
cell samples was used for negative control. Briefly, samples were run on a 15% SDS-
polyacrylamide gel and transferred to a nitrocellulose membrane in transfer buffer (24
mM Tris, 192 mM glycine and 20% (v/v) methanol) at 25 V for 7 min on semi-dry
blotter. After blocking the membrane with TBST (10 mM Tris pH 7.4, 0.9% (w/v)

NaCl, and 0.05% (v/v) Tween-20) containing 5% (w/v) skim milk for two hours at
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room temperature, membrane was incubated with primary antibody overnight at 4°C,
followed by secondary antibody incubation for one hour at room temperature. Between
each step, the membrane was washed five times of 10 min using TBST and processed
for chemiluminescence detection (WesternBright Sirius Chemiluminescent Detection
Kit, Advansta, California, USA), according to the manufacturer’s instructions.

Membranes were visualized by using Fusion FX Solo imaging system.

39



3. RESULTS

3.1 Studies on Plasmid-Based Virus Like Particle Models for CCHFV a negative

sense RNA virus in mammalian cells
3.1.1 Studies conducted using pDZ plasmid

3.1.1.1 Construction of pDZ plasmids expressing CCHFV S and M segments

For the establishment of a plasmid based CCHFV VLP model in eukaryotic cells, a
dual promoter plasmid, called pDZ was utilized in this thesis. Due to having both a
human polymerase | (hPoll) promoter and a CMV promoter, VRNAs and mRNA of
viral segments can be produced simultaneously by a single plasmid in transfected cells.
This plasmid was first developed by Prof. Garcia-Sastre for reverse genetic studies on
the Influenza Virus, a negative sense, single-stranded and segmented RNA virus, like
CCHFV [215]. With the kind permission of him, the pDZ vector was utilized to
generate a non-infectious CCHFV-like particle system in mammalian cells. The S and
M segments of the CCHFV Kelkit06 strain were obtained commercially, individually
cloned into the pUC19 vector and were designated pUC_S and pUC_M plasmids,
respectively. Following plasmid propagation, plasmids were confirmed by Sapl
digestion analysis (Figure 3.1A). Then, the bands corresponding relative segments
were isolated and ligated with Sapl digested pDZ plasmids. After transformation,
newly constructed plasmids (named as pDZ_CCHFV_S and pDZ_CCHFV_M), three
positive transformant colonies for each construct were selected and analyzed by
restriction digestion analysis. For the confirmation, pDZ_CCHFV_S were digested
with Sapl, resulting fragments of 1692 bp (indicating S segment) and of 4917 bp
(vector backbone) appeared on agarose gel electrophoresis (Figure 3.1B). Analysis of
pDZ_CCHFV_M plasmids were not performed with Sapl digestion because resulting
fragments would be so close that they cannot be differed on agarose gel. Therefore,
cloning of M segments were confirmed with BamHI (New England BioLand, USA,
MA) enzyme. In two of the three colonies analyzed, two expected bands at the 6370
bp and 3593 bp were visualized on agarose gel (Figure 3.1C). For the downstream

experiments colony 1 and colony 2 were selected for S and M segment, respectively.
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Figure 3.1 : Agarose gel electrophoresis of vectors inserted with CCHFV S
and M segment. A) Confirmation of pUC_S and pUC_M plasmids by Sapl
digestion. B) Confirmation of pDZ_CCHFV_S positive transformant colonies
by Sapl digestion. C) Analysis of positive transformant colonies transformed
with pDZ_CCHFV_M by digestion with BamHI. Blue rectangles show the S
segment, while the orange one shows the M segment

3.1.1.2 Transfections of pDZ plasmids into mammalian cells

Three different cell lines, BHK-21, VeroE6, and HEK293T were transfected with
pDZ_CCHFV_M and pDZ_CCHFV _S plasmids either separately or together by using
PEI as a transfection reagent. Three days after transfection, cell pellets were harvested,
and the supernatant samples were both precipitated with trichloroacetic acid (TCA) to
analyze all the protein secreted into the medium and centrifuged overnight at 21,000 x
g to analyze whether VLP was budded from the transfected cells. Then, all three
samples (pellets after centrifugation, TCA precipitates, and cell pellets) from each
transfected cells were analyzed by Western Blot using sera of mice immunized with
inactivated CCHFV (Figure 3.2). However, similar band patterns were observed in all
samples, including negative control samples and any discriminative protein band could
not be seen on these Western Blot images. One of the possible reasons for this situation
may be that the production amount of viral proteins in transfected cells was insufficient
for their detection by the Western Blot. As an alternative to Western Blot, post-

transcriptional analyses were performed for the S segment using RT-PCR.
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Figure 3.2 : Western Blot analysis after PEI transfection. Transfected cell
supernatants and pellets analysis by Western Blot. Three different cell line
(BHK-21, VeroE6, 293T) were transfected with S (pDZ_CCHFV_S), M
(pDZ_CCHFV_M), or S and M. For negative control, molecular grade water
instead of plasmids was used. Membranes were incubated with sera of mice
immunized with inactivated CCHFV at 1:1000 dilution, then probed with
goat-anti-Mouse 1gG-HRP antibodies at 1:3000 dilution. Membranes were
processed for chemiluminescence detection and visualized by using Fusion
FX Solo imaging system (Vilber, Collégien, France). The expected protein
bands after transfection from S and M segments were given under Western
Blot images.

The pDZ plasmid has bidirectional dual promoters; one for human polymerase | to

transcribe VRNA, and the other for human polymerase Il to transcribe mRNA from

viral segments. To analyze the transfection, both mRNA and VRNA transcription

levels in 293T cells transfected with pDZ_CCHFV_S in different concentrations (2

and 6 ug per well) were analyzed by RT-PCR. Total RNA was isolated from all the

samples tested. The cDNA reactions were set up with oligo d(T) primers to analyze

the mRNA, while with gene-specific primers (gSforward) to analyze VRNA.

Downstream PCRs were done with primers specific to NP gene fragment close to 3’

end (Table 3.1 and Figure 3.3). However, the RT-PCR analysis clearly showed that
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neither viral MRNA nor VRNA was transcribed after transfection of 293T cells with
pDZ_CCHFV_S using PEI, consistent with Western Blot analysis (Table 3.2).
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Figure 3.3 : Representation of partial vector map showing binding sites of
primers used to analyze mRNA and VRNA levels in pDZ_CCHFV_S
transfected 293T cells.

Table 3.1 : Primers used to analyze mRNA and VRNA levels in pDZ_CCHFV_S
transfected 293T cells.

Primers used by reverse . .
Template ) 48 Primer set used by polymerase in second step
transcriptase in first step

mMRNA Oligo d(T) qSforward: 5> CATACAGGACATGGACATTGTG 3’
VRNA gSforward qSreverse: 5° TTAGATGATGTTGGCACTGGTG 3’

Table 3.2 : Ct values obtained from RT-PCR analysis of transfection samples.

Template used in cDNA Ct
MRNA (isolated from 2 pg S transfected cells) 32,99
mRNA (isolated from 6 pg S transfected cells) 28,91

mRNA (negative control) 26,87
VRNA (isolated from 2 pg S transfected cells) 25,75
vRNA (isolated from 6 pg S transfected cells) 28,83

VRNA (negative control) 21,95

Considering that the problem might be caused by the transfection method, it was
decided to introduce the vectors to the cells by electroporation. Electroporation was
performed with Gene Pulser Xcell (Bio-Rad, USA), according to the manufacturer’s
recommendations. Despite using several cell-protective transfection media (like
HEPES or sucrose-containing medium) and defined programs by Bio-Rad for cells,
the cells were severely damaged. Therefore, further analysis with those cells couldn't

be conducted.
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Although various cell types and transfection methods were used to transfect the
plasmids, the pDZ-based system did not yield the desired outcome in the shape of
VLP. Even pDZ plasmids have been successfully used in Influenza virus reverse
genetics by Garcia-Sastre Lab (Martinez-Sobrido & Garcia-Sastre, 2010), the pDZ-
based reverse genetic system might not be suitable in the case of CCHFV.

3.1.2 Studies conducted using pCAGGS plasmid

3.1.2.1 Construction of pPCAGGS plasmids expressing viral proteins

To circumvent the problem faced using pDZ in that the proteins could not be detected
in WB, we decided to attempt a system that has higher transgene protein yield. To
increase viral protein yield, at least to the detection limit required in the Western Blot
analysis, the pDZ vector was exchanged for the pPCAGGS vector, which has the same
vector backbone and does not contain any human Pol | promoter and terminator
regions in between human Pol 1l sequences. Instead of whole viral segment, only the
ORF sequences encoding NP, PreGn, and PreGc proteins cloned into pCAGGS vector.
To this aim, NP and Gc ORF sequences were cloned in between Kpnl and Xhol
recognition sites on the vector. Because of internal cut sites of Xhol in Gn ORF
sequence, Gn was cloned by using Kpnl and Bglll enzymes. All constructed plasmids
were transformed into chemically competent XL10 or Machl E. coli cells
(ThermoFisher Scientific, USA). The three positive transformants for each were
analyzed by restriction analysis. As a result, in all three colonies (Im1, 1m2, 1m3) for
NP, two colonies for G¢ (2m2 and 2m3), and one colony for Gn (3x1) were confirmed
(Figure 3.4).

pCAGGS_NP (1) | pCAGGS_GC(2)

2ml [ 2m2 | 2m3

M | pCAGGS_GN (3)

1Iml | 1m2 [ Im3

Figure 3.4 : Image of agarose gel electrophoresis, confirming constructed
pCAGGS plasmids for CCHFV by restriction analysis. First number indicates
genes; 1:NP, 2: Gc, 3: Gn, while last numbers for selected colonies. The
character m is for Machl and x for XL10 cells. Blue rectangles are used to
show desired bands for each gene.
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3.1.2.2 Transfection analyses of pPCAGGS vectors into Huh-7 cells

The constructed plasmids ()CAGGS-NP (1m1), pPCAGGS-Gc (2m3), and pCAGGS-
Gn (3x1) were transfected by PEI in a ratio of 1:3 into Huh-7 cells in T75 flask. After
96 h post transfection, supernatants and the cell pellets were collected separately.
Supernatant samples were pelleted with sucrose cushion by ultracentrifugation. First,
cell lysates were tested by Western Blot using different sera; mouse anti-NP, mouse
anti-CCHFV, and rabbit anti-CCHFV sera (Figure 3.5). Here, a recombinant NP
produced in another project of Dr. Doymaz was utilized as positive control and
detected in all sera. Interestingly, in all mice sera, discriminative bands above 63 kDa
were appeared in all NP-transfected cell lysates by comparing to negative control.
Besides, significant bands at around 53 kDa in 1m1, 1m2, and in Np wells were

appeared on the membrane probed with anti-CCHFV rabbit sera.

Cell lysates

a- NP Mouse sera a- CCHFV Mouse sera a- CCHFV Rabbitsera

im im im NP NC M im im im NP Nc M iml im2 im3 NP NC
2 3 1 2 B

W
!5
R S A

Figure 3.5 : Analysis of cell lysates transfected with different NP plasmids.
Samples were probed with either NP-immunized mice sera or CCHFV-
immunized mice or rabbit sera. NP is a recombinant protein produced in-
house for another project and utilized here as a positive control, while mock-
transfected cells were used as negative controls. Following incubation with
relevant secondary antibodies conjugated with HRP, membranes were
processed for chemiluminescence detection.

Additionally, all NP, Gn and GC samples were analyzed by Western Blot using
specific antibodies called 9D5, 8F10, and 11E7, respectively. Samples were
resuspended in 5x loading buffer without -Mercaptoethanol. NP and Gn samples
were run in 8-12 % SDS gel, while Gc samples were run in 5-9 % native gel (Figure
3.6). Again, in all NP samples, bands at about 66 kDa were detected Figure 3.6A). In
Gn samples, bands were seen at above 270 kDa, around 130 kDa, in between 66 and
52 kDa and below 30 kDa in lysate (Figure 3.6B). For Gc, two different plasmids were
analyzed and only in 2m3 transfected cells samples three different bands between 90
and 270 kDa were detected in cell lysate (Figure 3.6C). As a result, viral protein
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expressions in transfected cell were demonstrated by Western Blot using specific

antibodies.
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Figure 3.6 : Western Blot analysis of cells transfected with all pPCAGGS
plasmids containing NP, Gn, and Gc, separately. Genes were numbered as 1
for NP, 2 for Gc, and 3 for Gc. The “m” indicates the transformed bacteria
called Machl. The last numbers for colonies selected for analysis. Samples
were run in NATIVE-PAGE gel and transferred onto PVDF membranes.
Then the membranes were incubated with protein specific antibodies in a
dilution of 1:500 (9D5, 8F10, 11E7). After incubation with goat anti Mouse
IgG HRP antibodies, Membranes were processed for chemiluminescence
detection.

According to the results obtained from last the Western Blot, the VLP analyzes were
continued with the plasmids isolated from the colonies 1m1, 2m3, and 3x1. To
demonstrate, whether these proteins can assemble to form VLP, and to increase the
protein amount to be analyzed by Western Blot, plasmids were transfected into Huh-7
cells grown on T75 flasks. After 72 hours from transfection, cells were harvested by
centrifugation. To analyze whether any VLP was secreted into media, supernatant

samples were pelleted by sucrose cushion. Then, supernatant and clear lysate samples
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were loaded onto both SDS-PAGE and NATIVE-PAGE gels. Western Blot analysis
was conducted with both CCHFV-immunized rabbits (Figure 3.7) and mouse sera
(Figure 3.8). Antibodies found in the sera of CCHFV-vaccinated rabbits could not
capture viral proteins found neither in lysate nor in the supernatant after NATIVE-
PAGE (Figure 3.7A) and smear bands with high background were observed in all
samples run on an SDS-PAGE gel (Figure 3.7B).
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Figure 3.7 : Western Blot analysis of transfected cells with CCHFV-
immunized rabbit sera. The cell samples were run in both SDS and native gel
by electrophoresis. Then the gels were wet transferred to nitrocellulose
membrane. Lysates (A, C) and supernatant samples after sucrose cushion (B,
D) were loaded onto both NATIVE-PAGE (A, B) and SDS-PAGE (C, D).
The membranes were blotted with anti-CCHFV rabbit sera at 1:3000 dilution,
followed by goat anti mouse 1gG HRP antibodies in a dilution of 1:5000.
Membranes were processed for chemiluminescence detection.

However, using CCHFV immunized mouse serum vyielded similar results in all
NATIVE-PAGE samples (Figure 3.8A), while distinctive bands for all viral proteins
appeared in supernatant samples run on an SDS-PAGE gel (Figure 3.8B). Accordingly,
the band between 48 and 63 kDa may indicate the 53 kDa NP. While the 75 kDa Gc
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protein and its 85 kDa PreGc form were prominently seen, an additional band of
around 100 kDa was seen in both Ge-only and cell culture samples in which three viral
proteins were transfected simultaneously. Since a band smaller than 30 kDa was also
seen in the previous Western Blot analysis with Gn-specific antibody (Figure 3.6B),
the band between 25 and 35 kDa was likely to be a protein produced from PreGn.
Finally, viral proteins or their fragments were detected by Western Blot in cell culture

media transfected with all three plasmids.
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Figure 3.8 : Western Blot analysis of transfected cells with CCHFV-
immunized mice sera. The cell samples were run in both SDS and native gel
by electrophoresis. Then the gels were wet transferred to nitrocellulose
membrane. Lysates (A, C) and supernatant samples after sucrose cushion
were loaded onto both NATIVE-PAGE (A, B) and SDS-PAGE (C, D). The
membranes were blotted with anti-CCHFV Mouse sera at 1:5000 dilution,
followed by goat anti mouse 1gG HRP antibodies in a dilution of 1:3000.
Membranes were processed for chemiluminescence
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Studies with pCAGGS vectors using CCHFV-specific and immunized animal sera
partially showed the expression of viral proteins, but additional experiments were
needed to demonstrate the proper synthesis of viral proteins. Since the desired results
could not be fully achieved with pCAGGS vectors, studies were continued with

pCDNAZ3.1 vectors, which are widely used in the production of recombinant proteins.
3.1.3 Studies conducted using pcDNA 3.1 plasmid

3.1.3.1 Construction of pcDNA3.1 plasmids to express viral proteins in

transfected cells

Here, pPCDNAZ3.1 plasmids were utilized to express proteins in mammalian cells.
Unlike pDZ or pCAGGS, pcDNAS3.1 plasmid has a CMV promoter instead of a CMV
enhancer and chicken B-actin promoter. First, the ORF sequences encoding NP, Gn,
Gc, and GPC protein regions were cloned into 3.1 vectors, separately. Four different
eukaryotic expression vectors were utilized for this aim: 3EGFP (13031, Addgene),
c-Flag pcDNA3 (20011, Addgene), pcDNA3-neo-cterminal-3HA (102643, Addgene)
and 3.1 His C (2103, Addgene). To increase the possibilities, primers were designed
to allow subcloning of viral genes amplified from pUC_S and pUC_M vectors into
different pcDNA 3.1 plasmids (Table 3.3). Thus, a versatile cloning strategy has been
developed that makes it possible to produce viral proteins in various forms (native
proteins or FLAG- or HA-tagged or EGFP fused proteins) by cloning a single insert
into different vectors. (Table 3.4).

To this aim, gene of interests were amplified by PCR using pUC_S and pUC_M
plasmids as templates (Figure 3.9A). Except native NP, all amplicons were generated.
To amplify the sequence to produce native NP (PCR product 25), pUC_S and PCR
product 27 (NP-EGFP), produced with primer pairs 2 and 7, were used as templates.
and annealing temperature optimization studies (55 °C, 58 °C, 60°C) were conducted
for both templates, separately. After that, NP sequences could be amplified
successfully as a single band at 55 °C and 58 °C when pUC_S were used as template
(Fig 3.9B).
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Figure 3.9 : Gel electrophoresis analysis of PCR products encoding viral
genes. A. Amplification of related genes using pUC_M and pUC_S as
templates. B) Annealing temperature optimizations of PCR reactions to be
able to amplify native NP sequences from either pUC_S or PCR product of
27. GPC: 5090 kb, PreGc: 2228 bp, PreGn: 3028 bp, NP: 1472 bp.

Table 3.3 : Sequences of primers, which will be utilized to amplify viral genes to be
cloned into pcDNA 3.1 vectors.

Target . .
. Primer name Primer sequence

1 GPC GPC forward Kpnl cttggtaccGCCACCATGCCCACCAA
2 NP NP forward Kpnl cttggtaccGCCACCATGGAAAACAAGATCG
3 Gn PreGn reverse BamHI* gtggatccttaTGCAGAGGTGCTAAC
4 Ge PreGC reverse BamHI* gtggatccttaGCCAATGTGTGTT
5 NP NP reverse BamHI* gtggatccttaGATGATGTTGGC
6 Ge PreGc-EGFP reverse Xhol catctcgagGCCAATGTGTGTT
7 NP NP-EGFP reverse Xhol catctcgagGATGATGTTGGCAC
8 Gc PreGc forward Kpnl cttggtaccGCCACCATGGTCTGCAAACGC
9 Gn preGN-HA reverse Notl atagtttaGCGGCCGCTGCAGAGGTG

*: After transfection with the plasmid to be generated, a stop codon was added to the sequence to produce native

protein of interest in the cells.

Table 3.4 : Sequences of primers, which will be utilized to amplify viral genes to be
cloned into pcDNA 3.1 vectors.

Gene Primer sets Plasmid End-product
c-Flag pcDNA3 GPC
GPC 1+4 pcDNA3-neo-cterminal-3HA
pcDNA3.1His C HGPC
c-Flag pcDNA3 Gn
143 pcDNA3-neo-cterminal-3HA
Gn pcDNA3.1His C HGn
1+9 pcDNA3-neo-cterminal-3HA Gn-HA
c-Flag pcDNA3 Ge
g+4 pcDNA3-neo-cterminal-3HA
Ge pcDNA3.1His C HGc
8+6 pcDNA 3EGFP Gc-EGFP
c-Flag pcDNA3 NP
245 pcDNA3-neo-cterminal-3HA
NP pcDNA3.1His C HNP
2+7 pcDNA 3EGFP NP-EGFP
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Next, all plasmids and inserts were double digested with Acc651 and BamHI enzymes.
The plasmid backbones were recovered from the gel and ligated with target genes,
separately (Figure 3.10A). Then, ligation reactions were transformed into One Shot™
TOP10 Chemically Competent E. coli cells. However, constructed plasmids could not
be detected in any of the selected transformant colonies, indicating that ampicillin-

resistant uncut plasmids were transformed dominantly (Fig 3.10B).
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Figure 3.10 : Agarose gel electrophoresis analysis for restriction analysis
with Acc651 and BamHI enzymes. A) Electrophoresis of double-digested
vector backbones. B) Transformation analysis of positive transformants
selected for each gene. Numbers following gene names indicate nominated
colony numbers.

All attempts to construct plasmids by using Acc65l enzyme failed since Acc65l
enzyme is sensitive to dam methylation. Then, it was decided to use Kpnl,
isoschizomer of Acc65l, to cut plasmids. Also except of pcDNA3-neo-c-terminal-
3HA, all other plasmids were excluded from the cloning strategy, because there was
only one or two bases between recognition sites of Kpnl and BamHI, which makes
difficult to cut plasmids at once. However, 300 bp length fragment, appeared after
electrophoresis of double digest plasmid samples enabled recovery of properly cut
plasmid backbone from the agarose gel (Fig 3.11). Then, plasmid backbone was
isolated from the gel and ligated with Kpnl and BamHI digested inserts. After
transformation of ligation reactions into XL10-Gold ultracompetent E. coli cells
(Agilent, CA, USA), positive transformants were analyzed by colony PCR using gene-
specific primers. Other than GPC, which encodes a full-length polyprotein of CCHFV
glycoprotein, all native protein expressing vectors were generated and confirmed by

PCR (Fig 3.12).
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Figure 3.11 : A) The plasmid map of pcDNA3-neo-cterminal-3HA with
restriction sites, highlighted. B) Agarose gel electrophoresis of the double
digested vector.
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Marker

NP21, GCq4, GC7,GN6 and GN7 were confirmed.

» Figure 3.12 : Analysis of colony PCR prodﬁcts for each selected positive
transformants on agarose gel. Rectangles indicate desired band appeared after
PCR samples run on the gel. Red: NP, Yellow: Gc, Pink: Gn.

To visualize VLPs by fluorescent or confocal microscopy, EGFP fused gene vectors
were generated. To construct the plasmids, first, NP and Gc sequences were amplified
without stop codon, double digested by Kpnl and Xhol, and separately ligated into
3EGFP vector as described above. Three positive transformant colonies were selected
for each and analyzed by PCR and restriction analysis (Fig 3.13).
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Figure 3.13 : Confirmation of NP-EGFP and GC-EGFP vector constructions
by PCR, colony PCR and restriction analysis, respectively. Gc: 2228 bp, NP:
1472 bp

3.1.3.2 Transfection analyses of pcDNA 3.1 plasmids into mammalian cells

First, 293T cells were transfected with 3EFGP using PEI as a transfection reagent to
test the transfection efficiency. At 48 hr post transfection, the cells were visualized

under fluorescence microscope after two days (Fig 3.14).

Phase contrast EGFP merge

1

ge.14 : Imaging f 9T cells transfected w ‘ 3EGFP
plasmids under fluorescence microscopy (Cytation 5, Biotek, USA).
Then, pcDNA 3.1 plasmids encoding viral genes were transfected into 293T cells in
a different combination of plasmids. Also, FBS supplementation during transfection
was questioned. Cell culture supernatants and pellets were collected three days post-
transfection. Supernatant samples were ultracentrifuged at 150.000 g for 4 hours to
analyze VLP formation. All samples were analyzed by Western Blot using inactivated
CCHFV-immunized mice sera (Fig 3.16). Interestingly, similar band patterns were
observed in all samples. The appearance of the same band profile in negative control
samples indicated that any discriminative analyzes could not be done with these

Western Blot images.

53



6ug | 3ug Npe | Gee | Npe NP [NPe [Gc [Gee [Gn [ Np [ Npe [ Gee | Npe

]
% | NP, Gn, Ge Ge NP Gn °

Figure 3.15 : Western Blot analysis of transfected 293T cells using mice sera
immunized with inactivated CCHFV. For negative control (NC), molecular
grade water instead of plasmids was used. Membranes were incubated with

sera of mice immunized with inactivated CCHFV at 1:1000 dilution, then
probed with goat anti Mouse IgG-HRP antibodies at 1:3000 dilution.
Membranes were processed for chemiluminescence detection and visualized

by using Fusion FX Solo imaging system (Vilber, Collégien, France).
Although various PEI transfection optimization studies were conducted for 293T cells,
any viral protein specific signal was not detected in Western Blot analysis, indicating
that 293T cells may not be suitable for this CCHFV VLP model. Besides, transfection
of 293T cells were challenging because they detach easily from the plate bottom even
while the plates were moved from incubator to microscope for imaging. Considering
that the problem might be caused by cell lines, it was decided to introduce the vectors
to the Huh-7 cells as donor cells. Transfection optimization studies were first
conducted with pcDNA3 EGFP by using of a transfection reagent, PEI both in different
forms (linear or branched) and in a different ratio with DNA to be transfected. Also,
the effect of FBS supplementation during transfection was questioned. (Figure 3.16).
Accordingly, the expression level of EGFP was found optimum in cells supplemented

with FBS and transfected in a PEI (linear) to DNA ratio of 1:3.
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Figure 3.16 : Optimization of transfection conditions for Huh-7 cells. The
effect of different factors on transfection, such as different DNA:PEI ratios
(1:2 or 1:3), different forms of PEI (linear or branched), and FBS
supplementation were evaluated,. Cells were transfected with 2 ug pcDNA3
EGFP and viewed under fluorescence microscopy 48 post-transfections. PC:
phase contrast (Cytation 5, Biotek, USA).

Further optimizations on DNA:PEI ratio (1:2, 1:3, and 1:4) with increasing amount of
DNA were performed with cells supplemented with FBS during the transfection
(Figure 3.17). Although the highest fluorescent signal was visualized in cells
transfected with a high concentration of PEI (1:4 ratio), its toxicity to cells has
increased (Figure 3.17A), therefore, the best results were obtained from cells
transfected with 3 pg DNA with a DNA:PEI ratio of 1:3, according to the RFU
measurement (Figure 3.17B). According to the results achieved from these
optimization studies, following experiments were performed with Huh-7 cells grown
on 6-well plates and transformed with 3 ung DNA with a DNA:PEI ratio of 1:3 with
FBS supplementation. The DNA amount used for the transfection was calculated

proportionally depending on the type of cell culture plates utilized for each assay.
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Figure 3.17 : Figure 3. 13: Optimization of transfection efficiency on Huh-7
cells according to DNA:PEI ratio and DNA amount. A) Cells were transfected
with different amount of DNA (2, 3, and 4 ug pcDNA3 EGFP plasmids) in a
different ratio of DNA to PEI (1:2, 1:3, and 1:4). B) Measurement of RFU in
transfected cells to determine of optimum amount of DNA used in a 1:3 DNA
to PEI ratio. Mean RFU were corrected for the background fluorescence and
calculated by BioTek Gen5 Data Analysis Software. RFU: relative
fluorescence unit. eGFP (excitation: 479 nm, emission: 520 nm).

Since the last Western Blot experiments have not been able to sufficiently show the
expression of viral proteins, other techniques have been used to examine the synthesis
of viral proteins. First, the fluorescent microscopy technique was used, in which Huh-
7 cells were transfected with plasmids expressing Np and Gc proteins in fusion with
eGFP. Fluorescence microscopy images at 48 hours post transfection showed that both
proteins were successfully produced and had various subcellular localizations (Figure
3.18). While Gc was uniformly distributed across the cell surface, Np was primarily
found in the perinuclear region. These different expression profiles may imply that

viral proteins were expressed recombinantly and functioned properly.

NP-EGFP GC-EGFP

Figure 3.18 : Figure 3. 14: Visualization of differential cellular localization
of NP-EGFP and GC-EGFP proteins transfected into Huh-7 cells under
fluorescent microscopy.
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As the presence of viral proteins was indirectly demonstrated by fluorescence
microscopy, additional expression analyzes were performed to assess production.
Proteins produced by pcDNA 3.1 plasmids were first analyzed by ELISA method. The
supernatant samples from transfected Huh-7 cells in 96 well plates were analyzed by
ELISA using CCHFV-immunized mouse and rabbit sera, and CCHFV-specific mouse
mADb antibody cocktail including anti-Np (9D5), anti-Gn (8F10), and anti-Gc (11E7)
primary antibodies., followed by incubation with suitable secondary antibodies for
each assay (Figure 3.19).
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Figure 3.19 : Analysis of cell culture samples obtained from the Huh-7 cells
transfected with different combination of viral plasmids, by in house ELISA
tests. Plates were coated directly with samples, and the samples were probed
with CCHFV-immunized mouse (orange), and rabbit sera (green), and with
mouse monoclonal antibody cocktail (blue), constituted by the mixing of anti-
NP(9D5), anti-Gn (8F10), and anti-Gc (11E7). The relevant HRP-conjugated
secondary antibodies were utilized for detection. The absorbance of each
sample was measured at 450 nm using iMark microplate reader (Bio-Rad,
California, USA)
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As a result, it was observed that positive samples had almost similar pattern in all tests
(Figure 3. 19). All antibodies detected the viral proteins in the samples of “3inl", in
which all viral plasmids were transfected simultaneously (Figure 3. 19). The
reproducibility of this results suggested that CCHFV VLP might be formed via
pcDNAS3.1 plasmid. Interestingly, Np+Gc cell culture samples were detected positive
in CCHFV-immunized animal sera. The Gn was also tested positive in all assays
except specific antibody ELISA, suggesting that Gn might be able to be packed alone
in the Golgi, due to its Golgi retention signal on their sequence. Additionally, Np was
detected in all assays tested here, which may provide additional evidence to the
previous study reporting that Np forms sphere-like structures in cytoplasmic vesicles
after its expression using baculovirus expression system [216]. This analyzes showed
that viral proteins were successfully expressed by using pcDNA3.1 vector and some
of their combinations may contributed to form VLPs in transfected cells. To confirm
viral protein production in transfected cells, further analyzes were conducted by

Western Blot assays.

To overcome the detection limit problem faced with previous Western Blot analysis,
here all three viral plasmids were transfected simultaneously into Huh-7 cells grown
on T75 flask. The amount of plasmids were increased proportionally to cell number
and the transfections were prolonged to 96 hours. Then, clear lysates and
ultracentrifuged cell culture samples, run on both Native-PAGE and SDS-PAGE
samples were analyzed by Western Blot using CCHFV-immunized animal sera so that,
antibodies found in these sera may be able to recognize confirmational and linear
epitopes on antigens. Besides, mock transfected cell samples as negative controls were
loaded onto same gels (Figure 3.20). As results, when the membranes were incubated
with CCHFV-immunized mice sera after SDS-PAGE, pre-Gc (85 kDa) and Gc (75
kDa) were detected in the lysates while similar bands around 130 kDa and 245 kDa
for Gn were appeared in cell culture supernatant samples, referring to the Figure 3.6,
in which the same bands were visualized in Gn transfected cell lysate (Figure 3.20A).
Meanwhile, Np (53 kDa) proteins were detected both in lysate and supernatant
samples, when they transferred to the membrane after Native-PAGE (Figure 3.20B).
Finally, all three proteins Np, Gn, and Gc were recognized by the antibodies found in

the CCHFV-immunized rabbit sera (Figure 3.20C). Accordingly, these results
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indicated that viral proteins were successfully expressed via pcDNA3.1 plasmids in
Huh-7 cells.

A final analysis was carried out to investigate the underlying cause of the problem
encountered in viral protein production. Successful transfection of the eGFP-
expressing plasmid used in transfection optimization suggests that the problem was
not due to transfection. However, even if plasmid DNAs enter the cell, they may not
be transcribed. The pDZ and pCAGGS plasmids have the chicken beta actin promoter
with the CMV enhancer, while the pcDNA 3.1 vectors have the CMV promoter.

Therefore, differences in transcription abilities are likely to be observed.
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Figure 3.20 : Western Blot analysis of viral proteins in Huh-7 cells,
transfected with all plasmids together. Lysate and supernatant samples
analyzed using CCHFV-immunized mouse sera were either dissolved on
SDS-PAGE (A) or on Native-PAGE (B), while lysate proteins dissolved on
Native-PAGE were analyzed using CCHFV- immunized rabbit sera (C).

To test the mMRNA transcript levels of each vector after transfection, Huh-7 cells were
transfected with the related plasmids carrying all three genes in separate vectors. All
MRNA was then isolated, and qPCR was performed using specific primers to amplify
approximately the last 130 bases of each gene. Accordingly, the CMV promoter was
more able to transcribe the mRNAs of the CCHFV viral genes compared to the chicken
beta actin promoter (Figure 3.21). Both immunological and fluorescent microscopy
analyzes with pcDNA 3.1 plasmids confirmed this information. Although not as high
as pcDNA 3.1 (4x10°), approximately 3x10* times higher viral mMRNA transcription
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was observed in other expression systems compared to housekeeping gene, GAPDH
(Figure 3.21). As aresult, both the relatively low level of transcription and the lack of
an optimized sequence of encoding viral genes may have prevented the production of
viral proteins in amounts that could be detected by Western Blot method. However,
due to the strong transcription capability of the CMV promoter, it was speculated that
this problem may have been circumvented with the pcDNA 3.1 vector.
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Figure 3.21 : Post-transcriptional analysis of viral mMRNAs generated in
different expression systems by RT-PCR. Using GAPDH as an internal
control, data were normalized to the control cell value which was set to be 1.
The relative gene expression levels were measured using the 2—AACT
method.

Fold Induction

In conclusion, the results obtained from the preliminary studies required for CCHAV
VLP production in this thesis show that viral proteins of CCHFV Kelkit 06 strain can
be produced in Huh-7 cells using pcDNA 3.1 plasmid. Although ELISA results imply
that various viral protein combinations produce different VLP compositions, further
studies were needed to confirm the results obtained in this thesis.

3.1.4 Designing of an unique minigenome plasmid for CCHFV

To study viral replication and transcription, as well as entry, assembly, and budding of
CCHEFV, a transcriptionally competent VLP model is required. To achieve this goal, a
minigenome plasmid is needed to be packaged into the VLP, such as the CCHFV
segment. With a unique strategy, an ambisense minigenome plasmid was so designed
that may transcribe VRNA in VLP forming donor cells without using any viral
polymerases. The minigenome plasmid named as the 7miniC plasmid was produced
by insertion of the VRNA coding cassette into the pTWIST CMV Puro vector and was
commercially available from Twist Bioscience (CA, USA). In this ambisense VRNA
coding cassette, a reporter gene in positive polarity was located between the antisense
3'UTR and 5'UTR sequences of the CCHFV L segments and downstream of the T7
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promoter region was encoded and two additional UTR sequences (NEO UTR2 and
NEO UTR 3) in sense orientation were inserted upstream of the reporter gene to
increase its expression. According to a recent article, this UTR combination has
enabled 200 times higher GFP protein production in contrast to control plasmid which
does not have any additional UTRs [217]. To generate synthetic RNAs with a precise
3’ end, the hepatitis delta virus ribozyme (HDVR) sequence was added to the final
nucleotide of the viral genome. (Figure 3.22). After transfection of VRNA-like in vitro
transcripts together with viral protein encoding plasmids into donor cells, viral proteins
may pack it during VLP formation and VLPs can be released into cell culture media.
Upon its attachment on other naive cell membrane, minigenome RNA can be released

into the cytoplasm and the reporter gene can be expressed in indicator cell.
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Figure 3.22 : Partial vector map showing the ambisense VRNA-encoding
cassette in 7miniC plasmid. The mRNA generating sequence, in which ORF
of reporter gene together with the regulatory sequences, recognized by human
protein translation system was inserted between negative sense viral UTR
sequences, providing viral genome packaging signal.

To demonstrate proof of concept, in vitro transcribed minigenome RNA transcripts,
carrying either mCardinal (7miniC) or eGFP (7miniE) as reporter gene were
transfected into Huh-7 cells using Lipofectamine or PEI. The expression of reporter

gene was visualized by laser scanning confocal microscopy (Figure 3.23).

In this study, a unique ambisense minigenome system was developed for CCHFV.
Unlike existing systems, the fact that this new minigenome system does not require
additional helper virus or viral RNP complex has brought an innovative approach for
CCHFV reverse studies.
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Figure 3.23 : Confocal laser scanning microscopy (CLSM) images of Huh-7

cells transfected with 7miniC (red) and 7miniE (green) in vitro transcripts
using PEI or lipofectamine at 6 hours post-transfection.

Lipofectamine

PEI

Within the scope of this thesis, extensive studies on viral protein expression have been
carried out to develop a VLP that will enable us to better understand CCHFV, a highly
pathogenic and increasing prevalence virus. BSL-4 facilities are a requirement to study
such pathogens as there are no approved treatments. In this sense, the development of
a safe models that simulate the virus infection particularly such as replication
competent VLPs has a vital role in virology. In this thesis, various studies have been
carried out to ensure proper expression of viral proteins of CCHFV Kelkit 06 strain in
mammalian cells, which will lead to the development of such a VLP model. In
addition, the inclusion of the newly developed minigenome system in future VLP
studies will pave the way for studies on both the life cycle of CCHF and the

development of antiviral treatment methods.

3.2 Studies on Plasmid-Based Virus Like Particles for SARS-CoV-2 a positive

sense RNA virus in P. pastoris

3.2.1 Designing of plasmids for VLP-based vaccine candidates for SARS-CoV-2

In addition to basic virological research, the other objective of this thesis was to
demonstrate one of the reverse genetic applications in the field of translational
biotechnology. For this purpose, it was aimed to demonstrate the importance of reverse
genetics, utilized in studies to generate treatment agents. To this aim, VLP-based
vaccine candidates were designed for SARS-CoV-2 virus, one of the positive RNA
viruses that recently caused the COVID-19 pandemic. The SARS-CoV-2 structural
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genes were commercially optimized according to P. pastoris expression system, were
cloned into pPICZA vector, and were confirmed by restriction analyzes using Bglll
and BamHI (Figure 3.24).

Due to the prediction that the minimum protein content to form a VLP structure is M
and E proteins, and the antigenic properties of S and N proteins, four different SARS-
CoV-2 VLPs plasmids, called SEM, SEN, SENM and ENM according to encoded

genes, were designed (Figure 3. 25).
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Figure 3.24 : Conformation analysis of SARS-CoV-2 plasmids on agarose
gel electrophoresis
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Figure 3.25 : The plasmids map and the resulting SARS-CoV-2 VLP
structures consisting of different combinations of spike, envelope, membrane
and nucleocapsid proteins. The plasmids were named according to the
coronavirus genes they carry.
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To produce these VLP by transformation of a single plasmid encoding multiple
expression cassettes for each the viral genes; first, the gene of interest was inserted
into the vector between EcoRI and Sall sites. The resulting expression cassette (the
AOX1 locus plus a viral gene) was flanked on the upstream side by Bglll site and on
the downstream by BamHI enzyme recognition sites on the pPICZA plasmid. This
expression cassette was excised with Bglll and BamHI and then, reinserted at the
BamHI site of other expression cassette to create a tandem repeat of the cassette. The
reinsertion process can be repeated to generate a series of vectors that contain multiple
expression cassettes. Additionally, Ncol enzyme was utilized to be able to generate
some of the VLP plasmid constructs, in order to overcome internal cut sites problem,

appeared on sequences of newly constructed plasmids (Figure 3.26).
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Figure 3.26 : Generation of multiple expression cassettes in a single vector
prior to transformation into yeast cells.

In order to generate SEM and SEN plasmids, first a SE plasmid were generated by
ligation of the Bglll and Ncol digested pPICZA_S plasmid with the BamHI and Ncol
digested pPICZA _E plasmid. Subsequently, the resulting pPICZA_SE plasmid (8599
bp) was cut with Bglll and Ncol and ligated with the BamHI and Ncol digested
pPICZA N plasmid. At the end of these procedures, the pPICZA_SEN plasmid with
a size of 11,175 bp was generated (Figure 3.27).
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SE BGLI/NCOI
7167 BP+1432 BP
1KB MARKER
1KB MARKER

N BAMHI/NCOI
4009 BP+484 BP

Figure 3.27 : Construétlon of the SARS-CoV-2 VLP forming pPICZA_SEN
plasmid. Blue rectangles are used to mark digested DNA fragments to be
ligated to construct the plasmid.

For pPICZA_SEM; plasmid pPICZA_SE was linearized with BamHI and ligated with
Bglll and BamHI digested pPICZA M. At the end of these processes, the
pPICZA_SEM plasmid with a size of 10,584 bp was generated. (Figure 3.28). The
subcloned plasmids, pPICZA_SEN an pPICZA_SEM, were transformed into Topl0
E. coli cells and conformational analysis were performed by using EcoRI and Sall

restriction enzymes (Figure 3.29).
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Figure 3.28 : Construction of the SARS-CoV-2 VLP forming pPICZA_SEM
plasmid. Orange rectangles are used to mark digested DNA fragments to be
ligated to construct the plasmid.
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Figure 3.29 : Confirmation of the constructed plasmids, pPICZA_SEM and

pPICZA_SEN with restriction analysis using EcoRI and Sall. Lane 1: 1 kb
Plus DNA Ladder, Lane 2: 10584 bp pPICZA SEM (3834 bp Spike + 3221 bp

vector fragment + 1304 bp AOX promoter +AOX terminator + 681 bp

Membrane + 240 bp Envelope), Lane 3: 11175 bp pPICZA SEN (3834 bp

Spike + 3221 bp vector fragment + 1304 bp AOX promoter /AOX terminator
+ 1272 bp Nucleocapsid + 240 bp Envelope).

In addition, two different plasmids were developed to produce VLP constructs
containing full structural proteins of SARS-CoV-2, called SENM and the other VLP
without Spike protein, so called ENM VLPs. First, the plasmid pPICZA_SENM, was
generated by the ligation of BamHI linearized pPICZA_SEN plasmids with Bglll and

BamHI digested pPICZA_M. (Figure 3.30).
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Figure 3.30 : Construction of the SARS-CoV-2 VLP forming
pPICZA_SENM plasmid. Orange and blue rectangles are used to mark
digested DNA fragments to be ligated to construct the plasmid.

Following transformation into Topl0 E. coli cells, plasmids were isolated from a
positive transformant and analyzed and confirmed by restriction enzymes, BamHI and

Ncol in a comparison with an early confirmed pPICZA_SEM plasmid. Comparative
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analysis of SENM and SEM plasmids showed the molecular weight difference caused

by the nucleoprotein expression cassette (2576 bp) on agarose gel (Figure 3.31).
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Figure 3.31 : Confirmation of the pPICZA_SENM in comparison with
pPICZA_SEM by restriction analysis using BamHI and Ncol. Lane 1: 1 kb
Plus DNA Ladder, Lane 2: pPICZA_SENM (11643 bp Spike, Envelope and
Nucleoprotein expression cassettes+ 1033 bp Membrane + 484 vector
fragment), Lane 3: pPICZA SEM (9067 bp Spike and Envelope expression
cassettes + 1033 bp Membrane + 484 vector fragment).

In addition, another plasmid was created to form the ENM VLP construct without the
Spike protein. For this purpose, firstly, pPICZA_E was cut with Bglll/Ncol and ligated
with BamHI/Ncol disested pPICZA_N. The resulting 6029 bp pPICZA_EN plasmid
was then linearized with BamHI, and the expression cassette of M flanked with Bglll
and BamHI enzymes was subcloned into pPICZA_EN plasmid. Following these steps,
the 8022 bp length plasmid pPICZA_ENM was generated (figure 3.32) and confirmed
by both restriction digestions with either Bglll and BamHI or EcoRI and Sall enzymes,
and PCR analysis using primers amplifying E (240 bp) and M (681 bp) genes (Figure
3.33).
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Figure 3.32 : Construction of the SARS-CoV-2 VLP forming pPICZA_ENM
plasmid. Orange and blue rectangles are used to mark digested DNA
fragments to be ligated to construct the plasmid.

Figure 3.33 : Confirmation analyzes of the pPICZA_ENM plasmid by
double-digestion using Bglll and BamHI and EcoRI and Sall, and by PCRs,
which specific to detect envelope (E) and membrane (M) genes of SARS-
CoV-2.

3.2.2 Transformation of SARS-CoV-2 VLP forming plasmids into yeast cells

All subcloned plasmids were first propagated in Topl0 E. coli cells and then
transformed into P. pastoris GS115 strain yeast cells by electroporation. Positive
transformants were analyzed by either PCRs or restriction analyzes (Figure 3.34). The
pPICZA_SEM and pPICZA_ENM transformed yeast cells were analyzed by PCR
using primers targeting the E and M genes, while the primers targeting the N gene
were utilized in SEN samples. Accordingly, 2 out of 10 colonies (colony number 4 and
7) for SEM; 4 out of 10 colonies (colony number 2, 4, 6, 8, and 9) for ENM; and 3 out
of 9 colonies (colony number 2, 4, and 6) for SEN were tested positive (Figure 3.34).
The colonies transformed with pPICZA_SENM were analyzed by double digestion
using both EcoRI-Sall, and BamHI-Ncol, resulting in 8 out of 9 colonies confirmed
(Figure 3.34). Additionally, all plasmids were confirmed once again by Bglll digestion
(Figure 3.35).
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Figure 3.34 : Agarose gel electoropheresis analyzes of GS115 cells selected
after transformation with SARS-CoV-2 VLP plasmids. Positive transformant
colonies transfected with SEM, ENM and SEN VLP plasmids were analyzed
by PCR while SENM VLP samples by double digestion using both EcoRI-
Sall (left), and BamHI-Ncol (right). After PCRs, the considered band lengths
are 240 bp for E; 681 bp for M; 1362 bp for N. The corresponding bands after
EcoRlI-Sall digestion were 3834 bp, 3221 bp, 1272 bp, 1334 bp, 681 bp, 240
bp, while 11643 bp, 1033 bp, 484 bp after BamHI-Ncol digestion. Blue
rectangles indicate the correct bands appeared on the gel.
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Figure 3.35 : Confirmation of constructed plasmids encoding multimer
expression cassettes to generate different SARS-CoV-2 VLPs. Plasmids were
linearized with Bglll enzyme and loaded on agarose gel. Lane 1: 1 kb DNA
Ladder, Lane 2: pPICZA_ENM (8022 bp), Lane 3: pPICZA_SEM (10584
bp), Lane 4: pPICZA_SENM (13160 bp), Lane 4: pPICZA_SEN (1175 bp)
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3.2.3 Expression of different VLP constructs in P. pastoris GS115 strain

To produce different VLP constructs, initially one colony from each recombinant
GS115 strains were cultured at 28°C with daily methanol induction. Expression was
terminated after five days, and the cells were collected by centrifugation. One milliliter
cell culture from each were taken for analysis. Cell pellets were lysed with glass beads.
Western Blot analysis was performed with clear lysates. Purified inactivated virus
sample by ultracentrifuge precipitation of both SARS-COV-2 infected cell lysate and
infected cell medium was used as positive control. Vero cell lysate uninfected with
wild-type GS115 cell lysate was used for negative control. Rabbit primary antibody
cocktail as primary antibody (rabbit anti-SARS-COV-2 Spike S1 protein monoclonal
antibody, rabbit anti-SARS-COV-2 N protein monoclonal antibody and rabbit anti-
SARS-COV-2 Envelope protein polyclonal antibody, each diluted 1:4000) was used.
According to the chemiluminescent imaging results, significant bands were seen
between 41-53 kDa level, which corresponds to the N protein (46.6 kDa), in both the
positive control samples and the ENM VLP sample. Besides, same bands were also
detected in other VLP structures including the N protein. However, only the band
indicating spike protein was seen in the inactive virus sample (Figure 3.36). These
results might be explained by low amount of antigen in samples which cannot be
detected by Western Blot.
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Figure 3.36 : Small-scale expression analysis of different recombinant

GS115 strains transformed with VLP plasmids by Western Blot, in which

proteins were transferred to nitrocellulose membrane and incubated with
rabbit primary antibody cocktail containing anti-S1, anti-N, anti-E antibodies.

In order to overcome the detection limit problem in western blot, it was decided to
analyze all culture pellets. Also, expression was repeated with different colonies. For
this purpose, 100 ml expression pellets were dissolved in PBS and yeast cells were

mechanically lysed using a homogenizer under high hydrostatic pressure. Then, the

70



samples were centrifuged, and cellular debris was removed from the lysate. To
precipitate VVLPs, clear lysates were centrifuged at 150.000 g for 4 hours on 20%
sucrose cushion and the resulting pellets were dissolved with 1 ml of PBS. Western
blot analysis was repeated using rabbit primary antibody cocktail under the same
conditions (Figure 3. 37). In this experiment with more concentrated samples
compared to the previous one, N protein (46.6 kDa) could be detected in SEN and
SARS-CoV-2 virus-infected cell lysates. However, the N-specific antibodies could not
bind to the proteins found in other VLP samples and even in wild-type virus sample.
The S proteins were appeared only in virus samples and a very faint band indicating
M were detected only in virus infected Vero cell lysate sample (Figure 3. 37).
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Figure 3.37 : Large-scale expression analysis of different recombinant GS115
strains transformed with VVLP plasmids by Western Blot, in which proteins
were transferred to nitrocellulose membrane and incubated with rabbit
primary antibody cocktail containing anti-S1, anti-N, anti-E antibodies

Since rabbit monoclonal antibody sera and SEM and SENM proteins could not be
visualized, Western Blot was repeated using SARS-COV-2 IgG positive human serum
diluted 1:10,000, which we used in our previous study [214]. When human serum was
used to probe antigens, bands at the level of the spike protein (141 kDa) were observed
in all VLP samples containing spike protein. While bands showing nucleoprotein
protein (46.6 kDa) were detected in SEN and SENM samples, bands were observed at
the membrane protein level (25.2 kDa) in both SEM and SENM samples (Figure 3.38).

Finally, ENM samples were analyzed by Western Blot using mouse sera immunized
with SARS-CoV-2 and all viral antigens both in ENM sample and in SARS-CoV-2

virion sample were successfully captured by mouse antibodies (Figure 3.39).
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Figure 3.38 : Western Blot analysis of SARS-CoV-2 VLP antigens after
expression in GS115 cells.
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Figure 3.39 : Confirmatin 0 VLP production in GS115 cells.
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4. DISCUSSION and CONCLUSIONS

4.1 CCHFV VLP studies representing applications of reverse genetics on a

negative sense RNA virus

Studies on CCHFV are generally considered to be challenging owing to high risk of
transmission, the need for BSL-4 facilities, lack of suitable animal models, difficulties
in establishing highly productive infections in cell cultures and indistinct cytopathic
effect in cells. Therefore, information on virus biology, immunology, and pathology
especially afforded by individual proteins, will be valuable contribution to field of
CCHFV virology. In the present thesis, different mammalian cell culture models were
tested to generate a plasmid based VLP system for CCHFV, which may further
facilitate studies on virus life cycle, discovery of new therapeutics, and on
development of diagnostic tools. Various plasmids, employing distinct eukaryotic
expression systems were constructed to express the viral proteins of CCHFV Kelkit

06 strain in mammalian cells.

Initially, viral proteins were subcloned into an ambisense plasmid, called pDZ, which
was successfully used earlier in the influenza virus reverse genetics system [215]. In
order to generate viral mMRNA, a DNA copy of the viral gene was inserted between the
RNA polymerase Il promoter and the poly-A signal. Meantime, the RNA polymerase
| promoter and terminator sequences, responsible for the transcription of viral RNA on
the negative strand were placed in reverse orientation at both ends. By the virtue of its
bidirectional promoters, both viral RNA and mRNA synthesis are facilitated in
transfected cells with a single vector, reducing the number of plasmids required to
generate an infectious influenza virus from 17 to 8 plasmids [218]. This method has
led to significant improvements in reverse genetic studies for negative sense RNA
viruses. Therefore, in the context of CCHFV VLP generation studies, conducted for
this thesis, pDZ plasmid was first utilized to clone S and M segment sequences of
CCHFV Kelkit 06 strain, separately. Then, the plasmids were transfected into CCHFV
permissive cell lines, like BHK-21, HEK293T, and Vero E6, which have been widely
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used in CCHFV studies [219]. However, despite the transfection of various
combinations of plasmids into different cells, pDZ plasmid was not capable of driving
sufficient production of viral protein yield in this model (see Figure 3. 2). Therefore,

studies were continued using different alternative vectors.

The pCAGGS vector has been frequently used in various CCHFV studies and has
enabled the expression of viral proteins in mammalian cells [64, 67, 220-222].
Therefore, pPCAGGS plasmid was preferred as an expression vector to circumvent the
problem with the recombinant protein production. To simplify protein expression,
UTR regions, the Pol | promoter and its terminator sequences on the vector were
discarded, and only the Pol Il-driven plasmid known as pPCAGGS was used to get viral
proteins expressed in transfected cells. Also, instead of whole viral segments, ORF
regions of NP, PreGn and PreGc were subcloned into individual pPCAGGS plasmids.
However, although the Western Blot results revealed that virus specific antibodies
captured the proteins in transgene transfected cells, the uncertainty about the band
profile appeared on the images raised some hesitation that the recombinant proteins
may have been expressed differently comparing to their native forms (Figure 3. 4-8).
Thus, another expression plasmid, called pcDNA3.1 plasmids were employed to
produce recombinant proteins properly. Fluorescent microscopy images revealed that
eGFP displayed various intracellular signals depending on the viral protein with which
it was fused. When eGFP was expressed as a fusion with NP, it fluoresced in the
perinuclear region, while a diffuse fluorescent light throughout the cytoplasm was
noticed when it was fused with Gc¢ (Figure 3.19). In the literature, CCHFV NP has
been reported to localize the perinuclear region of infected cells [86, 223, 224] and Gc
requires Gn for its transition to the Golgi [67]. In accordance with the information in
the literature, fluorescence microscopy assay provided the first data suggesting that
pcDNA 3.1 plasmids are capable of efficiently producing Np and Gc proteins.
Immunological analysis of viral proteins by Western Blot demonstrated that all viral
proteins were expressed properly in Huh-7 cells using the pcDNA 3.1 plasmid (Figure
3. 21). Furthermore, cell culture samples were examined using ELISA, and samples in
which all three proteins were co-transfected were recognized by both specific
antibodies and antibodies found in CCHFV-immunized animal sera. In addition,
transfection samples involving only NP or a combination of NP and Gc were also

recognized by most of the antibodies tested (Figure 3. 20). According to current
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knowledge, the nucleoproteins of Dengue virus-2 and of Hepatitis C virus (HCV) can
self-assemble into virus-like particles [16, 20]. Furthermore, Wang et al. (2011)
reported that CCHFV NP form sphere-like structures that vary in morphology and size,
ranging from 40 nm to 160 nm in diameter, within cytoplasmic vesicles of NP-
transfected insect cells [216]. These findings suggested that further research was
required to determine the minimal protein content needed for CCHFV VLP.

Reverse-genetics systems are valuable tools for understanding RNA virus replication
cycles. Instead of using full-length clones, life cycle modeling systems like
minigenome and transcription and replication competent VVLP systems can be utilized
to simulate various stages of the virus life cycle out of containment facilities.
Replication and transcription of viral genomes can be modeled using minigenome
systems, whereas morphogenesis, budding, and infection can be modeled on VLP
systems that are capable of transcription and replication [7]. In 1989, Palese et al.
established the first minigenome system to modify Influenza A virus with the
assistance of a helper virus [225]. Later, Pattnaik and Wertz et al. developed the
plasmid-based minigenome system for investigating the structure-function
interactions of viral proteins and RNA replication [226, 227]. For bunyaviruses, Dunn
et al. produced the first MG system utilizing the T7 promoter and BUNV S segment
[228]; since then, minigenome systems have been extensively employed to understand
the biology of viral proteins involved in the replication, transcription and
pathogenesis of viruses [134]. One of the main studies of this thesis was to generate a
minigenome system that could be integrated into the CCHFV VLP system. Several
minigenome systems have been developed for bunyaviruses
[7]. Like arenaviruses, the viral polymerase and NP are minimum required
components for a proper genome replication and transcription in bunyaviruses[229] .
However, due to the difficulty of cloning CCHFV viral polymerase gene, which is 12
kb in length, a unique minigenome system was designed that could simultaneously
generate a single RNA that possesses the features of both vVRNA of CCHFV and
MRNA of a reporter gene, without the aid of any viral RNP complexes. Unlike existing
systems, this system requires neither T7 expressing cells, Pol I, nor viral polymerase.
This minigenome cassette has ambisense character since an mMRNA cassette in sense
orientation was flanked by antisense viral UTR sequences on the same strand.

Similarly to the previously reported Lassa virus minigenome system [230], a study
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found that the signal-to-noise ratio was significantly improved by transfecting in vitro
synthesized minigenome RNA rather than plasmid DNA utilizing either T7 or Pol |
polymerases [56]. On the other hand, VLP production independent of a permanently
T7 polymerase expressing cells (like BSR-T7/5) might provide versatility in CCHFV
studies with various cells, as well. For this reason, the minigenome RNA used in this
study was synthesized in vitro using T7 polymerase. Confocal microscopy images
showing the expression of reporter genes in Huh-7 cells transfected with in vitro
transcribed minigenome RNA conceptually proved that this system allows the
generation of reporter proteins without any viral RNP complexes, which are generally
required for most minigenome systems (Figure 3.24). As a result, this system might
enable one to scrutinize a steps of the viral life cycle, such as virion assembly, genome
packaging, and cell entry mechanisms, when the viral structural proteins provided in

trans.

Already, various VLP systems have been developed for bunyaviruses. In 2006, the
first Bunyamwera Orthobunyavirus (BUNV) VLPs were successfully developed,
allowing researchers to assess the involvement of nonstructural proteins in virus
assembly and morphogenesis [231]. At the same year, another VLP system for the
Uukuniemi virus (UUKV) was developed, and it was shown that, RNP complexes are
dispensable for particle formation and minigenome packaging did not make
significant changes in morphology of the virus [232]. Next, another VLP system was
reported that transcriptions of Rift VValley Fever Virus (RVFV) was inhibited by MxA,
a human interferon-derived protein [233]. First CCHFV VLP system, known as the
transcription and entry competent virus-like particle (tc-VLP) system, was developed
in 2015 by Devignot et al. [89]. With this system, the endonuclease domain was
identified around 693. position of amino acid sequence of the CCHFV L protein
[89]. Later, the role of furin cleavage during glycoprotein maturation and virus
replication [164], function of viral OTU proteases during infection [50] , and the effect
of glycoprotein sequence variance on virus infectivity using a tick strain [157] were
studied in the same system. Furthermore, in an interferon alpha receptor knockout
mouse model, the combination of CCHFV tc-VLP and a specific DNA vaccination has
been shown to provide 100% protection in mice [162]. Recent research using the tc-
VLP technology has shown the significance of CCHFV GP38 and NSm in particle
assembly and infectivity [64].
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The invaluable contribution of reverse genetic studies to the biology of negative sense
RNA viruses are demonstrated during the last several decades of research. A
tremendous amount of information on the biology of many highly pathogenic RNA
viruses has been garnered by research involving VLP systems, particularly with the
integration of minigenomes. To combat CCHFV effectively which poses a significant
threat to the health of billions of people, it is important to conduct studies on
characterization of biological, immunological, and pathogenic features of the virus in
a safe manner. The purpose of the current thesis was to develop such model. Here,
experiments utilizing different expression vectors were conducted to generate a VLP
systems for CCHFV and studies with pcDNA 3.1 plasmid have shown that viral
proteins were sufficiently produced. Viral protein expressions were evidenced in tests
involving immunological and expression methods. Additionally, a viral RNP complex-
independent ambisense minigenome system was developed for future studies, aiming
to generate cell-entry competent and transcriptionally active VLPs for CCHFV Kelkit
06 strain. However, the model was not sufficiently driving the production of VLPs by
which some of the virological questions could be addressed. It appears that
optimization of the model is required. For this aim, utilization of codon optimized gene
segments, alternative cell lines and more sensitive detection methods such as
quantitative RT-PCR are planned. Nevertheless, the expression studies in the thesis
have contributed valuable information to the literature on the development of VLP
systems in CCHFV. It is believed that the data generated in this project will pave the
way for future comprehensive studies investigating each stage in the life cycle of the
virus and as well as developing diagnostic, protective, and therapeutic agents against
CCHFV.

4.2 SARS-CoV-2 VLP studies representing applications of reverse genetics on a

positive sense RNA virus

In this section of the thesis, four SARS-CoV-2 VLP candidates were developed by
different combinations of viral structural proteins expressed in yeasts. The minimum
molecular requirement for SARS-CoV-2 virions to assemble and exit the cell
efficiently is not yet fully known. There is approximately 79.5% genomic homology
between SARS-CoV and SARS-CoV-2, [234]. The reports in the literature show that
SARS-CoV VLP formation is dependent on M and E proteins or M and N proteins
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[235-237]. In the paper published by Xu et al., M and E proteins were shown to be
required for SARS-CoV-2 VLPs to assemble and release from the cell. However, it
has been noted that for efficient production and release of VLPs by transfected Vero
EG6 cells, both the E and N proteins must be co-expressed with the M protein [238]. In
addition, the antigenic properties of Spike and N proteins and that they are
indispensable elements of vaccine studies have been shown with SARS virus [239-
241]. In this thesis, four different VLPs (SEM, SEN, SENM, and ENM) were aimed
to be generated since the antigenic structues of S and N proteins are needed for a
successful vaccine candidate and the minimum proteins that can form the VLP
structure are M and E. Spike protein included D614G mutation, which was a more
common form of S (as reported to be in circulation in 2020 [242]. Addtionally, two
proline mutations at the C-terminus of the S2 domain were added to the sequence to

increase expression and stability of S [243].

Heterologous proteins are increasingly manufactured in biological expression systems.
Yeasts are also commonly employed in the pharmaceutical and biotech industries to
produce vaccines or drugs. Pitchia pastoris expression system is widely used as a cost-
effective and reliable way of producing eucaryotic proteins recombinantly. Pichia
pastoris is a eukaryotic organism that can be easily manipulated similar to prokaryotic
expression model of E. coli or eukaryotic Saccharomyces cerevisiae but possesses
many of the benefits of higher eukaryotic expression systems, including protein
processing, protein folding, and posttranslational modifications. When compared to
alternative eukaryotic expression systems like baculovirus or mammalian tissue
culture, it typically yields higher expression levels. It also benefits from molecular and
genetic modifications in the same ways that Saccharomyces does, but heterologous
protein expression levels are 10- to 100-fold higher. Moreover, stable cell lines can be
made by inserting linearized foreign DNA into a chromosome via cross recombination
events. Because of these advantageous characteristics, Pichia serves as an extremely

useful system for the protein expression industry [14].

Virus-like particles (VLPs) are multimeric nanoparticles composed entirely of viral
structural proteins and are devoid of any genetic material. Virus-like particles are
regarded as subunit vaccines and are referred as one of the most ideal human vaccines
as they provide completely safe form of protection since the vaccine formulations

composed of VLPs contains no foreign genetic material (DNA/RNA). Furthermore,
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when compared to other subunit vaccines, VLP has several advantages, including
morphological similarity to the source viruses, a frequently repeated immunogenic
surface structure, comparable mechanism of entry into the cell to that of the source
virus, and significant protective immunity induced. It has been shown that VLPs are
acting like self-adjuvant due to repeated antigenic structures on their surfaces and can
potently stimulate both humoral and cellular arms of the immune system [10].

Recent developments in biomedical engineering have led to the widespread use of
VLP-based vaccinations for the treatment of infectious diseases. The hepatitis B virus
VLP, composed of hepatitis B virus surface antigen (HBsAg) was first detected in
human plasma, then used as a vaccine. This vaccine is in use since 1968 and is the
forerunner of the VLP vaccines. Later, in 1981, the HBV VLP vaccine was produced
recombinantly while still preserving its virological and
immunological characteristics, received FDA approval, and has been widely used
for more than 40 years under trade names such as Engerix-B®, Recombivax HB®,
Heplisav®, Heberbiovac-HB®, Euvax-B®, Hepavax-Gene® [11]. Additionally,
prophylactic VLP vaccines such as bivalent, quadrivalent, and 9-valent human
papilloma virus vaccines (Gardasil®, Cervarix®), hepatitis E virus vaccine
(Hecolin®), and anti-malarial vaccine (Mosquirix™) demonstrate the safety and
efficacy of VLP vaccinations [244-246]. Moreover, hundreds of antiviral vaccines
based on VLPs, ranging from influenza to dengue virus, are currently either approved
by an official authority like FDA, EMA or WHO or in various stages of development
in clinical trials [247-249].

The global spread of the 2019 coronavirus disease caused by severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) infection has prompted the deployment of
urgent preventive countermeasures. As SARS-CoV-2 continues to evolve and new
variants of concern (VOC) arise, immunization becomes more important than ever.
Vaccines against SARS-CoV-2 now available can be classified as either inactivated,
live attenuated, viral vectors, protein subunits, RNA, DNA, or virus-like particle
(VLP). A novel mRNA-based vaccination platform has been launched, and billions of
vaccine doses have been administered around the world in response to the urgency of
the pandemic and considerable preliminary data have been generated on these
formulations. Further infrastructure is being built to facilitate the production of

improved and safer vaccines. Virus-like particle-based vaccines are one of them, and
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as of December 2022, seven SARS-CoV-2 VLP vaccines are in development [13].
One of them is the SpyBiotech/SIIPL VLP-based COVID-19 vaccine, for which yeasts
were used as hosts. The VLP element of the vaccine consists of the HBV surface
antigen, which is extensively used in many authorized vaccines. Here, the SARS-CoV-
2 RBD antigen was attached to the HbsAg protein via Spytag/Spycatcher technology.
HbsAg is the homologous antigen used in recombinant HBV vaccinations, prompting
the body to generate protective antibodies, on the other hand, is employed as a carrier
for heterologous antigens in VLP platforms used to develop vaccines against different
diseases [250]. Another vaccine was developed by Medicago in collaboration with
GlaxoSmithKline (GSK). It is a plant based VLP vaccine. This COVID-19 vaccine
was produced by the expression of a stabilized prefusion form of SARS-CoV-2 spike
protein fused with the transmembrane domain and cytoplasmic tail of influenza
hemagglutinin in Nicotiana benthamiana, which serves as the expression system for
the VLPs, a frequently used plant expression system to manufacture
biopharmaceuticals [250-252]. Thirdly, the VBI technology employs enveloped VLPs
(eVLPs) that contain the murine leukemia virus (MLV) Gag proteins, that incorporates
a modified and optimized prefusion form of SARS-CoV-2 spike protein [250]. In
ABNCoV2 vaccine study, the clinical trials are continuing at Radboud University
Medical Center in the Netherlands. In ABNCoV2 Vaccine study, RBD antigen was
expressed in a fusion with Catcher in insect cells and attached to the spontaneously
represented Tag peptide on the surface of preassembled capsid-like particles (CLPS)
in E. coli [250]. Another VLP vaccine study is utilizing RBD as the antigen (Yantai
Patronus Biotech Co., Ltd), but details of the study are not made public yet. The other
vaccine was developed by Scientific and Technological Research Council of Tiirkiye
(TUBITAK). One of the key differences between this and other VLP-based COVID
vaccines in clinical phase is that VLP contains all four structural proteins of SARS-
CoV-2 (S, E, M, and N) [250, 253].

Unlike the aforementioned clinical studies with VLPs containing only spikes or all
structural proteins, our study focused on the production of different VLPs by
combining viral proteins. Considering that cost-effective manufacturing is critical in
the development of vaccines for mass production, P. pastoris expression system was
chosen to produce target antigens at lower production costs than other eukaryotic

systems (such as mammalian, insect, and plant) while maintaining
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their immunogenicity. Thus, recombinant yeast cell lines that constitutively produce
different SARS-CoV-2 VLPs were generated. Further immunological
characterizations of these recombinant VLPs are required to demonstrate their
potential as vaccines against COVID-19. The strategies that were employed in this part
of the thesis might lead to additional vaccine studies to be developed in our laboratory
against a number of different viral diseases.
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5. CONCLUSIONS AND RECOMMENDATIONS

Within the scope of this thesis, extensive studies on viral protein expression have been
carried out to develop VLPs that will enable us to better understand CCHFV, a highly
pathogenic and increasingly prevalent virus. Our studies demonstrated that viral
proteins were produced best via pcDNA 3.1 plasmid in Huh-7 cells and the expression
was confirmed by immunological and molecular methods. Although ELISA results
imply that various viral protein combinations produce different VLP compositions,
further studies are needed to support the results obtained in this thesis. Low protein
production in pDZ and pCAGGS plasmids based expression systems may be due to
relatively low mRNA transcription levels and the lack of optimized sequence of genes
encoding viral genes. As another objective of this thesis was to form a viral RNP
complex-independent ambisense minigenome system to generate transcriptionally and
entry-competent VLP for CCHFV Kelkit 06 strain. For this aim, the expression studies
in the thesis contributed valuable information in the development of VLP systems.
This information might pave the way for future studies to be conducted to
comprehensively investigate each stage in the life cycle of the virus and as well as to
develop vaccine and treatment agents against CCHFV.

In addition, plasmids were generated for SARS-CoV-2 to allow production of four
different VLP (SEM, SEN, SENM and ENM)-based vaccine candidates in P. pastoris.
These plasmids were constructed by sequentially cloning different combinations of
viral expression cassettes. These studies might also be followed an exemplary study
showing the usage of VLP systems in translational biotechnology may provide data to
the clinical studies examining the immunogenicity and safety of vaccine candidates in

future.

In conclusions, the experiments conducted in this thesis have shown expression and
detection of immunologically significant viral antigenic proteins from CCHFV and
SARS CoV-2, two of the most serious human viral pathogens of our time, in eukaryotic

cells. These studies have established a critical infrastructure at our laboratory which
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will be imperative in future studies. It appears that for generation and demonstration
of vast quantities and commercially meaningful VLPs from plasmid based expression
systems, further optimizations are needed. It should be underlined that to address the
questions on the biology and immunology of these viruses through VLP and
minigenome approaches, these optimizations such as exhaustive trials with different
expression models, optimization of sequences, transfection systems and stable

expressions should be undertaken.
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