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MAGYAR NYELVU OSSZEFOGLALO

MAGYAR NYELVU OSSZEFOGLALO

Az VI technika szubkutan vagy spinalis érzéstelenitd tlk hasznalata miatt a
szemrétegek (kotdhartya, sclera, ciliaris test) karosodasahoz vezet. Emellett, a tlinyilason
megragadoé sejtes és egyeéb fertézéshez vezetd anyagok is az Uvegtesti térbe kertilhetnek.
Adataink alatamasztjak azt a hipotézist, mely szerint az IVI-hez rutinszerlien hasznalt
szubkutan tik belsd éle sejteket vaghat ki utja mentén, patkanybdl- és kadaverekbél
szarmazo szemekbe torténd injektalaskor. A ti atmérdje befolyasolja a szdvetkarosodas
mértékét, valamint az injektalt anyag megfeleld eloszlasat. A tl hegyének kialakitasa pedig
meghatarozza az injekcié beadasi helyének formajat és az esetleges Uvegtesti refluxot.
Tanulmanyunk azt tdmasztja ala, hogy a 30G hipodermikus tiik kisebb szdvetkarosodast
okoznak, mint a hipodermikus 27G, valamint a Pencan 27G tik.

A kivaltott immunreakcié vizsgalatakor figyelembe kell venni az injekcié soran az
Uvegtesti térbe kertld sejtes/ szdveti anyag, valamint az I1VI-val beadott hatdbanyag szerepét
is. Szem el6tt kell tartani azt is, hogy a betegek kezelésekor, a ranibizumab, bevacizumab,
pegaptanib és aflibercept kiiléonbdzé koncentracidban a sejtek tulélését és mitoézisat is gatolja.
A vizsgalt anti-VEGF készitmények kozil a ranibizumab gatolta legkevésbé a proliferaciot,
ezzel ellensulyozva az apoptézist.
jelenlétében tenyésztett Loxo sejtkulturakbodl, mely a készitmény sejtmembran és sejtmag
kozotti jelatvitelre kifejtett hatasat jelezheti. A gyogykészitményekkel feltart eredmények,
valamint egyéb szereplk tovabbi vizsgalatot igényel in vitro és in vivo.

Emellett, az anti-VEGF készitmények hormetikus hatasanak vizsgalatahoz, a retinara
kifejtett egyéb kedvezbtlen hatasok felderitéséhez, kikiiszéboléséhez, tébb tanulmanyra van

szukseég.



Introduction

1. Introduction

The visual system plays one of the most important roles in mammals for orientation in
the environment and therefore survival. In humans, the visual system is even more important,
as almost every type of activity necessitates visual input. With its anterior and posterior
segments, the eyes serve as the organs for receiving, conducting and processing of visual
information. The eyes are responsible for the perception and transmission of visual information
to the visual cortex through nerve impulses. The visual cortex finally interprets such
information and transforms it into images of the surrounding environment (Levin 2011).

Among other sensory organs of the human body, the eyes are clearly the most
complex and delicate in their structure and function, which is enabled by a process of highly
complex embryological development. In order to perceive and transmit a sharp image to the
visual cortex, the optic media should be perfectly clear, while the multifunctional posterior
layers should be unimpaired on both eyes simultaneously. The structure of the human eye is
divided into anterior and posterior segments accordingly.

The anterior segment of the eye consists of the cornea, iris, ciliary body and the
crystalline lens. The posterior segment is covered from the outside by the sclera, and includes
the choroid, retina and vitreous body. The retina itself can be divided into its central part -
macula, and peripheral retina. The macula and its central portion — the fovea centralis, are
responsible for the central, color, and sharp vision, while the peripheral retina is responsible
more for visual field and orientation.

The retina with its highly differentiated ten layers fulfills probably the most important
function in the eye and is therefore, very sensible to any structural changes. The development
of pathological processes typically spread within the planes of anatomical barriers. The
extension and shape of intraretinal hemorrhages, infarcts and exudates can be explained by
the presence of different horizontal and vertical structural planes in the retina. Foremost, the
ischemic changes caused by the insufficient blood flow and/or atrophic, degenerative or
inflammatory changes have been shown to lead to a break in one of the anatomical barriers
and development of different complications, including fibrovascular proliferations (Naumann
2007).

The macula and its very central portion — the fovea centralis (including the foveola)
provide the most significant function of the visual perception. That is why the development of
pathological lesions within this area makes a crucial impact on the central visual function. In
healthy or physiological conditions, the retinal vascular system remains unimpaired due to an
existing balance between angiostatic and angiogenic factors that have been produced by the
intraocular tissues. The ischemic and inflammatory processes within the ocular tissues can
increase the need of oxygen and lead to a balanced change with the prevalence of angiogenic

factors that are produced by the compromised and damaged cells. However, not only increase
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of the concentration of angiogenic factors can predispose to neovascularizations (NVs), but
decrease in the concentration of angiostatic factors as well. To prevent the development of
NVs, beside the active components (angiostatic proteins), there are also passive stabilizing
components that belong to the extracellular matrix (collagens, elastins, fibrin constitute and
the like). The insufficient protective abilities of both active and passive components result in
the fundamental pathophysiologic condition known as breakage of the inner- or outer- blood-
retinal barrier (BRB), which is common for almost every NV-eye disease. The integrity of BRB
is provided by the presence of adhesion proteins called cadherins that build up the vascular
endothelial boundaries. The growth of the new vessels can arise only when the tight junctions
— the cadherins are degraded. Vascular endothelial growth factor (VEGF) was identified as
one of the most important angiogenic factors, because the binding of this factor to the VEGFR-
2 receptor on the cell surface actually leads to degradation of the tight junctions and opening
of the BRB. There are a number of other important factors and components that are involved
in the breakdown of BRB, including angiopoietin-1, angiopoietin-2, transforming growth factor
B and the like. These factors were not in the focus of the current study and were not the subject
of discussion here.

One of the most sight threatening complications that can exacerbate the progression
of widespread proliferative retinal diseases is the development of sub-, intra- and/or epi- retinal
fibrovascular proliferations (FVPs). The dramatic consequences of the eye diseases that are
linked to the retinal or choroidal angiogenesis are responsible for the development of the
maijority of complications which end up with blindness and handicap. Among these eye
diseases that are associated with disruption of the stable state of the vascular system are age-
related macular degeneration (AMD), pathologic myopia (PM), angioid streaks, choroidal
rupture, chorioretinitis, proliferative diabetic retinopathy and many other diseases of the
posterior pole. Ischemia plays a major role in the course of these diseases and serves as an
activating mechanism to provoke the splash of NVs. Primary hypoxia, alterations of the
vascular perfusions and different compensatory reactions of the vascular bed belong to the
other important co-factors of NV-development. Ischemic NV of the retina can originate either
from the retinal arteries or the choriocapillary layer. Choroidal neovascularization (CNV) is a
common complication caused by the breakdown of the outer BRB, and is one of the most sight
threatening complications among the devastating retinal diseases.

There are a number of treatment modalities to approach the CNV, including the use of
laser energy and pharmacotherapy. However, due to the very central location of the CNV
(foveal or extrafoveal), the use of laser is sometimes contraindicated, as it can damage the
residual surrounding healthy retina. In the past two decades, the use of pharmacotherapy has
radically changed the philosophy of CNV treatment allowing for control and, in some cases,

eradication of NV growth.
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New drugs that block the VEGF and its receptors (anti-VEGFs) are under constant
development and modification, and are widely used to treat CNVs and FVPs. The drug delivery
routes are also under rapid development, aiming to transport the drugs or the target molecules
exactly where needed. Many preclinical studies and clinical trials have been conducted with
the aim to find the most efficient and safe dose-regimens as well as administration techniques.

Since decades, the intravitreal injections (IVI) have become the most common drug
delivery method for targeting intraocular diseases associated with increased concentration of
VEGEF inside the eye. The numbers of IVIs performed worldwide are increasing every year,
with a great diversity of approaches of giving IVIs being practiced worldwide (Jeganathan and
Verma 2009, Scott and Bressler 2013, Avery, Bakri et al. 2014, Ruiz-Moreno, Montero et al.
2015). IVIs facilitate the achievement of immediate therapeutic concentrations of the drug in

the eye with decreased or minimal systemic exposure

A relatively rapid elimination of the injected drug from the vitreous body usually limits
the therapeutic efficacy. Repeated injection. are able to maintain therapeutic concentrations
in the eye. Numerous studies that analyze the IVI efficacy demonstrate both therapeutic
success and risks of complications (van der Reis, La Heij et al. 2011, Avery, Bakri et al. 2014).
Every IVI is associated with risk of intraocular inflammation, cataract formation, retinal
detachment, intraocular bleeding and other less studied side effects of the anti-VEGF drugs.
Intraocular inflammation can be presented with an aseptic or septic inflammation with a rapid
or gradual progression. Septic intraocular inflammation — endophthalmitis, remains the most
severe post-IVI complication (ranging from 0.018% to 1.4% of the cases), that can lead to a
dramatic vision loss and even loss of the eye (Fintak, Shah et al. 2008, Diago, McCannel et
al. 2009, Klein, Walsh et al. 2009, Sigford, Reddy et al. 2015). Non-infectious intraocular
inflammation or endophthalmitis has been described as well (Jonas, Spandau et al. 2007,
Goldberg, Shah et al. 2014). Nevertheless, the true causes or the origin of endophthalmitis
have not been studied well. According to some studies, the use of antibiotic eye drops before
and after IVIs does not prevent, but can increase the risk of endophthalmitis, while repeated
administration of antibiotics can initiate the mutation of the microorganisms to antibiotic-
resistant strains (Bhatt, Stepien et al. 2011, Cheung, Wong et al. 2012, Goldberg, Shah et al.
2014). From one aspect, the rate of endophthalmitis is relatively low, but from another, this
very complication can cause irreversible sight-threatening condition in the eye. The impact of
the different VI techniques and approaches on the complications’ rate is not well studied either
(de Caro, Ta et al. 2008, De Stefano, Abechain et al. 2011, Friedman, Lindquist et al. 2014).
The role of the needle types used for IVIs is not clear, and for that matter, has not been
discussed enough.

It was demonstrated that the thinner needles cause less sclera damage and

consequently less vitreous prolapse. The hypodermic (subcutaneous) needles (HN) have
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been used for IVI, which independent from the diameter of the needle have a trephine-like
configuration of the needle tip. During manufacturing, needle tips are polished with a polishing
wheel under a certain angle, which makes the outer- and inner- edges of the tip very sharp
(Kucklick 2006). This design is widely used for the fine needle aspiration technique, as it
facilitates the cut and aspiration of a cellular column of penetrated tissues. That is why the risk
of unintended injection of needle cellular content into the vitreous during IVI is high, and the
intraocular reaction caused by these cells can be potentially harmful and unpredictable.
Foremost, the vitreous body can react to such cells by an autoimmune inflammatory reaction.
Additionally, and probably more dangerous is the presence of persisting superficial or
intracellular infections that can contaminate the vitreous body and cause a severe
endophthalmitis with unusual clinical presentation. It has been shown that Chlamydia species
can inhabitate the intracellular space of the conjunctival epithelial cells and remain intact
during routine disinfection of the conjunctival sac (Ojcius, Souque et al. 1998, Natividad,
Freeman et al. 2010). The autologous cells or microorganisms injected into the vitreous body
thus may be a predisposing condition for growth, as the vitreous is a rich natural cultivation
medium for such cells (Forrester, Docherty et al. 1986). The presence of multiple regulating
factors can either stimulate proliferation of the cells or inhibit it. Hence a potential risk
associated with proliferation, and septic or aseptic (autoimmune or of unknown etiology,
respectively) inflammation exists.

During IVI, the intraocular pressure is transiently increased. In spite the fact that the
IVI site is very tiny and sometimes barely visible, the subconjunctival reflux of the injected drug
or the vitreous takes place due to incomplete self-sealing and transient intraocular
hypertension. Moreover, the IVl can be associated with pain and bleeding, which can serve
as supportive factors of inflammation (Rodrigues, Grumann et al. 2011, Brodie, Ruggiero et
al. 2014). The site of VI, namely the insertion point, as well as the extent of the subconjunctival
reflux, usually dependent upon the amount of injected drug, the IVI technique, type of the
needle and the vitreous state (Brodie, Ruggiero et al. 2014). The techniques used for
delivering IVIs and the needle size can be responsible for the increased risk of contamination.
The size and the shape of the entry site after IVI play an important role in the self-sealing and
making the eye a closed system again.

For these reasons, the study of conventional technique IVI technique remains in the
focus in order to reveal potentially dangerous aspects of this method and ways to improve it.

The efficacy of the IVI of different antivascular drugs (anti-VEGFs) in the treatment of
CNVs is well studied and documented in many experimental and clinical studies (Grisanti and
Ziemssen 2007, Kumaran, Sim et al. 2009, Biswas, Sengupta et al. 2011, Browning, Kaiser
et al. 2012). The data of these studies almost fully explain the complex and multileveled

mechanism of anti-VEGF drugs. To the main therapeutic routes of anti-VEGF action belong
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the following mechanisms: binding of various types of VEGF molecules, downregulation of
permeability of NV capillary network and reduction of the persistent edema. Interestingly, data
obtained from OCT and fluorescein angiography (FA) in patients with CNV treated with VI of
anti-VEGF drugs demonstrated a decrease of CNV size and, in certain cases, complete
involution.

It is not completely clear, however, which mechanism of the anti-VEGF
pharmacoactivity leads to the regression of CNV dimensions. The cellular matrix of CNVs
consists primarily of fibroblasts, myofibroblasts and in general fibroblast-like cells. These types
of cells possess a highly active proliferative and mitotic activity (Schnichels, Hagemann et al.
2013). Recent reports have demonstrated data about different mechanisms of influence of
anti-VEGF drugs upon different cellular cultures in vitro, as well as the duration of drug action
and elimination (Wang, Fei et al. 2004, Spitzer, Wallenfels-Thilo et al. 2006, Martin S. Spitzer
2007, Kaempf, Johnen et al. 2008, Carneiro, Falcao et al. 2009, Schnichels, Hagemann et al.
2013). There is a lack of evidence, however, regarding the antiproliferative properties of anti-
VEGF drugs, while the significance of the topic is gaining importance with the increase of the

number of IVIs instilled worldwide.



Aims of the study

. Aims of the study

. To examine the amount and content of cellular material being cut during IVI by the needle
tip using three different needle types, and accordingly, examine the material that
potentially is injected into the vitreous body after transconjunctival penetration in rats and

human cadaver eye.

. To identify the cells and cellular complexes within the cellular content using cyto-

histological analysis.

. To compare the structure of the entry sites (wound structure) of the conjunctiva-sclera-

ciliary body tissue complex after different needle types are used.

. To cultivate ex vivo the cell extracts from the needle tips aspirates and to evaluate the

proliferative potential of these cells.

. To investigate the possible side effects of four available anti-VEGF drugs regarding their
antiproliferative and apoptotic effects on fibroblast-like cell strain in an in vitro model for

CNV cellular matrix formation.

. To analyze the activity of different anti-VEGF drugs upon the antiproliferative and apoptotic

activity in regards to dose-dependence.

. To determine alternative cell survival or death effects or presence of autophagy upon anti-
VEGF drug treatment of fibroblast-like cells in an in vitro model for CNV cellular matrix

formation.



Materials and Methods

3. Materials and Methods

All experiments performed during this study complied to the Guidelines of the Helsinki
Declaration and the ARVO statement for use of animals in ophthalmic and visual research,
and were approved by the Regional and Institutional Research Ethics Committee at the
University of Debrecen, Hungary (DE OEC: 3094—2010). The experimental animal study was
approved by the Ethical Committee according to the rules of “Scientific and practical
recommendations for hosting the animals and experimental work” Ministry of Health Care
(Protocol #5, from 19.06.2002) and The Law of Ukraine about defending the animals from
violence (Ne1759-VI from 15.12.2009).

3.1.  Study of intravitreal drug delivery technique
3.1.1. Needles

Three types of needles were used in this study: 1) standard hypodermic 27G needle
(BD™, Franklin Lakes, New Jersey, USA) with outer diameter of 0.41 mm; inner diameter of
0.21 mm; wall of 0.101 mm, and length of 13 mm; 2) standard hypodermic 30G needle that
is regularly used for IVI (BD™, Franklin Lakes, New Jersey, USA) with outer diameter of 0.31
mm; inner diameter of 0.16 mm; wall of 0.076 mm, bevel degree 12° (A-bevel), and length of
13 mm.

The 27G and 30G HN have a trephine-like design of the tip with sharp inner and outer
edges due to polishing of the tubes during their manufacturing (Kucklick 2006). The needles
are made of stainless steel.

The third type of needle was pencil-point needle for spinal anesthesia Pencan 27G
(B.Braun, Melsungen, Germany) with outer diameter of 0.42 mm; inner diameter of 0.16 mm;
wall of 0.076 mm, and length of 88 mm (Apiliogullari, Duman et al. 2010). The latter needle
type has a pick-like design of the tip with a side port, which margins are blunt. It was designed
for safe single shot handling of the spinal anesthesia and diagnostic lumbar puncture that is
facilitated by easy identification of passing the dura mater and arachnoid. The needle has a
pencil point atraumatic tip design which protects against vascular puncture and nerve damage.
It is reported by the manufacturer that there is no tip deformation even after bone contact.

The 1.0 cc syringes used in the experiments were preloaded with 0.02 cc of balanced
salt solution (BSS) and connected to each needle in order to dissolve and flush out aspirated
cells. Every needle was used only once.

Intraoperative spectral domain OCT (iISD-OCT) with Rescan 700 (Zeiss, Oberkochen,

Germany) was used to image the tips of the needles including the inner sharp edge. The iSD-
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OCT technical data were following: volume scans 512 x 128 cube, scan length of 6 mm:
512x128 cube, wavelength - 840 nm, iSD-OCT scans with length 6 mm, scan mode cross-
hair, scanning speed - 27.000 A-scans per second, refresh rate - 5 Hz to 50 Hz, axial resolution

- 5.5 ym in tissue.

3.1.2. Intravitreal penetration and aspiration on rat and human cadaver eyes

The animal study was conducted on 30 rat eyes of 30 white outbred rats (age: 6
months, weight: 600-800 g). Anesthesia was facilitated by subcutaneous injection of 0.2 mL
of 1% thiopental solution and 0.4 mL of 20% oxybutirate-Na solution. Ten IVIs were performed
with hypodermic 27G needles, 10 IVIs with - hypodermic 30G needles, and 10 IVIs - with
spinal anesthesia Pencan 27G needles. The needles penetrated through the ciliary body 1
mm posterior to the limbus area in oblique fashion directed toward central retina under the
control of operating microscope to avoid lens and peripheral retina trauma (Walker WF 1998,
Smith DG 2001). Each injection was performed on the right eye of the animal.

The human study was conducted on cadaver eye enucleated within 12 hours (h) from
death. Only hypodermic 30G and spinal anesthesia Pencan 27G needles were used. Ten [VIs
were performed with hypodermic 30G needles, and 10 IVIs - with spinal anesthesia Pencan
27G needles. Transconjunctival intravitreal penetration with the needles into the vitreous
cavity was performed perpendicularly to the sclera 4 mm posterior to the limbus.

Instead of injection, aspiration of 0.01 cc of vitreous body was performed. The
procedure was performed using operating microscope in order to control the position of the
needle tip and needle orifice in narrow vitreous cavity of the rat’s eye. To perform IVIs with
27G Pencan needles that have the length of 88 mm, the surgeon used both hands while
performing the penetration, avoiding the bending of the needle.

The corneas of the rats and cadaver eyes were marked with a linear abrasion in the
meridian that corresponded to the needle's entry site for easy localization of the penetration
place and adequate preparation of the paraffin blocks and sections (Walker WF 1998). In
animal experiments, the euthanasia was performed at the same day after the IVI by an

overdose of a 10% sodium thiopental solution.

3.1.3. Cytological study of needle tip aspirates

Aspirated material containing pre-loaded BSS was evacuated through the same IVI
needle onto glass slides, where it was fixed with 4% formalin and stained with azure-2-eosin.
The number of each cell type was assessed in 30 equal visual fields in the shape of equal
squares of 160 ym?. The cells were recognized by their morphological characteristics, and

their quantity counted in each square of all cases studied. The cytological analysis was
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performed with the use of light microscope HD Microscope Camera CC50HD (Leica
Mikrosysteme Vertrieb GmbH, Wetzlar, Germany) using magnification of 100X and 400X.
The study aimed to reveal and recognize the cells of ocular tissues through which the
needles penetrated (conjunctiva, sclera, ciliary body, vitreous). Separate cells were counted
and presented in numbers, and cellular complexes (granular proteins, conjunctival cell
conglomerates) were estimated by their area of distribution in 1 mm?. The granulated
basophilic protein sediments were considered to be a result of cellular damage. Conjunctival
cell complexes were the group of so called fasciated conjunctival cells, which connected with

each other by intracellular junctions and were supported by a basal membrane.

3.1.4. Histological study of needle entry sites in tissues from rat and human cadaver eyes

After euthanasia of the rats, the right eyes were enucleated, and the corneo-scleral
segments that corresponded to the VI were excised and fixed in 10% formalin solution. Similar
excision of the previously marked corneo-scleral segments was performed on cadaver eyes.
Consequent washing and embedding of the prepared tissue samples into paraffin was used
by applying a combined method with intermediate medium of 2% celloidin solution in alcohol-
ether mixed at a ratio of 1:1. Slices 8 ym thick were stained with azure-2-eosin and
hematoxyllin and eosin (H&E) [24]. The right eye sections in rats were compared to the left
eye sections considered to be controls. The histological analysis was performed with the use

of light microscope (Leica ICC50HD, Germany, magnification: 100X and 400X).

3.1.5. Cellular cultivation study

Aspirated material of cadaver eyes (n=5 per needle type per eye) were evacuated into
96 well plates containing medium consisting of Dulbecco-modified Eagle’s medium nutrient
mixture - F12 HAM (DMEM-F 12, Sigma-Aldrich, St. Louis, MO, USA), supplemented with 20%
fetal calf serum (FCS) (Gibco; Gibco, London, UK), 200 mM/mL L-glutamine (Sigma-Aldrich),
10,000 U/mL penicillin-10 mg/mL streptomycin (Sigma-Aldrich); 24 h after seeding, adherent
cells were cultivated in total of 200 uL medium. Feeding of the cells occurred on each alternate
day. The growth of the cells was monitored under phase contrast microscope regularly. After
4 weeks of cultivation, the cells were fixed in 4% formalin and the nuclei stained by Hoechst
(1:800, 10 min). The histological analysis was performed using an EVOS FL Cell Imaging
System (Thermo Fisher Scientific, Waltham, MA, USA, magnification: 40X and 100X).

3.2.  Study of anti-VEGF drugs’ properties in vitro

3.2.1. Cell culture and treatment regimes

10
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In vitro studies were performed using a fibroblast-like mouse cell strain Lg2g9 Obtained
from ATCC® and cultivated according to conventional methods (Hay and Cohen 1989,
Dyakonov 2009) and nutrient medium composed of RPMI-1640 supplemented with FCS
(10%) and gentamicin (10mg/mL). Cultivation of the cell strain with different concentration of
anti-VEGF drugs was performed as described below. Ranibizumab (Lucentis, Novartis,
Switzerland), a fragment of a human monoclonal antibody against VEGF-A, which is secreted
by recombinant strain of Escherichia coli and its isoforms selectively bind to VEGF-A
(VEGF110, VEGF121, and VEGF165), was added to the culture 24 h after fresh cell plating
in concentrations of 12.5, 50, 125, and 250 ug/mL. Bevacizumab (Avastin, Genetech/Roche,
USA), a monoclonal antibody against VEGF, which is used off-label to treat various eye
diseases in which increased concentration of VEGF is found and NV is present, was added to
the culture 24 h after fresh cell plating at concentrations of 0.65, 3.13, 6.5, and 12.5 ug/mL.
Pegaptanib (Macugen, Pfizer, USA), a pegylated modified oligonucleotide that binds
selectively and with high affinity to an extracellular VEGF165, was added to the culture 24 h
after fresh cell plating at concentrations of 0.075, 0.15, 0.3, 0.75, and 1.5 ug/mL. Aflibercept
(Eylea, Bayer Health Care, Germany), a fusion protein approved in the United States and
Europe for the treatment of wet form of age-related macular degeneration, working by binding
to circulating VEGF (subtypes VEGF-A and VEGF-B), as well as to placental growth factor
(PGF), thus inhibiting growth of new blood vessels in the choriocapillaris (Browning, Kaiser et
al. 2012), was added to the culture 24 h after cell plating at concentrations of 0.04, 0.08, 0.2,
0.4, and 0.5 ug/mL. Minimal drug concentrations were established according to the
appearance of a multiplex of cellular effects (cellular proliferation, mitotic activity,
polykaryocytic index, and apoptosis) and applied into the study, while maximal concentrations
were determined with relevance and close approximation to the ones used in clinical practice
(e.g., 0.5mg/4mL vitreous volume for ranibizumab; 1.25mg/4mL vitreous volume for
bevacizumab; 0.3mg/4mL vitreous volume for pegaptanib; 2.0mg/4mL vitreous volume for

aflibercept; all of the anti-VEGFs are used clinically at 1-3-month interval).

3.2.2. Cellular vital parameters

Different cellular responses were evaluated on a daily basis up to 5 days. The following
cellular vital activity indices were evaluated: cellular growth/ expansion and mitotic and
polykaryocytic indices (PKI). For cultivation, 5 A~ 10* cells were added to the cell culture
dishes covered by culture glass slides (size 16x8 mm) and filled up to 1mL of medium and
then left to form monolayers within 5 days. Anti-VEGFs were added to the cultures 24 h after
cell plating in different concentrations specified accordingly. The samples were fixed for

analysis in 96% ethanol and then stained by hematoxylin and eosin (H&E). The total number
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of cells and the count of mitoses and polykaryocytes (2 or more nuclei) were determined under
optical microscope (Axioscope, Germany) at 1000x magnification within a grid area of 0.05
mm?. Mitotic index and PKI were adjusted to 1000 cells (%o). Parallelly, cellular vital indices

were evaluated within the intact cellular culture.

3.2.3. Cellular growth kinetics

Proliferative activity of cells was determined according to their growth kinetics
parameters: specific growth velocity (1), population doubling time (td), and reproduction
velocity (n) at Day 5 of the observation (Freshney 1986).The specific growth velocity of the
culture in phase of logarithmic growth was calculated using the formula p = (InX — InXo)t -1,
where X is the cell quantity after certain time interval t (Day 5 of cultivation), Xo is the cell
quantity on Day 1 of cultivation, and t is the time of observation (5 days of cultivation). Using
specific growth velocity, population doubling time was calculated as td = In 2/u = 0693u.

Reproduction velocity (n) was determined using the formula n = 3.32 log(X/Xo).

3.2.4. Detection of Apoptosis and Autophagy

The level of apoptosis was determined on the same cultures in which the cellular vital
indices were analyzed. The cells were first washed in phosphate buffered saline (PBS) and
then detached for 10 min in trypsin and suspended again in PBS. Consequently, centrifugation
(1400 rpm, 5min) and resuspension of the cells in propidium iodide (1 4 g/mL) were performed.
The level of apoptosis was determined according to the number of apoptotic cells in pre-G1
phase using ductal cytofluorimeter FACStar Plus (Becton Dickinson, USA). Anti-LC3
polyclonal antibody was purchased from Novus Biologicals, USA (NB100-2220-0.1) for
analysis of autophagy. Cell lysates were prepared from each condition after which equal
amounts of protein were loaded onto the gel. Proteins were separated on a NUPAGE 15%
Bis-Tris polyacrylamide gel and then transferred onto Immobilon-P Transfer Membrane
(Millipore, IPVH00010). Membranes were blocked in Tris buffered saline containing 0.05%
Tween-20 (TBS-T) and 5% non-fat dry milk (BioRad, 170-6435, 170-6531, and 100-04504-
MSDS) for 1 h. After blocking, membranes were probed overnight at 4° C with the anti-LC3
antibody in dilution buffer (TBS-T containing 1% nonfat dry milk), followed by 1 h incubation
with a peroxidase-conjugated rat anti-rabbit secondary antibody (Sigma, A6154) for 1 h at
room temperature. Peroxidase activity was detected with SuperSignal West Femto Maximum
Sensitivity Chemiluminescent Substrate (Pierce, 34095) using a Lumi-Imager (Roche

Diagnostics, Mannheim, Germany).
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3.3.  Statistical analysis

The study results obtained during experiments with the different needle types
underwent statistical analysis using STATISTICA 10 software (StatSoft, Inc., OK, USA)
according to the following methods: descriptive statistics, frequency tables, correlation
matrices and t-test for Independent Samples. Statistical significance of the results obtained
during cellular cultivation experiment was analyzed by the Student’s t-test using Microsoft
Excel and Biostat (Primer of Biostatistics, Version 4.03, by Stanton A. Glantz). A p-value of
less than 0.05 was considered statistically significant. If not otherwise noted, all the

experiments were performed three times independently.
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4. Results

4.1.  Study results of intravitreal drug delivery technique

4.1.1. Cytological study of needle tip aspirates

In both animal and human cadaver eye studies, the cytological analysis of the
aspirates evacuated from the needle tip using three needle types demonstrated the presence
of cellular material under all transconjunctival IVI procedures. The cellular material consisted
of following cell types: conjunctival epithelial cells, scleral cells, ciliary body cells, vitreous body
remnants.

Moreover, the conjunctival cellular conglomerates were found amid other cells. They
were presented as conjunctival epithelial cells connected to each other by intercellular
junctions with or without the support from a basal membrane. The cellular content from all
three needle types showed the presence of granular protein complexes, as a marker of cellular
destruction. Additionally, singular erythrocytes and lymphocytes could also be noticed.

The imaging of the needle tips with iISD-OCT demonstrated the sharp inner edge of
the hypodermic 27G and 30G needle tips. The Pencan 27G needle was visualized as a tip
with pencil-like configuration and side port for injection.

Animal study. The analysis of the absolute subtracted quantity of conjunctival
epithelial cells in the cellular aspirates from hypodermic 27G needle was 56 cells, from
hypodermic 30G needle — 66 cells, and for Pencan 27G needle - 170 cells.

The absolute subtracted amount of ciliary body epithelial cells in the cellular aspirates
from hypodermic 27G was 69 cells, from 30G - 7 cells and from Pencan 27G needle - 136
cells. The amount of conjunctival epithelial- and ciliary body epithelial- cells was significantly
higher in the Pencan 27G needle aspirates compared to the hypodermic 27G and 30G (p =
0.05). The absolute subtracted amount of the sclerocytes in cellular aspirates from hypodermic
27G was 24 cells, from 30G - 14 cells and from Pencan 27G needle — 17 cells. The number
of sclerocytes was higher in the hypodermic 27G needles compared to the hypodermic 30G
and Pencan 27G needles, with no significant difference between the last two needle types.

There were also 2 neuronal/retinal cells found in the aspirates from hypodermic 27G
and 30G needles. In aspirates from the Pencan 27G needle, there were 9 cells of that
particular type.

The azure-2-eosin staining showed presence of basophilic granulated sediment that
represents granular proteins aggregated by the methanol fixation in all 30 aspirates taken from
the needle tips after IVIs in rats. Cellular damage after IVI resulted in appearance of proteins

that represent vessel exudates, connective tissue and sclera. The aspirates from hypodermic
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30G and Pencan 27G needles showed significantly lower amount of granulated sediment
compared to that taken from hypodermic 27G needles (p<0.05). The amount of conjunctival
cell complexes predominated in the cases where hypodermic 27G and Pencan 27G needles
were used. Interestingly, the presence of basal membrane fragments attached to the
conjunctival epithelial cells was noted more frequently in cellular content taken from
hypodermic 27G and 30G needles, as compared to Pencan 27G needles (p< 0.05). In each
aspirate taken after IVIs with different needle types, there were a number of crystallized
vitreous remnants present. The comparison between the different types of needles was not
performed, as aspiration of the vitreous was obligatory to ensure aspiration of the cellular
cylinder being cut into the syringe.

Study on human cadaver eyes. Overall, the cytological study of the needle tip
aspirates taken after IVIs in human cadaver eyes revealed a less cellular material than the
animal study.

The absolute subtracted quantity of conjunctival cells in aspirates from hypodermic
30G and Pencan 27G needles was 42 and 95 cells, respectively. The cytoplasm of the majority
of the conjunctival cells was frothy and the nuclear margins were with poor delineation. The
total square area of the granular protein complexes revealed in cellular material taken from
the hypodermic 30G needles was 328.58 um?, and that from Pencan 27G needles was 483.32
um?. The amount of conjunctival cell complexes found in aspirates from the hypodermic 30G
needles was 14, and from Pencan 27G needles it was 39 cells. On the contrary to the animal
study, there were neither ciliary body epithelial cells nor sclerocytes or vitreous remnants
found in the cadaveric eye samples. The difference in the amount of granular protein
complexes detected in the aspirates taken from both needle types was not statistically

significant.

4.1.2. Histological study of the needle entry sites

Animal study. The penetration with needles of each type through the ocular tissues
caused all structures of the eye wall to be surpassed and damaged. A distinct linear cut
throughout all ocular tissues passed, with no alignment of the cells appearing after the needle
was withdrawn was noticed in cases where VI was performed by a hypodermic 27G or 30G
needle.

All layers of tissues after the HN passage appear to be cut away and a tissue column
seems to be missing after the needle withdrawal. Amid tissue changes, there were massive
subconjunctival and intrascleral hemorrhages as well. The location of the hemorrhages was
mostly within the needle passing track. Along this needle track, within the area of the ciliary
body, there were also erythrocytes, plasmorrhagia and hemorrhage. In contrast, cases

following IVI performed by the Pencan 27G needle, the cellular damage, especially that within
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the sclera was lesser due to a push-out effect by the pencil point tip. The collagen fibrils were
partially torn apart, the majority of the collagen fibrils were preserved by the push-out effect of
the Pencan 27G needle, and a partial filling-back effect in the needle track could be observed
as well. Within the ciliary body, a similar partial filling-back effect after VI with Pencan 27G
needle could be noticed. The rate of hemorrhages seen inside the track was lower with the
Pencan 27G needle type compared to the hypodermic 27G and 30G needles, where the
hemorrhages appeared to be located around the needle track in almost all cases.

Study on human cadaver eyes. The use of hypodermic 30G needle for IVIs caused
a linear cut off of the eye wall tissues. Within the needle track, single erythrocytes could be
noticed. In contrast, the needle track after IVIs with Pencan 27G needle showed the push-out
effect on cadaver eye sclera. The part of the collagen fibrils appeared destroyed, when the
rest was pushed out to the sides. A number of collagen fibrils was replaced back to fill in the
needle track. Overall, the study of the entry sites on human cadaver eyes showed similar

results to those found in rat eyes.

4.1.3. Cultivation of cell aspirates from human cadaver eyes ex vivo

The cellular material obtained from the aspirates after IVIs with hypodermic 30G and
Pencan 27G needles underwent ex vivo cultivation in cell growth medium. The amount of cells
adherent to the cell culture dish after 24 hours of seeding was significantly higher in cases of
Pencan 27G compared to the cases of hypodermic 30G needle.

The origin of the adherent or gravitationally immobile cells was predominantly from the
conjunctiva. There were also single cells and vitreous remnants found in the cases of
hypodermic 30G needle. Cultivation of the cellular content taken from 27G needle aspirates
demonstrated more presence of conjunctival cell conglomerates. Neither ciliary body epithelial
cells nor scleral cells could be found in the ex vivo cultures. After a 4 weeks cultivation period,
among all the cell types detected, only the conjunctival cells presented signs of proliferation

and could be seen in the cell culture wells.

4.2.  Study results of anti-VEGF drugs’ properties in vitro

4.2.1. Morphological and functional characteristics of intact Le2g cellular culture

An intact fibroblast-like cell strain Lgo was used and characterized throughout the
study as a dense cellular monolayer. Morphologically, the majority of the cultured cells were
polygonal- and spindle- shaped. The cellular nuclei were relatively large. The cytoplasm was
vacuolated and contained small granules. There were few di- and tri-nucleated cells found in

the culture. Approximately 2 to 5 cells per visual field were found at the different stages of
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mitosis. The characteristics of the mitotic cells were the following: round shape, small
cytoplasm and hyperchromatic nuclei due to condensation of the chromatin. Proliferative
activity of the intact Lgg cells increased from Day 1 to Day 5 of cultivation (logarithmic growth
phase), reaching growth plateau at Day 6 (stationary growth phase). At this time point, the
density of the cellular monolayer was the highest (58.0+2.7/0.05mm?).

At Day 3 of cultivation, a maximum mitotic activity could be observed (166.0£7.5%o).
At Day 4, a reduction of the mitotic activity was noted as a consequence of contact inhibition
and reaching confluency of the cellular culture. In this study, the PKI in the intact control Loe

cells varied between 8 and 12%o.

4.2.2. Morphological and functional characteristics of Loog cells treated by anti-VEGF drugs

The incubation of Lez cells strain with four different anti-VEGF drugs in different
concentrations resulted in change of vital cellular indices.

Incubation of the Loz cells with ranibizumab. Cultivation of the cells with
ranibizumab in a concentration of 12.5 ug/mL led to a decrease in the monolayer density by 3
times. This finding was associated with an increase in the number of cells with apoptotic
features that included shrunk cytoplasm and condensed chromatin in the nucleus. The
maijority of the treated cells preserved their spindle-shape morphology. At the same time, the
polykariocytic index (PKI) increased by 54%. demonstrating signs of cell failure. The
heterogeneity of the cell culture increased further at higher concentrations up to 125.0 ug/mL,
concurrent with the change in cellular morphology - mainly round and polygonal cell shapes
being detected accordingly; the PKI increased significantly up to 62%o. under such conditions.
The mitotic index remained relatively stable and did not differ much from the control.
Incubation of the Lgxg cells at a dose of 250 ug/mL resulted in severe degradation of the cellular
structure and strong vacuolization of the cytoplasm.

Incubation of the L cells with bevacizumab. Cultivation with bevacizumab at
concentration of 0.65 ug/mL induced no morphological changes to the Loz cells compared to
the control. The application of higher doses of bevacizumab up to 3.13 ug/mL induced some
changes in the cell culture that were presented as increased heterogeneity of the cells with
round and more prominent polygonal cellular morphology. There appeared to be a small
number of mitotic cells with vacuolar cytoplasm. Additionally, an increase of 6.3 times in the
number of polykaryocytes could be documented.

The cellular mitotic index and cell number were decreased by 1.9 and 1.6 times,
respectively, for the bevacizumab treatment accordingly. Severe degradation of the cellular
structures could be noticed at higher concentrations of bevacizumab (6.25 and 12.5 ug/mL,
respectively). After cultivation with these concentrations, the cytoplasm appeared fully
vacuolated, and a large number of apoptotic cells appeared (38.0+1.5 and 46.0+2.2,
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respectively). A significant reduction in the cell density and mitotic activity as well as increase
in the PKI was noticed at concentrations higher than 0.625 ug/mL (P < 0.05).

Incubation of the Lqz cells with pegaptanib. A significant antiproliferative effect of
this drug upon the cellular culture was noticed starting from its lowest dose (0.075 ug/mL).
The number of apoptotic cells in the culture was almost doubled, and a significant decrease
in the cell number and mitotic activity compared to the controls could be found (P < 0.05). The
antiproliferative activity of pegaptanib escalated with the further increase in the dose up to 1.5
ug/mL, and was associated with a reduction in the density of the cells and the appearance of
vacuoles in the cytoplasm. The apoptotic cells could also be detected at higher concentrations
of the drug, however, their number, surprisingly, was similar to that of the control cell culture.
At the same time, the number of mitoses appeared to decrease and the number of
polykaryocytes to increase accordingly.

Incubation of the Loz cells with aflibercept. Cultivation with aflibercept showed less
morphological differences in the Le2e cells compared to the other anti-VEGFs used and to the
control. The majority of the cells remained mostly polygonal and spindle shaped with centrally
located well-colored round/oval nuclei. The cytoplasm was described as a well meshed
structure that was mildly vacuolized. There were many cells at a different stage of mitosis. The
formation of polykaryocytes was almost absent compared to the controls. The cell number
was reduced by at least 1.6-fold with drug concentration of 10 ug/mL, and by 2.2-fold with a
maximum concentration of 200 ug/mL. The mitotic index showed no change compared to the
control, and it correlated well with the morphological cellular stability observed. There was no
statistical difference between PKI of control cells and PKI of the cell culture cultivated with 50
or 200 ug/mL of aflibercept (P < 0.05). The number of apoptotic cells increased and was

depended in a nonlinear manner on the drug concentration.

4.2.3. Cellular Growth Kinetics of Lg2g Cells under Different Treatment Regimes

Analysis of the cellular growth kinetic parameters that included specific growth velocity
(u), population doubling time (td), and cell reproduction velocity (n)), showed that ranibizumab
appeared to be less aggressive compared to the other three anti-VEGF drugs. It could be
explained by the fact that the cellular death was compensated by the cellular reproduction
(Freshney 1986). In the case of bevacizumab, the minimal concentrations induced quicker
cellular proliferation that prevailed the cellular death. Nevertheless, this effect changed
completely to the opposite under higher concentrations, which provoked generalized cell
death through initiation of apoptosis. Pegaptanib activity appeared to be antiproliferative
starting from the lowest concentrations. In this case, the destruction of the cells appeared to
be faster than the cellular mitosis. The higher concentrations shifted the balance between
survival/reproductive activity and death towards death. The number of cells was significantly
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reduced after cultivation with aflibercept in concentrations of 50 to 200 ug/mL. At the same
time, the population doubling time decreased (at 50 ug/mL), and the rate of cell proliferation
increased. Again, the higher concentrations of the anti-VEGF drug (aflibercept) shifted the
balance between survival/reproductive activity and death towards death. In this case, the
cellular death was mostly induced by apoptosis. Cultivation of the cells with the drug in
concentration of 200 ug/mL reduced the progression of cellular growth. It was considered to

be a marker for the reproductive death (pathologic mitosis) and apoptosis.

4.2.4. Induction of Autophagy by Ranibizumab and Bevacizumab in Lgzg Cells

The presence of autophagy was tested for the treatments with ranibizumab and
bevacizumab by the appearance of vacuoles in the cytoplasm of Lgxg cells. Both anti-VEGF
drugs stimulated conversion of the cytoplasmic form of the myosin light chain kinase 3 (LC3)
| into the autophagic vacuoles-bound LC3 Il. Moreover, the highest concentrations of both

drugs induced highest conversion of LC3 | to LC3 II.
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5. Discussion

IVIs as a surgical technique have been used since almost 100 years and primarily it
was applied to the eyes with retinal detachment in order to inject a gas bubble into the vitreous
cavity to tamponade the retinal tear. Later on, with the development of antibiotics, IVIs were
used to treat endophthalmitis. Since nearly two decades passed since the introduction of anti-
VEGEF drug therapy for the treatment of proliferative ocular conditions, the number of IVIs has
dramatically increased, and this approach has become the basic treatment method of ocular
and, in particular, retinal diseases. For example, in 2013 in the USA, there were over 4 million
IVIs performed, which rose further to almost 5.9 million injections performed in 2016. In spite
of this increase, the IVI technique has been relatively unchanged, with no unique approach
existing to perform the injection of the drugs. The necessity for straightforward and clear
practical guidelines based on the latest evidence shall be considered or assumed in order to
reduce the risks and complications that can vary from insignificant discomfort to severe
complications: vitreous hemorrhage, retinal detachment and endophthalmitis. In 2004, Aiello
et al. published the first consensus guidelines on IVIs (Aiello LP 2004). Since then, a number
of attempts have been made to analyze the already known approaches and techniques, and
to create a clear practical and unified statement (Grzybowski A. 2018). The main reason for
that is the presence of nearly 28 failure modes associated with the greatest clinical risks
related to IVIs, which have been discovered after a thorough assessment of the IVI use.
According to such an analysis, the most dangerous and vision threatening complications with
IVIs have been related to room, equipment, patient and surgeon sterility, drug preparation,
injection technique and patient information (Scott and Bressler 2013). Moreover, experimental
studies and ongoing pre- and clinical studies of the already existing and newly developed anti-
VEGF drugs have revealed a number of new side effects, which could not be fully explained.

After introduction of anti-VEGF drugs into the treatment of chorio-retinal and vitreous
pathology with increased VEGF secretion, the IVIs took its leading place among the treatment
modalities and surgical drug delivery methods (Jeganathan and Verma 2009, Scott and
Bressler 2013, Avery, Bakri et al. 2014, Ruiz-Moreno, Montero et al. 2015). To date, there is
no unique, standard IVI protocol that has been accepted among all or even majority of eye
surgeons (Avery, Bakri et al. 2014, Fagan and Al-Qureshi 2014, Grzybowski A. 2018). The IVI
technique which is usually applied all over the world uses standard hapodermic needle (HN)
of different gauges to pass through the ocular tissues and distribute the drug into the vitreous
cavity (Fagan and Al-Qureshi 2014). The application of HN can certainly be considered as
one of the failure modes related to the equipment that is associated with occurrence of sight

threatening complications. In HN, both the outer and inner edges of the needle are sharp due
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to the way they are manufactured (Kucklick 2006). In our study, the background hypothesis to
be tested was based upon the principle of fine needle biopsy. During such procedure, which
is being widely used in different medical fields, a trephine-like needle with sharp outer and
inner edges is used to penetrate the tissue of interest and excise a column of the tissue which
the needle passes through. The tissue column that is cut off and situated inside the needle tip
is then gently aspirated and the needle is withdrawn. The cellular content of the aspirate is
processed and the required study is made. The standard VI technique with facilitation of 27G
and 30G hypodermic needles in both rat and human cadaver eyes, demonstrated ocular tissue
damage which differs in its extent and is dependent on the needle type. Additionally, our study
shows an alternative way of IVl technique with the use of Pencan 27G spinal anesthesia
needle. The results demonstrate the differences between cellular damage, aspirated cellular
content and condition of the post-injection site.

The use of anti-VEGF drugs for treatment of chorio-retinal pathological conditions
associated with increased production of VEGF became a gold standard therapy in the last two
decades. Up-to-date, only a few studies have dedicated themselves to the study of the side
effects of anti-VEGFs on intraocular tissues (Wang, Fei et al. 2004, Spitzer, Wallenfels-Thilo
et al. 2006, Martin S. Spitzer 2007, Kaempf, Johnen et al. 2008, Carneiro, Falcao et al. 2009,
Schnichels, Hagemann et al. 2013). The second part of this thesis work is therefore devoted
to the comparison of the antiproliferative activity and different dose-dependent properties of
four well known anti-VEGFs (ranibizumab, bevacizumab, pegaptanib, and aflibercept) on
fibroblast-like cells in vitro. It is indeed the fibroblasts and the myofibroblast which are the most
proliferative cells within CNVs and fibro-vascular proliferative membranes.

Study of the needle aspirates after IVIs. This study confirms that the use of HN with
sharp inner edges leads to the cellular damage and cut of a tissue column by the needle tip.
The fact that the cellular content locates inside the needle tip before the injection of anti-VEGF
drugs, creates the high risk of cellular content being injected and disseminated into the
vitreous body and probably on the surface of the inner retina.

Amid the most frequently found cells inside the needle tips were conjunctival epithelial-
, ciliary body non-pigmented epithelial- and sclerocyte-like cells and vitreous body remnants.
The study of the cellular aspirates taken from the alternatively used IVl Pencan 27G needle
with pencil-point tip design showed a higher number of conjunctival cells, conjunctival cell
complexes and ciliary body epithelial cells. Nevertheless, it shall be noted that this needle type
is not designed specifically for IVl use. On the other hand, the use of Pencan 27G needle has
been associated with the push-out effect applied to the ocular tissue, that facilitated less
cellular damage compared to the hypodermic 27G needle, which showed presence of
significantly higher amount of basophilic granulated protein sediment (a sign and a

consequence of cellular damage of the microvasculature, connective and soft tissues). The
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histological study of the needle entry site demonstrated that during the penetration with the
two different needle types, the sites of the injection had different track left by each needle. In
the cases with hypodermic (27G and 30G) needles, the needle tip made a cut off a tissue
column. In contrast to HN, the needle tip of the Pencan 27G spinal anesthesia needle pushed
the cells aside and assumed partial re-positioning of the cells within the needle track after the
needle was withdrawn. The results of the ex vivo cultivation of the cells obtained from the
needle tip aspirates (hypodermic 30G and Pencan 27G needles) showed a gradual adherence
and slight proliferation of conjunctival cells within 24 h and up to 4 weeks. These data can
serve as a proof of a hypothetical growth of the injected cells in the vitreous cavity and/or the
retinal inner surface.

Another clinical problem that occurs during VI is the presence of pain of different grade
and a vitreous reflux, which extent correlates with the needle size (van Asten, van Middendorp
et al. 2015). It was reported, that even if 33G needle is applied, the occurrence of pain
compared to the 30G needle does not become reduced, due to presence of mainly associated
psychological factors (pain expectation, previous VI experience, individual pain tolerance and
pre- and post-1VI aseptic measurements). With the thinner needles, however, it was possible
to reduce the vitreous reflux (Hubschman, Coffee et al. 2010, De Stefano, Abechain et al.
2011). De Stefano et al. reported that during the study of the size of the scleral wound (the
entry site) after IVI, the needles with bigger gauge (thinner diameter) induced less ocular
damage, and tunneled incisions showed self-sealing properties more often (De Stefano,
Abechain et al. 2011). In our study, we focused on the histological analysis and comparison
of the entry sites using standard HN and spinal anesthesia needle designed to penetrate the
thick tissues without cutting. The results clearly demonstrated the cutting properties of the HN,
producing a cut off column of all tissues being surpassed, and leaving a tissue defect on the
eye wall after the withdrawal. This condition serves as a predisposing factor for vitreous reflux
and risk of vitreous contamination. The histological samples of the entry sites following
penetration by the pencil-like Pencan 27G spinal anesthesia needle, on the other hand,
presented a partial sparing and back positioning of the cells within the needle track.

Recently it was published that the 33G needle needs less force in order to penetrate
the sclera compared to 30G needles, even though the difference shown was quite insignificant
(Pulido, Zobitz et al. 2007, van Asten, van Middendorp et al. 2015). Similar results were
observed during our study, where the performance of the IVIs with the hypodermic 27G and
Pencan 27G required a bigger force. Moreover, the needle tip aspirates from the hypodermic
27G and Pencan 27G (needles with bigger diameter) presented with a higher number of
cellular contents, compared to the hypodermic 30G needle. The Pencan 27G needles with
much longer tip and a relatively big side port have been designed for spinal anesthesia, but

not IVIs. This can explain the fact that the trauma of the eye wall cause by such needles is
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relatively bigger compared to the standard HN used for IVI. We assumed that the big side port
of the Pencan 27G needle is responsible for catching a bigger number of cells during the
aspiration including conjunctival complexes and vitreous strands. In contrast to the Pencan
27G needle, the HN with the same diameter induced larger damage to the cellular wall of
every tissue it surpassed. This is why a significantly larger amount of granulated proteins could
be detected in the needle tip aspirates after IVIs with hypodermic 27G needles. The greater
number of conjunctival complexes including basal membrane in aspirates taken after IVIs with
HN compared to Pencan 27G needles can be explained by the distinct cutting properties of
the former needle type. A septic contamination of the needles used for IVI has been studied
by de Caro et al. (de Caro, Ta et al. 2008). The authors demonstrated a septic contamination
of the vitreous cavity occurs even in cases when prophylaxis with antibiotics and povidone
iodine have been used. The coagulase-negative Staphylococci strain could be isolated in the
same patients following a standard IVl from the needle tips and from bulbar conjunctival
samples at the injection site. The authors suspected there was direct injection of the bacteria
that inhabitate the ocular surface with further distribution of the infectious agents into the
vitreous cavity through the injection needles. There was no clear explanation, however, of the
mechanism of bacterial entry into the vitreous cavity (de Caro, Ta et al. 2008). Our study
demonstrates that during standard VI, there is a high probability for ocular tissues cells
(including ocular surface cells) that are cut by the inner sharp edge of the standard HN to
become captured inside the tip's canal and then primarily injected into the vitreous cavity and
before injection of the anti-VEGF drugs. The difference in the entry site construction after the
use of different needles is hereby presented as well. The HNs cut the penetrating tissues
leaving a traceable and less self-sealing pathway which could be the main cause of the
vitreous reflux. The pencil-point needle showed different penetration properties from those by
the HNs. The cells inside the track appeared to be pushed out or to the side within the needle
pathway, with a partial back positioning of the cells presumably after the needle was
evacuated or retracted. To the best of our knowledge, there is no special needle for IVIs. That
is why a further study of the penetrating properties of the different needle types relative to the
IVIs is needed, and a new design of the needle tip has to be considered aiming to minimize
or avoid the injection of the cut out cells into the vitreous cavity, and improving the self-sealing
properties of the wound after the IVI.

The results of the current study allow us to establish a robust hypothesis that cellular
material cut by the HN during each IVI in each patient finally is injected into the vitreous cavity.
The consequences of this event, including the risks and the further role of injected cells
together with the drug, have to be taken into consideration. Thus, there are two probable
mechanisms of vitreous contamination during or/and after IVI that can come alone or in

combination: 1. Intraoperative injection of contaminated cellular material (mainly from the
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ocular surface) that has been cut by the HN; 2. Postoperative contamination of the vitreous
through the reflux associated needle entry site. The second mechanism of contamination can
occur after IVI in different time intervals.

Three main inflammatory events can be differentiated as the result of injected cellular
material that can take place in the vitreous body: 1) aseptic reaction; 2) septic reaction; 3)
autoimmune reaction.

Moreover, the hypothesis that injected cells have the ability to proliferate and grow
inside the vitreous body and/or onto the inner ocular surface was supported by the following
study data:

- the presence of conjunctival cellular complexes supported by a basal membrane;
- an adherence and slow proliferation and growth of cells taken from the aspirates
and cultivated in growth medium in vitro.

The use of an alternative technique with Pencan 27G needles that have been designed
for spinal anesthesia were tested and discussed further in our study. This type of needle has
a pencil-point atraumatic tip, which protects against vascular puncture and nerve tissue
damage. Our study showed that the amount of conjunctival epithelial cells and ciliary body
epithelial cells (including conjunctival complexes and aspirated vitreous remnants) with such
needle is notably higher compared to HNs (p = 0.05). We assumed that this difference
occurred as a result of the bigger diameter of the side orifice compared to the orifice of the
HNs. Additionally, in order to accomplish a penetration through the ocular tissues with the
Pencan 27G needle, the use of both hands and a bigger force applied is required for VI
delivery.

There are some study limitations that shall be mentioned and explained:

1. A limitation of the cadaver eyes study: the ocular tissues in the cadaver eye
demonstrated a different tissue response to the IVI compared to the living tissues
of the rats' eyes.

2. The cytological study of the needle tip aspirates in the cadaver eyes demonstrated
presence of cellular content in lesser quantity, which could be taken as another
limitation of the cadaver eye study. We assume that it occurred due to the more
appropriate size of the eye globe as compared to the rat eyes, and due to a more
specific reaction of cadaver eye tissue to IVl as described above. In spite that the
rat eye study and the human cadaver eye study showed different amount of cellular
content in the needle tip aspirates, the distribution of the cut cells within the cellular
content aspirated by the needle tips corresponded in both studies.

3. The surgical part of the study methods can also be a limitation. Standard VI
injection technique does not require an aspiration maneuver after penetration of

the eye wall with the needle. However, in order to analyze the cellular content of
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the needle tips, the aspiration of the vitreous was necessary, aiming to get the cells
that were cut by the needle edges into the syringe. As hypothesized, after each
IVI, there is a high probability that the cellular content can be injected into the
vitreous cavity, with a chance for further spreading. We did not perform a study of
the injected cellular material collected from the vitreous. However, the collection of
the injected cells from the vitreous cavity in the experimental conditions could be
reasonable and at the same time a challenging process.

4. We performed in vitro cultivation of the cellular material obtained from the needle
tips. It might be another limitation of the study which is related to the cultivation of
cells in media in vitro but not under the real conditions found in the vitreous. There
is a possibility that proliferation of the aspirated cells in the vital vitreous in vivo can
differ from that in vitro.

In general, a bigger number of sclerocyte-like cells and cellular complexes were found
in samples form the hypodermic 27G needles. This type of needles caused a bigger damage
to the cells of the eye wall as well, which was demonstrated by the higher amount of granular
proteins. A smaller number of cells and cellular complexes was revealed in aspirates taken
from the hypodermic 30G needles. This needle type presented with smaller amount of
granular proteins, compared to the hypodermic 27G and Pencan 27G needles. Our data

assume that the further utilization of hypodermic 27G needles for IVI has to be reconsidered.

Study of the antiproliferative activity of anti-VEGF drugs revealed certain side
properties of the analyzed medicaments that probably shall be further studied and the data
shall be applied to the clinical conditions.

The study results demonstrated that all four analyzed anti-VEGFs exhibited
antiproliferative activity on the fibroblast-like cell strain Lgoxo over a 5-day study period. The
heterogeneity of the cellular monolayer increased after the cultivation with the drugs starting
from the lowest concentrations. The anti-VEGFs indeed impacted the cellular viability through
depression of cellular mitosis and survival, and activation of apoptosis. These effects did
intensify after the increase of the concentration of each of the four anti-VEGF drugs. Moreover,
concentration-dependent antiproliferative and apoptotic effects of all anti-VEGFs were
documented using growth kinetic analysis with minimally prominent effects after cultivation of
cells with ranibizumab. In case of ranibizumab, the increase of concentration led to activation
of cellular reproduction, meaning the concentration-dependent cellular growth was partially
compensated by cellular reproduction. This data assumes that ranibizumab poses less
aggressive antiproliferative activity than the other three anti-VEGFs.

The comparison of antiproliferative and cytotoxic effects of bevacizumab, pegaptanib,

and ranibizumab on different ocular cells was reported recently (Martin S. Spitzer 2007). This
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study did not include analysis of the anti-VEGFs on fibroblast-like cells. It showed, however,
that ranibizumab can reduce the cell proliferation of choroidal epithelial cells (CECs) by 44.1%,
bevacizumab — by 38.2%, and pegaptanib - by 35.1%. This difference was found not to be
statistically significant. In addition, the study performed on adult retinal pigment epithelium
(ARPE19 cell line) demonstrated a minor antiproliferative effect of bevacizumab and
pegaptanib. On the contrary, ranibizumab did not show similar activity on cell proliferation of
ARPE19 cells and demonstrated no cytotoxic activity on retinal ganglion cells (RGC5), CECs,
and ARPE19 cells altogether. Analysis of the ranibizumab activity showed it could efficiently
block cellular migration, but not proliferation of the retinal endothelial cells. In another study,
the authors compared the side effects of ranibizumab, pegaptanib, and bevacizumab on the
different stages of angiogenesis on human umbilical vein endothelial cells (HUVEC) (Carneiro,
Falcao et al. 2009). The data showed ranibizumab and bevacizumab can markedly increase
the level of apoptosis of the HUVEC. These two anti-VEGF drugs when used in clinical doses
can significantly reduce the cellular proliferation without signs of cytotoxicity at different
concentrations. Additionally, incubation of HUVECs with anti-VEGFs revealed that the
expression of the active form of the VEGF receptor-2 decreases by 66% in case of
bevacizumab, and by 86% in case of ranibizumab and pegaptanib compared to the VEGF
receptor-2 expression in control cultures. A comparison of the data from cytotoxicity and
antiproliferative activity studies of aflibercept, bevacizumab, and ranibizumab on different
ocular cells (ARPE19, RGC-5, and 661W) (Schnichels, Hagemann et al. 2013) showed that
aflibercept does not affect cellular viability and does not induce cellular apoptosis. Aflibercept
demonstrated a slight upregulating and downregulating effects on certain VEGF-related
factors. Nevertheless, in comparison to bevacizumab and ranibizumab, these effects
appeared not to be significant.

The results of our experimental study showed the cellular exposure effects of four
different anti-VEGF drugs upon fibroblast-like cell strain Lgg chosen as a model of the
fibroblast-based cellular matrix of CNV in vitro. The results demonstrate the effect of anti-
VEGEF drugs on the proliferative activity and vital indices, including survival, proliferative and
mitotic activity, apoptosis and their concentration dependence. It shows that the small
concentration of anti-VEGF drugs (ranibizumab 12.5 u g/mL, bevacizumab 3.13 u g/mL,
pegaptanib 0.15 u g/mL, and aflibercept 0.04 u g/mL) present a pronounced antiproliferative
effect on the Loy cells. Within the four anti-VEGFs, only bevacizumab increased the apoptosis
of Logg cells in all concentrations used. The reproductive cellular death of Lgg cell culture was
proven by the inhibition of the cellular proliferation and increased heterogeneity of these cells
under anti-VEGFs exposure. Bevacizumab, pegaptanib, and aflibercept showed a marked
dose-dependent antiproliferative effects on the Lo2g cells, which increased with increasing the

dose. On the contrary, after incubation with ranibizumab, there appeared to be a
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compensation of the antiproliferative and apoptotic drug action by a cellular proliferation
despite the increase in the anti-VEGFs concentration used. A self-digestive or self-recycling
mechanism found in Lgxg cells and considered to be the sings of true autophagy could explain
partially the compensatory cellular proliferation.

The Lo cell strain was chosen for this study as this strain does not poses a
background VEGF secretion. In this condition, it was possible to analyze the alternative and/or
side cellular effects of anti-VEGF drugs as an in vitro model for fibroblast-like cells that belong
to the cellular matrix of CNVs. The fibroblasts and myofibroblasts of the CNV cellular matrix
are among the most highly proliferating cell types (Scupola, Ventura et al. 2004). Additionally,
La2g cell strain allowed to evaluate the cellular effects of different anti-VEGF drugs upon almost
any similar type of vital cells with highly proliferating properties. There is a lack of data
regarding the presence of VEGF receptors on the cellular membrane of fibroblast-like cells in
CNV. However, it has been published there is a VEGF receptor presence on joint fibroblasts
extracted from humans, as well as expression of VEGF due to inflammatory stimulation of
fibroblast-like cells that can infiltrate the joint in a collagen-induced arthritis (Lu, Kasama et al.
2000).

The experimental type used in this study can be a limitation in itself, as it is difficult to
apply directly the in vitro data to clinical conditions, such as the influence of anti-VEGF drugs
upon fibroblast-like cells of CNV. However, the antiproliferative and apoptotic activity of anti-
VEGEF drugs on fibroblast-like cells can explain an alternative mechanism of their action on
such cell types found in CNV (Scupola, Ventura et al. 2004).

The possible inhibition of the cellular survival and mitosis by application of
ranibizumab, bevacizumab, pegaptanib, and aflibercept in different concentrations and the
dose-dependent effects shall be taken into consideration while using these drugs during VI
of patients. Ranibizumab alone exhibited the least antiproliferative activity on the cellular strain
studied, which allowed for compensation of apoptosis by increased cellular proliferation.
Cultivation with aflibercept at concentrations of 10 and 100 ug/mL showed complete absence
of polykaryocytes, which may indicate the influence of the drug on the signal transfer from the

membrane to the nucleus.
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6. Summary

The VI technique with the use of hypodermic or spinal anesthesia needles leads to
damage of all eye wall layers on its way (conjunctiva, sclera, ciliary body). The risk of cellular
structures' being captured by the needle orifice is high and can lead to injection of autologous,
and/or contaminated cellular material into the vitreous cavity. Our data support the hypothesis
that the sharp circumferential inner edge of standard hypodermic needles routinely used for
IVI, can cut out a number of cells as shown in rat and cadaver eyes. The diameter of the
needle plays a role in the severity of tissue damage and appropriate drug distribution.
Additionally, the needle tip design determines the configuration of the entry site and possible
vitreous reflux, respectively. Overall, our study supports the finding that hypodermic 30G
needles cause less tissue damage compared to hypodermic 27G and Pencan 27G needles.
Nevertheless, the role of the cellular content that is being injected into the vitreous cavity
together with the drugs during under an IVI procedure has to be taken into consideration to
better understand the post-injection inflammatory reaction.

Inhibition of the cellular survival and mitosis by anti-VEGF drugs (ranibizumab,
bevacizumab, pegaptanib, and aflibercept) in different concentrations need to be taken into
consideration as well while using these drugs in patients. Only ranibizumab, amid all anti-
VEGFs studied, exhibited slightest antiproliferative activity, which allows for compensation of
apoptosis by increased proliferation. The complete absence of polykaryocytes after cultivation
of La2g cells with aflibercept at concentrations of 10 and 100 ug/mL, may indicate the influence
of this drug upon the signal transfer pathway from the membrane to the nucleus.

The identified properties of the anti-VEGF drugs require further investigation of their
action in vitro and in vivo. Additionally, further research pertaining to concentration-
dependence of the anti-VEGFs needs to be performed to eliminate the possible side effects

on healthy retinal tissues.
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